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Abstract. This paperis concernedvith the problemof how effective socialin-
teractionarisesfrom individual social action and mind. The needto study the
individual socialmindsuggests move towardsthe notion of sociolajical agents
who canmodeltheir socialenvironmentasopposedo acting socially within it.
This doesnot constrainsocial behaiour; on the contrary we arguethatit pro-
videstherequisiteinformationandunderstandindor suchbehaiour to beeffec-
tive. Indeed.,it is not enoughfor agentsto modelotheragentsin isolation;they
mustalsomodeltherelationshipdbetweerthem.A sociolaical agentis thusan
agentthatcanmodelagentsand agentrelationshipsSeveral existing modelsuse
notionsof autonomyanddependenct shav how thiskind of interactioncomes
about,but the level of analysisis limited. In this paper we shav how an exist-
ing agentframenork leadsnaturallyto the enumeratiorof a mapof inter-agent
relationshipghatcanbe modelledandexploited by sociologicalagentso enable
moreeffective operationespeciallyin the contet of multi-agentplans.

1 Intr oduction

Underlyingall multi-agentsystemsarethenotionsof interactiorandcooperationMuch
researclin theareaof intelligentagenthasthussoughto developcomputationainech-
anismsfor bringing aboutand sustainingtheserelationshipsin a dynamicand open
world. The focuson mechanismss just one part of the setof areasfor investigation,
however, anda separatenddistinct strandof work aimsto provide an understanding
of therelationshipghemselesandhow agentamayinfluenceeachotherthroughthese
relationshipsoverthe courseof time. Over anumberof years,onesucheffort hasheen
in the work of Castelfranchiand Conte,which hasfocussedon issuesrelatingto the
socialfoundationsf multi-agentsystemsFor example they pointoutthattheproblem
of how to allocatetasksandresourcesndhow to coordinateactionsis typically raised
only after a collective or socialproblemor goalis assumed3]. Onekey questionin
consideratiorof thisis howsocietyis implementedn the mindsof social agents.
Therearemary definitionsof a social agent.For example,Wooldridgestatesthat
ary agentin a multi-agentsystemis necessarilysocial [14] and Moulin and Chaib-
draa[10] take an agentto be socialif it canmodelothers.However, thetermis more
oftenassociatedvith socialactivity suchasprovidedby WooldridgeandJenningg15]
who referto the proces®f interaction.Yetthe needto studytheindividual social mind
suggests move towardsthe notion of sociolgyical agentsavho canmodeltheir social



ervironmentasopposedo actingsocially within it. This doesnot constrainsocialbe-

haviour; onthe contrary we arguethatit providesthe requisiteinformationandunder

standingfor suchbehaiour to be effective. We arguethat effective socialagentamust
be sociological.Thesenotionsareimplicit in the work of Castelfranchijn particular

whichhasledto theconstructiorandrefinemenbf atheoryof socialrelationshipdased
on notionsof inter-agentdependence[2]. Taking asa basehis SocialPover Theory
(SPT),he hassoughtto provide a computationamodel of autonomyand inter-agent
relationshipghroughthe SocialDependenc@&letworks (SDN)[12] thatimplementthe

constructof SPT

The point of this work is to identify dependencsituationsin which oneagentde-
pendson anotherfor actionsor resourcesor is autonomousvith respecto thesecom-
ponentsaccordingto a particularplan. Using thesenotionsof dependencehe nego-
tiation power of an agentcanbe found to represenhow well an agentcansell itself
on a market. Underlying this very powerful theory are plans,yet the analyseossi-
ble, while revealingcertaininformationaboutinter-agentrelationshipsarestill rather
crude.In orderto provide a moredetailedand preciseaccountof thesedependencies,
further analysisis required.SDN providesthe motivation from a very particularper
spectve for consideringagentplans,while more generalsocialinteractionprovidesa
broadetbaseof direction.

It is notenoughfor agentso modelotheragentsn isolation;they mustalsomodel
therelationshipdbetweerthem.A sociolgyical agentis anagentthatcanmodelagents
andagentrelationshipsin this paperwe shav how anexisting agentframework leads
naturallyto theenumeratiorof a mapof inter-agentrelationshipghatcanbe modelled
andexploited by sociologicalagentsto enablemore effective operation,especiallyin
the context of multi-agentplans.iImportantly, the resultingstrongmodelof individual
agentxouldbeappliedto clarify severalissuesn SDN. Constraintof spacehowever,
limit the potentialfor shaving the particularimpacton SDN, but we illustratethe po-
tentialbenefitsof theanalysiswith a detailedexampleattheend.Thepaperbeginswith
abrief review of anagentframewnork andtherelationshipghatarisewithin it, andthen
proceedgo provide a detaileddescriptionof singleand multi-agentplans,identifying
usefulcategoriesof plansandagents.

2 Preliminaries
Agent Framework Elsavhere,we have presentednagentframenork to defineenti-
ties, objects,agentsandautonomousgentsBelow we provide a brief overview of the
main aspectf the framework [6, 8], andthe relationshipghatarisewithin it [9], but
we omit a detailedexposition.We usethe Z notation[13] to formalisethesenotions
and,thoughwe assumesomefamiliarity, the meaningshouldbe clear

As specifiedin Figure 1, anentity comprisesa setof motivations a setof goals a
setof actions anda setof attributessuchthatthe attributesandactionsarenon-empty
Entitiescanbe usedto grouptogetherattributesinto awholewithout ary functionality.
They sene asa usefulabstractiormechanisnby which they areregardedasdistinct
from theremaindeiof theervironment,to organiseperception An objectis thenanen-
tity with abilitiesthatcanaffectthe ervironmentin whichit is situated Now, anagent
is justanobjecteitherthatis usefulto anotheragentin termsof satisfyingthatagents



AutoAgent == [Agent | motivations # { }]
NeutralObject == [Object | goals = {}]
ServerAgent == [Agent | motivations = {}]

— Entity
attributes : P Attribute
capabilities : P Action

goals : P Goal __ MultiAgentSystem
motivations : P Motivation entities : P Entity

attributes # { } Objectts 1]51406]'6?
agents : P Agen

autonomousagents : P AutoAgent

Object == [Entity | capableof # { }] neutralobjects : P NeutralObject
Agent == [Object | goals # { }] serveragents : P ServerAgent

Fig. 1. Formalspecificatiorof the agentframewvork

goals,or thatexhibits independenpurposefubehaiour. In otherwords,anagentis an
objectwith anassociatedetof goals,but oneobjectmay give riseto differentinstan-
tiationsof agentswith differentgoals.This notion of ageng reliesuponthe existence
of otheragentso provide the goalsthatareadoptedo instantiateanagent.In orderto
escapaninfinite regressof goaladoption however, we candefineautonomousgents
which arejust agentshatgenerataheir own goalsfrom motivations(not dissimilarto
Antuness notion of values[1]). We canalso distinguishobjectsthat are not agents,
andagentghatarenot autonomousasneutral-objectsandserveragentsrespectiely.
An agentis theneithera sener-agentor an autonomousgent,andan objectis either
a neutral-objecbr an agent,anda multi-agentsystemsimply containsa collection of
theseentities.

Agent Relations Whenanagentusesanothemon-autonomousntity, the entity adopts
or satisfiesghe agents goalsandcreatesa social relationship[2] known asanengaje-
ment In a direct engayement a neutral-objector a seneragentadoptsthe goals of
another Chainsof engagementarealsopossible explicitly representinghe goaland
all theagentsnvolvedin thesequencef directengagementSincegoalsaregrounded
by motivations the agentat the headof the chainmustbe autonomous.

Now, sinceit cangeneratats goalsanddecidewhento adoptthe goalsof others,
an autonomousagentis saidto be coopeating with anotherautonomousagentif it
hasadoptedhe goal or goalsof the other This notion of autonomousgjoal acquisition
appliesbothto the originationof goalsby anautonomousgentfor its own purposes,
andtheadoptionof goalsfrom others. A coopeationdescribes goal,theautonomous
agentthatgeneratedhe goal,andthoseautonomousgentavho have adoptedhatgoal
from thegeneratingagent.(At ary pointin time, suchautonomousgentsmaythenbe
cooperatingvith othersaswell asattemptingto satisfytheir own self-motivatedgoals.)
Furtherdetailsof theserelationshipsspecifiedn Figure2, maybefoundelsevhere[9].

Theseinter-agentrelationshipsare not imposed but arisenaturally from our view
of agentsasthey interact(regardlesof themannerof theirinitiation) andthereforeun-
derlieall multi-agentsystemsThey provide ameandgor analysingheinterdependence
of agentsin termsof the goalssomeagentsachieve for others.Moreover, from this



— DirectEngagement

I cooperatingagents : P, AutoAgent

— Cooperation

client : Agent
goal : Goal

server : ServerAgent i
generatingagent : AutoAgent

goal : Goal

goal € generatingagent.goals
Y aa : cooperatingagents e goal € aa.goals

client # server
goal € (client.goals N server.goals)

generatingagent & cooperatingagents

__ EngagementChain
goal : Goal
autoagent : AutoAgent _ AgentSociety
agentchain : iseq 1 ServerAgent Multi AgentSystem
goal € autoagent.goals dengagements : P DirectEngagement
goal € n{s : ServerAgent | engchains : P EngagementChain
s € ran agentchain e s.goals} cooperations : P Cooperation

Fig. 2. Formalspecificatiorof agentrelationships

basicsetof constructionsywe canderive a detailedmap of the relationshipsetween
individual agentdfor a betterunderstandin@f their currentsocialinterdependencén
particular differentsituationsof interdependenceachsuggestlifferentpossibilitiesfor
interaction Below, we enumeraté¢he variouspossiblerelationsthatmightresultin this
view. Eachrelationis describedanddefinedformally.

— Thedirectengagementlationshipspecifieghesituationin which thereis adirect
engagemerfor whichthefirst agentis theclientandthe secondagentis thesener.
Thus,anagent,c, directlyengajesanothersener-agent,s, if, andonly if, thereis
adirectengagemerntietweenc ands.

V¢ : Agent; s : ServerAgent e (c, s) € dengages <

3d : dengagements o d.client = ¢ A d.server = s

Thenotionof directengagemeritpliesatight couplingbetweerthebehaioursof
the agentdnvolvedwithout anintermediateentity. However, theremay be entities
anagentengageshatindirectly sene somepurposeor it. An agentc engajesan-
other(sener)agents if thereis someengagementhainec thatincludess, suchthat
eitherc is before s in thechainor ¢ is the autonomousgentof ec. (This requires
the before relation,which holdsbetweenra pair of elementsanda sequencef ele-
mentsif thefirst elementof the pair precedeshe secondelementin the sequence.
Thedetailsareomittedhere.)

Ve : Agent, s : ServerAgent e (c,s) € engages <

Jec : engchains o (s € (ran ec.agentchain) A ¢ = ec.autoagent) V

o ) (((e, s?, ec.agentchain) € before) ] ]
To distinguishengagementsvolving anintermediateagentwe introducethe in-

directengagementelation indengages. An agentindirectly engagesanotherif it
engagedt, but doesnotdirectlyengagst.
indengages = engages \ dengages



— If mary agentdirectly engagehe sameentity, thenno singleagenthascomplete
controloverit. Any actionsanagentakesaffectingtheentity maydestrg or hinder
theengagementsf theotherengagingagentsThisin turn, mayhave a deleterious
effect on the engagingagentsthemseles. It is thereforeimportantto understand
whenthe behaiour of an engagedentity canbe modifiedwithout ary deleterious
effect (suchaswhenno otheragentusesthe entity for a differentpurpose)lin this
casewe saythatthe agentownsthe entity. An agent,c, ownsanotheragent,s, if,
for every sequencef sener-agentsn anengagemerthain,ec, in which s appears,
¢ precededt, or ¢ is theautonomouslient-agenthatinitiatedthe chain.

V¢ : Agent; s : ServerAgent e (c,s) € owns <
(V ec : engchains | s € ran ec.agentchain
ec.autoagent = ¢ V ((c, s), ec.agentchain) € before)
— An agent, directlyownsanotheiagent,s, if it ownsit, anddirectlyengages. For-
mally, this relationis theintersectiorof the directengagemerelation, dengages,
andthe genericownershiprelation, owns.

downs = owns N dengages

— A further distinction of direct ownershipcanbe made.Either no otheragentdi-
rectly ownsthe entity, or thereis anotheragentwho is alsodirectly engagingthat
entity for the samepurpose.The first caseoccursnormally but the secondsitua-
tion canoccurif the entity is engagedy two agentsgachfor the samepurposeas
generatedy a singleautonomouggent.To distinguishthesesituationswe define
the uniquelyownsrelation,which holds when an agentdirectly and solely owns
another An agentc uniquelyownsanothers, if it directly ownsit, andno other
agentis engagingt.

V¢ : Agent; s : ServerAgent e (c,s) € uowns &
(¢c,8) € downs A =~ (Ja: Agent | a # c ® (a, s) € engages)

— An agentmay own anotherwith respectto either multiple distinct goals(which
may conflict) or a singlegoal. The distinctionis importantbecausechiesing one
goal may affectthe achieszementof another An agent,c, specificallyownsanother
agent,s, if it ownsit, and¢ hasonly onegoal.

Ve : Agent; s : ServerAgent e
(¢, 8) € sowns &< (¢, s) € owns A #(s.goals) =1
— Finally, an agent,b, coopeateswith agent,a, if andonly if both agentsare au-
tonomousandthereis somecooperatiorin which a is the generatingagentandb
is in the setof cooperatingagentsNotice thattherelationshipis not symmetric:if
b is cooperatingvith a, e neednotbe cooperatingvith b.

Va,b: AutoAgent e (a,b) € cooperates <
J ¢ : cooperations ® a = c.generatingagent A
b € c.cooperatingagents

This analysisof the relationshipshetweenagentsprovides computationakntities
with ameansof determininghow they shouldapproachinteractionswith thoseagents.
For example,if | own an entity, | cando as| pleaseand otheragentswould be ill-
advisedto attemptto usethis entity for anothepurpoself | only engaget, thenl may
bemoreconstrainedn my interactionandmayanticipateotheragentsengagingt.



Theframework describedabore, togethemwith therelationshipsarisingfrom it, are
suitablefor reasoningooth aboutentitiesin the world, andwith entitiesin the world.
Thatis to saythatin additionto providing uswith away of understandingndanalysing
agents,agentsthemseles can also usethe entity hierarchyas a basisfor reasoning
aboutotheragentswithin their ervironment.lt may berelevant,for example,for them
to considerthe functionality of otheragentsandthe likelihood,that theseothersmay
or maynotbe predisposedo helpin the completionof certaintasks.In this sectionwe
describenow we enablethe possibility within agentsf suchreasoning.

Models If agentsareto modeltheir ervironment,they needmorethanjust actions,
goalsandmotivations;they requireaninternal store. Agentswithoutinternalstoresare
extremelylimited sincetheir pastexperiencecannotdirect behaiour, andactionscan
only be selectedeflexively. A storeexistsaspartof anagents statein anervironment
but it mustalsohave existedprior to thatcurrentstate.We call this featureaninternal
store or memory and define store agentsasthosewith memories.Formally, a store-
agentis arefinemenbof anagentwith the additionof a store variablerepresentedsa
non-emptysetof attributes.We omit this simpleschemalueto spaceconstraints.

The most obvious thingsto represenin suchmodelsare other agents.Thuswe
needto describeagentavho canmodelothersin their ervironmentand,for sufficiently
adwancedagentstheautonomyof others However, it is inadequatéo modelentitiesin
isolation;therelationshipsbetweenthemmustalsobe modelled.Unlike social agents
thatengagen interactionwith others(or socialactivity), sociolaical agentsalsomodel
agentrelationshipslt is a simple matterto definethe modelan agenthasof another
agent(AgentModel), or its model of a cooperatiorrelationship(CoopModel) by re-
usingtheagentframenork components.

... AgentModel == Agent ...
... CoopModel == Cooperation ...

Eventhoughthetypesof theseconstructaareequivalentto thosepresentectarlier,
it is usefulto distinguishphysicalconstruct§rom mentalconstructssuchas models,
asit providesa conceptuakid. Similarly, we can definethe modelsagentshave of
entities, objectsand autonomousagentsas well as modelsof other relationshipswve
have describedthoughonly the modelof a cooperatioris givenabove). A sociological
agentis thusspecifiedasarefinemenbpf the Agent schema.

Sociological Agent

Agent
... agentmodels : P AgentModel; ... coopmodels : P CoopModel . ..

3 Plans

In this sectionwe develop our modelsof agentsurtherto considemmulti-agentplans.
Sometimesagentanayselectanaction,or asetof concurrengctions to achieve goals
directly. At othertimes,however, theremay not be sucha simplecorrespondencke-
tweengoalsandactions,andappropriatelydesignecagentsamay performsequencesf
actionsor plans to achieve theirgoals.In multi-agentsystemsagenthave attheirdis-
posalnot only their own capabilitiesbut, potentially the capabilitiesof others.Agents



with plansrequiringactionsoutsidetheir competenceeedmodelsof othersto consider
makinguseof their capabilitiesIf theseagentsaresociologicalthenthey canevaluate
planswith respectto their model of currentagentrelationshipsFor example,agents
candecideto what extent planscan exploit currentrelationshipsaswell as consider
how they mayimpinge on them.In generalagentsmustreasoraboutexploiting exist-
ing andpotentialrelationshipsvithoutinadwertentlyor unnecessarilgestrying them.

In this work, we do not modelthe processof planning,but insteadconsiderhow
planscanbe modelledandhow agentscanevaluateplansusingthesemodels.Similar
to the BDI view, we take an agentto have a repositoryof goalsand a repositoryof
plansthat have eitherbeendesignedeforethe agentstartsexecuting[7] or acquired
anddevelopedoverthecourseof theagentslife [11]. Eachplanmaybeassociatedvith
oneor moregoals,identifying the plan asa potentialmeansof achieving thosegoals,
asusedfor example by Geogeff [7].

Therearemary differentnotionsof agentplansbothatthetheoreticalndthe prac-
tical level, andin orderto substantiat¢he claim thatthe agentframewvork andensuing
modelscanbe generallyappliedit is necessaryhat differentrepresentationsf plans
canall beequallyaccommodatediVhilst we do notspecifyevery typeof planof which
we areaware,we do intendto shov how the agentframework canbe extendecto de-
scribefamiliar notionsof plans,andto impressuponthe readerhow other modelsof
planscan be similarly accommodatedWe aim to achiese this by specifyinggeneral
theoreticaplanrepresentationthatwe call total plans,partial plansandtreeplans.

Onemethodologicacharacteristiof our work is the incrementaldevelopmentof
themodelsin it. Thereforewe first constructa high-level modelof plan-agents which
appliesequallywell to reactve or deliberatve, single-agenbr multi-agent,planners.
It represents high-level of abstractionbecausenothingis decidedaboutthe nature
of the agent the planrepresentatiomyr of the agents ervironment;we simply distin-
guishcateggoriesof planandpossiblerelationshipetweeranagents plansandgoals.
Specifically we defineactive plansasthoseidentified as candidateplansnot yet se-
lectedfor execution;andexecutableplansasthoseactive plansthathave beenselected
for execution.

Formally, we initially definethe setof all agentplansto be a given set([Plan]),
so that at this stagewe abstractout ary information aboutthe natureof plansthem-
selwes. Our highest-leel descriptionof a plan-agent can then be formalisedin the
PlanAgent schemaelow. Sinceplansmustbeencodedasaspect®f aninternalstore,
the StoreAgentState schemads included.

__ PlanAgent
Store Agent
goallib : P Goal

planlib, activeplans, executableplans : P Plan

activeplangoal, plangoallib : Goal + P Plan

dom activeplangoal C goals A |J(ran activeplangoal) = activeplans
dom plangoallib C goallib A |J(ran plangoallib) C planlib
goals C goallib N executableplans C activeplans C planlib




Thevariablesgoallib, planlib, activeplans andezecutableplans representhe agents
repositoryof goals,repositoryof plans,active plansandexecutableplans,respectiely.
Each active plan is necessarilyassociatedvith one or more of the agents current
goalsas specifiedby activeplangoal. For example,if the function containsthe pair
(g9, {p1, P2, p3}), it indicateshatp, , p» andps arecompetingactive plansfor g. Whilst
active plansmustbe associatedvith at leastone active goal the corverseis not true,
sinceagentanayhave goalsfor which no planshave beenconsideredAnalogouslythe
plangoallib function relatesthe repositoryof goals,goallib, to the repositoryof plans,
planlib. However, notnecessarilyall library plansandgoalsarerelatedby thisfunction.
A plan consistingof a total order of plan-actionss a total plan, which is repre-
sentedasa sequencef plan-actions(Othertypesof plancanbe definedsimilarly and
accommodatedasilywithin our specification.)n singleagentsystemsall the actions
of suchplansmustbe within the agents capabilities.However, plan-agentsn multi-
agentsystemsanconsiderexecutingplanscontainingactionsnot within their capabil-
ities aslong asthey canmodelthe capabilitiesof othersaswe have describedlt is our
claimthatif planagentsarealsosociolaical agentgshenthey canmake moreinformed
choicesaboutplan selection.(Of course while this describeshow an agentcan con-
siderits useof plansinvolving others,jit doesnotimpacttheissuesnvolvedin whether
thoseotherschooseto cooperateor not.) Agentscanbe constrainedn their designby
including additionalpredicatesFor example, it is possibleto restrictthe active plans
of anagent,with respectto a currentgoal, to thosewhich arerelatedto that goal by
thefunction plangoallib. This canbe achievedin the specificatiorof suchanagentby

includingthefollowing predicate.
Vag : PlanAgent; g: Goal; ps : P, Plan e (g,ps) € ag.activeplangoal =

(3¢s : PPlan | gs C ag.planlib e (g, (ps U ¢s)) € ag.plangoallib)

Multi-Agent Plans In orderfor agentsto reasonaboutplansinvolving othersit is
necessarnto analysethe natureof the plansthemseles. This involves defining first
the componentsf a plan,andthenthe structuie of a plan,asshown in Figure3. The
componentswhich we call plan-actions eachconsistof a composite-actionda set
of relatedentitiesas describedbelown. The structureof plansdefinesthe relationship
of the componentplan-actionsto one another For example, plansmay be total and
definea sequencef plan-actionspartial andplacea partialorderon the performance
of plan-actionspr treesand,for example allow choicebetweeralternatve plan-actions
atevery stagein theplan’s execution.

We identify four typesof actionthat may be containedin plans,called primitive,
template concurent-primitiveandconcurient-templateTheremaybe othercateyories
andvariationson thosewe have choserbut notonly dothey provide a startingpointfor
specifyingsystemsthey alsoillustratehow differentrepresentationsanbe formalised
andincorporatedwvithin the samemodel.A primitive actionis simply a baseactionas
definedin theagentframawork. An actiontemplateprovidesa high-level descriptionof
whatis requiredby anaction,definedasthe setof all primitive actionsthatmay result
throughaninstantiationof thataction-templatefFor example,in dMARS [5], template
actionsrepresentctionformulaecontainingfree variables,and becomeprimitive ac-
tionswhenboundto values.Concurrent-primitve andconcurrent-templatactionsare
primitive actionsandactiontemplategperformedconcurrently We definea new type,
ActnComp, asacompound-actiono includeall four of thesetypes.



TotalPlan == seq PlanAction

Primitive == Action TreePlan ::= Tip{PlanAction))
Template == P Action | Fork{P,(PlanAction x TreePlan))
ConcPrimitive == P Action Plan == Part{{PartialPlan))
ConcTemplate == P(P Action) | Total({ TotalPlan))
ActnComp ::= Prim{{ Primitive)) | Tree((TreePlan))
| Temp{{ Template)) planpairs : Plan — P PlanAction

| ConcPrim{{ ConcPrimitive))

planentities : Plan — P EntityModel
| ConcTemp{{ ConcTemplate))

planactions : Plan — P Action

PlanAction == P(ActnComp x P EntityModel)
PartialPlan == {ps : PlanAction <> PlanAction |V a, b : PlanAction e
(a,a) & ps™ A (a,b) € ps™ = (b,a) & ps™ » ps}

Fig. 3. Plancomponentandstructure

Actions mustbe performedby entities,sowe associatevery compound-actionn
aplanwith a setof entities,suchthateachentity in the setcanpotentiallyperformthe
action.At somestagein the planningprocesghis setmaybe empty indicatingthatno
choiceof entity hasyet beenmade.We definea plan-actionasa setof pairs,where
eachpair containsa compound-actiomnda setof thoseentitiesthat could potentially
performthe action.Plan-actionsaredefinedasa setof pairsratherthansinglepairsso
thatplanscontainingsimultaneousctionscanbe represented.

Thefollowing examplesillustrate this representationfirst, action a; is to be per
formedby eitherthe plan-agentitself or the entity entityl. The secondexamplede-
scribesthe two separatections,ae, and as,, beingperformedsimultaneoushby the
two entities entityl and entity2 respectiely. Then,the third examplestatesthat the
actionsag, andag, areto be performedsimultaneouslyNo entity hasbeenestablished
asapossibilityto performas, , andag, is to beperformedby eitherentity2 or entity3.

1. {(a1, {self, entity1})}
2. {(azl,{entityl}), (a22’{entity2})}
3. {(a31 ) { })a (a32 ’ {entityza entity3})}

We specify threecommonly-foundcategoriesof plan accordingto their structure
asdiscusseckarlier Othertypesmay be specifiedsimilarly. A partial planimposesa
partial order on the executionof actions,subjectto two constraints First, an action
cannotbe performedbeforeitself and, second,f plan-actiona is beforeb, b cannot
bebeforea. A planconsistingof atotal orderof plan-actionss atotal plan. Formally,
this is represente@sa sequencef plan-actionsA planthatallows a choicebetween
actionsat every stageis atree.ln generalatreeis eitheraleaf nodecontaininga plan-
action,or afork containinganode,anda (non-empty)setof branchegachleadingto a
tree.Theseareformalisedin Figure3, replacingthedefinitionof Plan asagivensetby
afree-typedefinitionto includethethreeplan cateyoriesthusdefined.For singleagent
systemaall the actionsof anexecutableplanmustbe within its capabilities:



V sap : PlanAgent; plan : Plan | plan € sap.planlib e
planactions plan C sap.capabilities

However, plan-agentsn multi agentsystemscanconsiderexecutingplanscontaining
actionsnotwithin their capabilitiesaslong asthey canmodelthe capabilitiesof others.
If suchagentsarealsosociolgical, thenwe claim thatthey canmalke moreinformed
choicesaboutplanselectionthrougha betteranalysisof situationsasdiscussedbelow.

SPAgent
SociologicalAgent
PlanAgent

4 SociologicalAgents

Sociologicalagentswith the capacityto modelagentsrelationshipsand plans(espe-
cially multi-agentplans)have availableto themanappropriatdevel of detailto coordi-
natetheir actionsin orderto achieve their local goalsmoreeffectively. This bold claim

arisesrom theincreasedwarenessindappreciatiomot of theagentsn their erviron-

ment,but of theimpactof thoseagentsin particulat the descriptionof the multi-agent
ernvironmentadvancedso far enablesan analysisto reveal opportunitiesto exploit ex-

isting relationshipsandhow to minimiseeffort andavoid conflict.

To illustratethis greaterreasoningcapacityof sociologicalagentswe describebe-
low someexamplesof categyoriesof goals,agentsandplans(with respecto themodels
of the sociologicalplan-agent)that may be relevantto an agents understandingf its
ernvironment.Eachof the categyoriesis formally definedin Figures4 and5, in which
thesociologicalplan-agents denotedas spa. Any variableprecededy model denotes
the modelsthat spa hasof somespecifictype of entity or relationship.For example,
spa.modelneutralobjects andspa.modelowns arethe setof neutralobjectsandowner
shiprelationsthe sociologicalagentmodelsin its environment.

— A self-suficient plan is any planthatinvolvesonly neutral-objectssener-agents
the plan-ageniowns, and the plan-agentitself. Self-suficient planscantherefore
be executedwithoutregardto otheragentsandexploit currentagentrelationships.
(The formal definition makesuseof the relationalimageoperator:in generalthe
relationalimageR/( S |) of asetS througharelationR is thesetof all objectsy to
which R relatessomememberz of S.)

SISUﬁ‘v’p € spa.planlib o selfsuff (p) < spa.planentities(p) C

plan spa.modelneutralobjects U spa.modelself U spa.modelowns( spa.modelself |
s-suff

goal Vg € spa.goallib e selfsuffgl(g) < (I p € sag.plangoallib(g) ® p € selfsuff)

rel

goal V g € spa.goallib e reliantgoal(g) < spa.plangoallib g #{} A

= (3 p : spa.plangoallib g @ p € selfsuff)

Fig. 4. SociologicalAgent Categories|



coop

agents V p : spa.planlib e cooperatingagents(p) =

{a : spa.modelautoagents | a € spa.planentities p ® a} \ spa.modelself

affected V p : spa.planlib e affectedagents p =
agents {a : spa.modelautoagents | (3 s : ServerAgent e s € spa.planentities p A
(a, 8) € spa.modelengages) \ spa.modelself

Igast Y g € spa.goallib e leastdirectfuss g =

direct {p : Plan | (p € spa.plangoallib g) A

fuss - (3¢ : Plan | q € spa.plangoallib g »
plans

#(cooperatingagents q) < #(cooperatingagents p))  p}

least V9 € spa.goallib e leastfuss g =

fuss {p : Plan | (p € spa.plangoallib g) A

plans - (3¢ : Plan | q € spa.plangoallib g e
#(affectedagents q) < #(affectedagents p)) ® p}

Fig. 5. SociologicalAgentCategoriesl|

— A self-suficient goal is ary goal in the goal library that hasan associatecelf-
sufficient plan. Thesegoalscanthen,accordingto the agents model,be achieved
independenthpf the existing socialconfiguration.

— A reliant-goalis ary goalthathasa non-emptysetof associateglansthatis not
self-suficient.

For eachplanthatis not self-suficient, a sociologicalplan-agentanestablistthe
autonomousgentshat may be affectedby its execution,which is animportantcrite-
rion in selectinga planfrom competingactive plans.An autonomousgent4 maybe
affectedby aplanin oneof two ways:eitherit is requiredto performanactiondirectly,
or it is engaginga sener-agentS requiredby theplan.In this lattercase a sociological
plan-agentanreasorabouteitherpersuadingd to shareor releaseS, taking S without
permissionpr finding analternatve sener-agentor plan.To facilitatesuchananalysis,
we considerthefollowing categoriesof agentsandplans,formally definedin Figure5.

— The coopeating autonomousgentsof a planarethoseautonomousgentspther
thanthe plan-agenitself, thatareinvolvedin performingactionsof thatplan. They
will needto cooperatavith the plan-agenfor theplanto beexecuted Formally, an
agentis a cooperatingautonomousagentwith respecto a plan, if it is contained
in the setentitiesrequiredfor the plan. Note that an agentcannotguaranteahat
theidentifiedcooperatingagentsof a planwill cooperatepnly thatcooperations
necessaryor the planto be performed.

— Theaffectedautonomousgentsof aplanarethoseautonomousgentsptherthan
the plan-agenttself, thatareengagingan entity requiredin the plan. Formally, an
autonomousgentis affectedwith respecto a planif a seneragent,containedn
the setof entitiesrequiredby the plan, is currently engagedy the autonomous



o @ {4, B, C} € modelautoagents
Uoritaes | ekt || {4} = modelself

{51, 52, 53} € modelserveragents
{01, 02} € modelneutralobjects

G Cs20 Cs2) |[{(4,81),(B, 52),(B, 53),(C, 53)}
modeldengagements

el {(4, 81),(B, $2)} C modeldowns

directly directly
owns owns

Fig. 6. Example:A SociologicalAgent's Model

agent.Theseagentsmay needto cooperatewith the plan-agentNotice that the
affectedautonomousgentsdo notincludethe cooperatingagents.

— The least-dilect-fussplans for ary reliant-goalare those plansthat require the
fewestnumberof cooperatingagents.

— The least-fussplans for ary reliant-goalare thoseplansthat require the fewest
numberof affectedautonomousgents.

The catgyoriesdescribedhbore areusefulto anagentboth at planningtime andat
runtime. In the examplebelow we considertheirimportancen theformercase.

5 An lllustrati ve Example

To illustratethe valueto an autonomousociologicalplan-agenbf beingableto anal-
yseplansusingthe cateyoriesabore, consideran autonomousociologicalplan-agent,
A, and supposethat it modelsthe agentrelationshipsin its ernvironmentas follows.
AutonomousagentB directly ownsthe seneragentS2 anddirectly engagess3; au-
tonomousagentC directly engagesS3; and A directly owns S1. In addition,in A’s
view, 01 and 02 areneutral-objectsThis agentconfigurationcanbe seenin Figure6
andwould berepresenteth A’s modelsasshownn.

ConsideralsothatagentA generateshegoal, g4, andactivatesfour total plansp;,
p2, p3 andp, to achieve g4 asfollows. Thefour plansarethenin thesetof active plans,
andthe pair (ga, {p1, p2, p3,p4}) is in the function activeplangoal relating current
goalsto candidateactive plans.Thesegoalsandplansare shovn in Figure 7. Notice
thatsincein plan p;, actiona; canbe performedby eitheragentsB or C, andaction
ag by eitherS2 or $3, therearefour possiblewaysof executingit, representedy pi, ,
D1,, P1; @andpy, attheendof thefigure. The agentthenhassevenalternatve plansfor
executionselection.

Now, by inspectionthe entitiesrequiredby theplanp, are A, S1 and O1.

planentities p» = {4, 51, 01}

The previousdefinitionof a self-suficient planfor anagentA is ary planthatonly
requiresneutral-objectsagentsownedby A, and A itself. In this casethe union of the
setof neutral-objectspwnedagentsand 4 itself is simpleto calculate.

modelneutralobjects U modelself U modelowns( modelself |) = {01, 02, A, 51}



{94} C goals
{p1, p2,p3, pa} C activeplans
(94, {p1,p2,p3,ps}) € activeplangoal

b1 = Total {{(ala{B7 C})7 (a21{A})}7 {(a37 {527 53})}}

p1, = Total {{(a1,{B}), (a2,{4})},{(a3,{S52})}}
p1, = Total {{(a1,{B}),(a2,{4})},{(a3,{53})}}
p15 = Total {{(a1,{C}), (a2, {A})},{(as,{52})}}

p1, = Total {{(a1,{C}), (a2, {A})},{(as,{53})}}

b2 = Total {{(all’ {01})’ (alv {A})}, {(012, {Sl})> (027 {A})}’

{(013, {01})7 (a37 {A})}a {(a147 {S]—})’ (a47 {A})}7 {(a157 {01})7 (05, {A})}}
ps = Total {{(a1,{A4})},{(a2,{53})}
ps = Total {{(a1,{A})},{(a2,{S2})}}

Fig. 7. Exampleagentgoalsandplans

The setof entitiesrequiredby p, is a subsetof this setwhich meansthat p, is
self-suficient, asis theassociategjoal g 4.

{4, 51,01} C {01, 02, A, S1} = p» € selfsuff
p2 € selfsuff = ga € selfsuffgl

A is thusableto achieve g4 without affecting otherautonomousgentsand canact
without regardto themwhilst exploiting the currentsetof agentrelationships How-
ever, it maydecidethat,eventhoughp- is self-suficient, it is too costly, dismisseghis
possibility andevaluateghe six otheralternatvesto give theinformationshowvn in Ta-
ble1. It canbeseerthattheleast-fussandleast-direct-fusplansareasfollows. Eachof
theleastfussplansaffectsonly the oneagent(in factagentB in eachcase)asaresult
of requiringthe sener-agentS2whichis engagedy B. Boththedirectleastfussplans
requireno cooperatingagents.

leastfuss ga = {p1,, P15, P4} A leastdirectfuss g4 = {ps,ps}

Basedon this analysis,p, may seemlik e the bestcandidateplan for executionsince
it doesnot involve the direct cooperationof other entities,and only affects one au-
tonomousagent,B. Theplan-agentanthenanalyseoptionsconcerninghow to engage
S52. Clearly, thefinal choiceof plan mustalsoconsiderotherfactorssuchasthe moti-
vationsof the plan-agentandits modelsof the motivationsof othersaffectedby plans.
Neverthelessthis brief exampleillustratesjust how sociologicalagentscan usethe

| Plan || P [P1g| Py | s | pa|

cooperatingagents|{B}| {B} [{C}| {C} | {} |{}
affectedagents |{B}|{B, C}|{B}|{B, C}|{B, C}|{B}

Table 1. Example:A SociologicalAgent’s Evaluationof its Plans



plan,goal andagentcategoriesdefinedin this sectionasimportantcriteriain evaluat-
ing alternatve active plans.If agentscanmodelthe plansof others,or produceagreed
multi-agentplans thenthey cancoordinatetheir actionsin orderto achieve their local
goalsmoreeffectively. Agentscanthentake advantageof the plansof othersto avoid
duplicationof effort andto avoid conflict, which arises for example, whentwo agents
requiredirectownershipof the sameentity atthe sametime.

Onceagentsaredesignedvith the ability to reasoraboutthe plansof otheragents,
bargaining cantake placebetweenagentsable to help eachotherin their plans. As
an example,supposeagentA hasa plan that necessarilyinvolvesthe cooperationof
B. It may be appropriatefor A to considerthe plansof B thatinvolve A’s coopera-
tion since A maythenrealisethat B hasa high-priority planthatcanonly beachieved
with A’s cooperationin this caseA would considerherselfto bein a strongbamain-
ing position. The actuallevel at which otheragentsare modelledis clearly critical in
directingbehaviour. For example,a sociologicalagentwith modelsof otheragentsas
non-sociologicamay realisethat theseagentsare unableto recogniseagentrelation-
ships.The sociologicalagentmay thenbe concernedhat theseotheragentsmay use
entitiesthatdestrgy their own existing agentrelationships.

6 Conclusions

As Castelfranchhasshown in his work on SocialPower Theory, the relationshipshe-
tweenagentsare critical for effective behaiour in dynamicand openenvironments
composedf multiple autonomousigents Without an adequateppreciatiorof them,
opportunitiedor interactionto enhanceandimproveindividualagentperformancenay
bemissed andagentamaynotbeduly exploited.In this paperwe have extendedprevi-
ouswork to shov how detailedmodelsof plans,andthe cateyoriesthatmaybederived
from them,canbe usedto mapthe sociallandscapeffectively. This is vital — in our
view, autonomyis an absolute put it meansthat agentswill seekto exert power over
others.Justas Castelfranchi notion of negotiation power providesa measue of the
independencer autonomyof anagentin hisview of theworld, soit providesuswith a
testof whetheranagentis autonomousPawver will be usedby anagentthatcaninflu-
enceothers— anautonomousgent,in seekingo maximiseits benefit mustmake use
of theinformationavailablein its modelsof agentsandrelationships.

Theanalysiswe provide is not tailoredto arny pre-eisting model,andis generally
applicable thoughit doesarisenaturallyfrom our cleanandsimpleagentframeawork.
However, the particularvaluecanbe seenin applicationshatembodycritical notions
of dependencamongagentssuchas,for example,SocialPover Theoryandits com-
putationalcounterpartSocialDependencéletworks [12]. Our work providestwo key
benefitsfirst, it addressesomeof the weaknessem the SDN modelin relationto the
ambiguityof someconstructsuchasthe natureof anownedresouce, which we have
clarified and tightened;second,it balanceshat earlier work which focussedon the
problemsituations suchasdependenciedyy consideringconfigurationsof solutions
to minimise effort and take advantageof opportunitiesin dealingwith dependencies
(throughself-suficient plans,for example). The next stepis to explore the spaceof
plans,goalsandagentsin moredetail, basedon theinter-agentrelationshipsdescribed



above, andto shav how further, morerefinedcategoriesin the mannerof thoseabove,
impactanagents capacityto understands ervironmentandthe agentswithin it.
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