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Abstract

This work presentghe corenotionsof a socialreasoningmedanism basedon dependencéneory This model
enablesan agentto reasonaboutthe others,in particularto calculatehis dependenceelationsand dependence
situations.An agentis saidto bedependenbnanotheif thelattercanhelp/prezenthim to achieze oneof hisgoals.
We considerour socialreasoningnechanismasan essentiabuilding block for the designof really autonomous
artificial agentswhich areimmersedn an openmulti-agentworld. By open,we meanthatagentsamay enteror
leave thesocietyatany moment.In suchsystemsastheorganizatiorof theagentscannotbeconcevedatdesign
time, the cooperatie problemsolving paradigmis basedon dynamiccoalition formation In this contet, agents
mustbe ableto adaptthemselesto dynamicallychangingconditions,by evaluatingat executiontime if their
goalsareachievableandif their plansarefeasible As we do not supposehatagentsarebeneolent,our model
proposes criterionto evaluatewhich partnersaremoresusceptibléo accepta propositionof coalition. Finally,
asin thesekind of systemsagentsusuallydo not have a completeand correctrepresentationf eachother, our
modelhelpsthemto detectanagencylevel inconsistencyandto choosea contet to be maintained.

1 Intr oduction the fact that someservicesmay becomeavailable
or may disappeadynamically On the otherhand,
sinceeachservicehasan associateaost,we must

In [30, 15], thefutureinformgtionprocessingpn/i- conceve the meansby which a systemshouldac-
ronmentsarepresentedisbeingcomposedf huge ceptto cooperatavith anotherone,becauseén this
heterogeneousietworks of processingresources. context cooperationcan not be taken as an initial
Theseresourcesautonomousnddistributed, may pre-establishetypothesisWe believe thatasocial
consistof computershugeapplicationsand huge reasoningnedanismis anessentiabuilding block
databasesAuthors call theseervironments‘soci- to enableautonomousagentsto reactin this kind
etiesof objects”or “electronic organizations”. In of scenario.We call sociala mechanisnthat uses
orderto createsuchsystemswe believe that one informationaboutthe othersin orderto infer some
mustassurehe following aspectsconcerningheir new beliefsfrom the currentones. In our context,
components{i) theirinterconnection (ii) theirin- sucha mechanisnentailsthat agentsmustexplic-
teropembility, (iii) their adaptation and (iv), their itly represent,exploit and revise certainproperties
coopeation. In this work, we restrict ourselhes concerningheotheragents.

to the study of theselast two aspects. By adap-

tation, we meanthat one mustassurethat the be- We have developeda mechanisnof this kind based
havior of suchsystemsshouldbe modified dueto on the notion of social dependencégg], which we

changesdn the ervironment, specially concerning will call simply dependencéereafter Briefly, we



maysaythatanagentdepend®nanothemneif this
latter canfacilitate/aoid the formerto achieve one
or moreof his goals. We presenthe main notions
of dependencgheoryin section3 and we detalil
our social reasoningmode| basedon this theory
in sectiond. We shaw thenthatsucha modelbased
on the notion of dependencgivessomecontribu-
tions concerningthe adaptation coalition forma-
tion! and belief revision proceduresas presented
respectiely in sectionsb, 6, and7. Beforedetail-
ing our socialreasoningnechanismye describdn
section2 someaspectoncerningthe agentsand
their organizatiorwithin asociety

2 Agentsand Coalitions

In this section,we presenthe agentmodelthatwe
have usedandsomeprincipleswhich wereadopted
in their design. We alsoexplain the dynamicalor-
ganizationof thesdatterwithin asociety

2.1 Agent Model

Our agentmodelis basedon ASIC model|[2, 3],
andit is presentedh figure 1.

Agent
7~
8 --0
External Social
Description Reasoning
O Qi

Rea;oning De&ding
N /

@ — O —

/ \ Revising / \

(@} Q) QO
Perceiving  Receiving Sending Acting
A A |
| | V V

environment + other agents

Figurel: AgentModel

Its completeformal descriptionis out of contet
here,andit is describedn [22]. An agentis com-
posedof severalinternal metanismsoneof those
beingour maininterest:the socialreasoningned-
anism This mechanisrusesa representatiorthat

1Thetermcoalitionin our contet meansanorganizatiorthat
is dynamicallyestablishedasexplainedin section2.3.

the agenthasaboutthe others,called external de-
scription[12], whichwill bedetailedin section4.
In orderto enablethecomprehensionf thefollow-
ing sectionshowever, we mustcite asleasttwo es-
sentialaspect®f this agentmodel:

e we assumehatagentsdo not haveon-line plan-
ning: eitheranagenthasa planin orderto achieve
oneof hisgoals,or hewill adoptaplanproposedy
somepartnerwhenthis latterproposeshim a coali-
tion;

e consideringthe activation order of their internal
mechanismsthe agentschoosein this order (i) a
goal to achieve, (ii) a planto execute(in orderto
achieve the chosengoal) and (iii) somepartnergo
whomcoalitionproposalsareto besent,in thecase
when the agentcant achieve the chosengoal by
himself.

2.2 Adopted Principles

In our framework, we have adoptedthe following
four principlesfor our agents:

Principle 1 Non-Benevolence Principle: agents
are notimposedto help oneanothera priori, they
decideautonomouslyvhetherthey acceptto coop-
eratewith the others or not.

Principle 2 Sincerity Principle: agentsnever de-
cide deliberately to give erroneousinformationto
the others; they only communicatdo one another
informationin which they believe

Principle 3 Auto-Knowledge Principle: agents
havea completeand correct representatiorabout
themselvesi.e., they know they goals, capacities
etc. Rggardingtheothers, agentshavebeliefsabout
them,astheinformationsouicesmaybe erroneous.

Principle 4 Consistence Principle: agentsdon't
maintain contradictory information about one an-
other Sinceaninconsistencés detectedagentsre-
visetheir beliefsin orderto reestablista consistent
state

2.3 Agent Coalitions

According to the scenariopresentedn sectionl,
we placeourselesin the context of anopenmulti-
agentsysten{MAS), i.e.,aMAS whereagentsnay
enteror leave dynamically As a consequencegs
the setof agentsbelongingto the societycan not
be know a priori, the societyorganizationmustbe
establisheddynamically Hence,agentsbuild dy-
namicallycoalitionswheneerthey cannotachieve
their goalsby themseles. The term coalition de-
notesthereforethis organizatiorbuilt dynamically



We have taken someinspirationon the cooperatie
problem solving formal model presentedn [32],

which proposeghe following four phasesn such
a scenario: (i) coopeation recaynition, (ii) coali-

tion formation (iii) plan formationand(iv) coali-

tion action Whenthe commonactiity arrivesto

its end,the coalitionis dismissedandanothercycle
canstart. Thework describechereis relatedto the
first two phaseglescribedabove: we proposesome
meansby which potential cooperationcan be de-
tectedanda coalitioneventuallycanbeformed. For
this purpose we presentin the next sectionsome
ideasfrom socialpsychologythatmayhelpto solve
this problem.

3 Dependencelheory

In [5, 6, 9], atheory of social interactionbased
on social psychologyis presented. Its scientific
goal is to explain how social interactionscan be
derived and predictedfrom some external struc-
tural conditions.In particulay this theoryproposes
a model to explain how social goals are formed
within agents’minds. Social goals are goalsre-
latedto performingsocialactions Amongthe sev-
eral socialgoalsthat may exist, we will limit our-
selesto theanalysisof two particularonesthatare
subjectof this work: coopeation (several agents
working togetherto achieve a samegoal) and so-
cial exchange (severalagentswvork togetherbut for
differentindividual goals). The authorsproposea
formal modelto characterizeéhe mental statesof
theagentspasednthetechnicalapparatusy Co-
henandLevesquen their fundamentalvork onin-
tentions[8]. This theory answerstwo fundamen-
tal questionsconcerninga society of autonomous
agentd5]:

1. sociality problem why doesan autonomous
agententerinto socialinteractions?

2. adoptionproblem how doesan agentget his
problemto becomesocial, i.e., get it adoptedby
otheragents?

Accordingto dependencéheory the answerto the
first questionis social dependenceandthe answer
to the secondoneis social power. Briefly, we can
saythatanagentdepend®n anotheroneif thislat-
ter canfacilitate/aoid the formerto achieve oneof
his goals. We can also say that in this casethat
the secondagenthaspower on the first one. De-
pendenceand power relationshave someinterest-
ing properties.First of all, they areobjectiverela-
tions,i.e.,they existwhethertheagentsaareawareof
themor not. An agentmaythereforebe dependent
onotherignoringthisfact. Whentheserelationshe-

comesubjectivei.e.,representedithin theagents’
minds, several consequencemay be derived. In

particular they enableto predictagents’socialac-
tions, like coopeation andsocial exchange. A de-
tailed descriptionof socialgoalsgenesisrom the
subjectve representationf agents’dependencee-
lationsmaybefoundin [9, 22].

4 SocialReasoningMechanism

In this section,we detail the theoreticalmodel of
oursocialreasoningnechanisr[22], basedn de-
pendenceheory

4.1 External Description

As we have shavn in section2.1, anagentis char
acterizedaceto theothersby aprivateexternalde-
scription. Consequentlyanagentmusthave a kind
of datastructureto storethis informationaboutthe
others.Onecanfind in theliteratureseveralmodels
of representationf the others,within a MAS con-
text [18, 31]. Asthetheoryuponwhichourworkis
basedhadalreadybeenformalizedin [6], we have
retainedits basicelementgegardingthe represen-
tation an agenthasaboutthe others: their goals,
actionsandresourcesMoreover, we have addedo
this representatiothe notion of plan, absentrom
thisfirst formal model,andwhich from our point of
view is essentialhenone hasthe goal of imple-
mentingthe socialreasoningnodel.

4.1.1 Composition

Fromthis pointon, we considerthatanexternalde-
scriptionis composedf several entries Eachof
theseentriesdescribesa particularagentin the so-
ciety, andit is composeddf thefollowing parts:the
goalsthat the agentwantsto achieve, the actions
thatheis ableto perform,theresoucesoverwhich
he hasgot somecontrol andthe plansthat he can
usein orderto achiese his goals.Eachplanis com-
posedof a goalto achieve and a sequencef in-
stantiatedactionsusedin this plan. An instantiated
actionis composedy an actionidentificationand
alist of resourcesisedby this action(this list may
beempty).

For eachgoal,action,resourceandplan,we define
alsoafunctions(z) thatgivesthesourceof thisin-
formation,whichwill bediscussedh thesequence.
Finally, for the goals,actionsandresourcesye de-
fine alsoa setof functionsw(z), ¢, (z) ande,(z)

2An earlierformal notationis usedin [24].



to measureespectiely thegoalimportanceandthe
actionsandresourcestosts.This informationmay
beusedby anagents decisionmechanisnwhenhe
mustchoosea goalto pursuitor a planto execute,
aswe shaw in sections. An exampleof anexternal
descriptionis shavn in figure 2.

ED(agl) ED(ag2) ED(ag3) ... ED(ag4)

|

G(ag3) | A(ag3) | R(ag3) | P(ag3)

go_home ZX

drive go_home := drive(zx).

Figure2: ExternalDescription

4.1.2 Information Sources

In ouragentmodel,informationmaybeacquiredy
threedifferentsourcesreceptiorof amessageyer
ceptionof the ervironmentandinference this lat-
tercorrespondingo someinternalreasoningnech-
anism. For instance,if an agentrecevesa mes-
sagefrom anotherone sayingthat this latter was
bornin Brazil, the agentmay deducethat the lat-
ter may speakPortuguese.We considerthat this
information may be acquiredand updateddynam-
ically. A propositionregardingthis topic is pre-
sentedn [1], whereagentaiseanintroductionpro-
tocolwhenenteringa society andthereforethis ac-
quisition procedures carriedon by explicit com-
munication.We alsoconsiderthatgenerallythein-
formationtheagentshaveoneaboutanotheris nec-
essarilyneithercompletenor correct If weanalyze
theinformationsourceswe cannoticethe follow-
ing aspects(i) perceptiormechanismarequiteal-
wayssubjecto errors;(ii) agentsmaynotwant,un-
dercertaincircumstancesp communicatell their
capacitiego the others;and(iii) agents’reasoning
mechanismsnay have incorrectrules. In the ex-
ampleabove, an agenthasimplicitly useda rule

which infers thatif someonds bornin Brazil, he

canspeakPortugueseThis rule, however, may be

incorrect: considerthe casethatsomeonevhich is

bornin Brazil andleavesthe countrywhenhewas
one yearold; probably this personwould hardly
speakPortugueself we considerthattheseacqui-
sition mechanismsrenot perfect,theinformation
sourcemay becomeimportantwhen an agentre-

viseshis beliefs,for instancewhenaer two agents
detectthattheir beliefsregardingeachotherareei-

therincorrector incomplete aswe shaw in section
7.

4.2 Preliminary Definitions

In thesequenceye detailtheseveralrolesanagent
may play in our social reasoningnechanismand
alsothe two different autonomy/dependencao-
tions usedin our modelrelative to actionsandre-
sources.

4.2.1 AgentRoles

As we show in the sequencethe differentnotions
of autonomyanddependencarestrictly linkedto
the plan setusedin the reasoningmedanism As
anagentrepresentiternallythegoals,actions re-
sourcesandplansof otheragentsheis ableto use
anotheragents plansin orderto infer someprop-
erties,evenif this situationis not the generalcase.
However, consideringstrictly a formal framework,
it is interestingto be able to representhe most
genericsituation. Having this factin mind, we are
goingto usethefollowing termsto denoteprecisely
thedifferentrolesthatanagentmayplay in our so-
cial reasoningnechanism:

subjectagent: it denoteghe agentwhois reason-
ing*;

object agent: it denotegsheagentaboutwhomthe
subjectagentis reasoningabout;

third agent: it denoteshe agenton whomtheob-
jectagentis dependent;

sourceagent: it denotesheagentwhoseplansare
usedby thesubjectagentin orderto infer some
propertiesaboutthe objectagent.

3The term autonomyis consideredhere as a synorym of
auto-suficiency

4Onemay noticethatin section4.3, wherewe describethe
agentsinternallanguagethe subjectagentis not explicitly rep-
resentedbecauseve don't supposehatthereasoningagenthas
in this context a propertyof introspection.However, this notion
will beexplicitly representeth section7, wherewe will bein-
terestedn analyzingthe differentresultsobtainedby the social
reasoningnechanismsf two differentagents.



4.2.2 Typesof Autonomy and Dependence

Within the externaldescription we have explicitly
differentiatedactionsfrom resourcesisedin aplan.
This choice enablesto representdistinctively the
factthatanagentcanperformall theneededictions
in aplanfrom thefactthatanagentmaycontrolall
theneededesourcesisedby this sameplan. From
a purely cognitive perspectie, we believe thatthis
distinctionis useful. Let us supposefor example,
thata certainagentneedsto translatea word from
Englishto Portugueseandthat he knows another
agentthatknowsvery well thesdanguagesndhas
evenadictionaryto help him translatewordsfrom
theselanguages. The first agentcan achiese his
goalby two differentmeans(i) he canaskthesec-
ond agentto translatefor him the specificword or
(i) hecanaskthislatterto lendhim thedictionary,
sohecoulddothetranslatiorby himself. Consider
ing thesecondagent thefirst option hastheincon-
venientof interruptinghim from his currentwork,
while the secondone enableshim to continuehis
currentwork. Hencewe believethatperformingan
actionis morecognitively costly for anagentthan
justreleasinga resouce. For this reasonwe have
decidedto treatdifferently the differentnotionsof
dependence/autonomggardingactions/resources,
whichwill bedescribedn sectionst.3.3and4.3.4.

4.3 Internal Language

Let us supposethat the agents’internal language
usedby the social reasoningmechanisnis a first

orderlanguage As we wantto deducesomeprop-

ertiesconcerningagents’goals,plans,actionsand
resourcesall variablesaretyped We aregoingto

usethe following corvention: {i, j, k} arevari-

ablesthatdenoteagents{g, ¢'} arevariablesthat
denotegoals,p is a variablethat denotesplans,a

is avariablethatdenotesactionsandr is a variable
thatdenotesesources

4.3.1 BasicNotions

First, we needsomepredicatedo expresscertain
elementaryfacts concerninggoals, plans, actions
and resources specificalythat a plan p achieves
goal g, thatanaction/resource/r is neededn or-
derto executeplanp andthatg andg’ aredifferent
goals.In orderto expressthesefacts,we aregoing
to userespectiely the predicatesachieves(p, g),

51f we remembethat the subjectagentis not explicitly rep-
resentedh thislanguagestatementtke “the plansbelongingto
agent;” mustbeinterpretedas“the plansthatthe subjectagent
believesagent; has”.

usesy(p,a)®, uses,(p,r) and dif f(g,g'). We
needin the sequencesome predicateswhich ex-
pressthe fact that the subjectagentbelievesthat
agent: hasa certaingoal g, that he can perform
a certain action a, that he controls a certainre-
sourcer or that he hasa certainplan p. In order
to expressthesefacts,we aregoingto userespec-
tively the predicatesis, (i, g), isa(i,a), is.(i,7)
andis,(i,p). Finally, we definesomepredicates
to expressthatp is a plan which belongsto agent
1 andwhich achiezesgoal g, thati hasat leastone
singleplanwhich achievesgoal g, thati needsan-
otheragentto performactiona/releaseesourcer,
which is usedin plan p, andthati can perform
all the the neededactions/hagjot the control over
all the neededresourcego executeplanp. These
notionsarerespectiely capturedby the predicates
is_plan(i, g,p), has_plans(i,g), needs,(i,p,a),
needs,(i,p,r), has_all,(i, p) andhas_all,.(i, p).
Formally, we have:

isplan(i,g,p) < is,(i,p) Aachieves(p,g) (1)
has_plans(i,g) < Ipis_plan(i,g,p) 2
needsy(i,p,a) < uses,(p,a) A —is,(i,a) (3)
has_all,(i,p) < Va(usesy(p,a)=1is,(i,a)) (4)
needs,(i,p,7) < usesp(p,r) A\ —isp(i,r) (5)
has_all,(i,p) < Vr(uses.(p,r) = is.(i,r)) (6)

4.3.2 Plan Notions

After having definedthe notionspresentedabove,
we are able now to formulate the notions of au-
tonomousplan and dependentplan. A plan p
makes the object agenti a-autonomoudor goal
g if and only if this agentcan perform all the
neededactionsfor the executionof the plan (pred-
icate aut_plan,). Analogously we can define
the notions of r-autonomousplan concerningthe
necessaryresourcesfor its execution (predicate
aut_plan,). In thefollowing formalrepresentation,
we includealsothe sourceagentk to whomthere-
ferredplanbelongs:

is_plan(k, g,p)A

O'U‘t—plana(la 9,D, k) g has_alla(z',p) (7)

is_plan(k, g,p)A

aut plan.(i,9,p, k) & has.all, (i, p) (8)

On the otherhand,a plan p makesan objectagent
1 a-dependenbf the third agentj for goal g if

60ne must notice that in all predicatesthe subscriptsa/r
don't have ary relationwith the variablesa/r, they areonly a
shortnotationfor the terminalsaction/resourceAs anexample,
usesq is acontractiorfor uses_action.



andonly if in this planthereis at leastoneaction
which agenti cannot performandthatagent; can
perform (predicatedep_plan,). Analogously we
candefinethenotionof r-dependenplan(predicate
dep_plan,). Oncemore,werepresentormally also
the sourceagentt to whomthis planbelongs:

dep_plan,(i, j,9,p, k) & is; (K, DA
9)

dep_plan, (i, j,g,p, k) & =P (k, P)A

(10)
achieves(p, g)A

basic_dep,(i,j,9,p,a) & mneeds,(i,p,a)A
i5q(J, @)

where:

(11)
achieves(p, g)\
basic_dep,(i,j,9,p,7) <& needs,(i,p,r)A
isr(J, )
12)
Predicatesbasic_dep, and basic_dep, represent
the basicdependencesoncerningrespectiely ac-
tions and resources. For instance, predicate
basic_dep, (i, 7,9, p, a) expresseshat(i) pisaplan
thatachieresyg, (ii) accordingto plan p, theaction
a is neededn orderto achieve this goal, (iii) 7 is
not ableto performactiona and(iv) j is ableto
performthis action. In the sequencewe aregoing
to usethe subscripts to denoteeitheran actionor
aresourcedependenceyhich we will call a social
dependence.

4.3.3 Autonomy Notions

By now, we can definethe several notionsof au-
tonomy that interestus. An object agenti is a-
autonomousfor goal g consideringthe plans be-
longing to agent source k (predicateaut,) if and
only if: (i) < hasthegoalg; (ii) k£ hasaplanwhich
malkesi a-autonomousor g. Analogously we de-
fine the notion of r-autonomy(predicateaut,). If
an objectagent: is simultaneouslya-autonomous
and r-autonomousfor g, theni is said to be s-
autonomougpredicateaut,) for goalg:

i5¢(i, 9N

auty(i,g,k) & has_plans(k,g)A (13)
Ip aut_plan,(i, g, p, k)
i5¢(i, 9N

aut,(i,g9,k) & has_plans(k,g)A (14)

3p aut_plan,(i, g, p, k)
auts(i, g, k) < aut,(i, g, k) A aut,(i,g,k) (15)

Ja basic_dep, (i, j,9,p,a)

Ar basicdep,(i, j, g,p,T)

4.3.4 DependenceRelations

If an object agent: is not autonomousfor goal
g, he dependson others for this goal. We de-
fine the notionsof a-dependencépredicatedep,,),
r-dependencédpredicatedep,.) and s-dependence
(predicatedep;) in thefollowing way:

isq(i, 9)N
dep.(i,g,k) & has_plans(k,g)A
—3p aut_plan,(i, g, p, k)
(16)
i5q(i, 9N
dep,(i,g,k) & has_plans(k, g)\
—3dp aut_plan,(i,g,p, k)
17)
deps (i, g, k) < depa(i, g,k) V dep(i, g, k) (18)

Thefactthatanagentis dependenbn othersfor a
certaingoaldoesnt mearhoweverthatthereis nec-
essarilyat leastoneagentin the societythat could
performthe actionor releasethe resourcethat the
dependenagentneeds We mustthereforedefinea
secondnotionof dependenceyhich will be called
dependenceelation, wherewe will useexplicitly
the notion of agentthird definedin section4.2.1.
An objectagenti is saidto be a-dependenbn a
third agent; for goal g consideringthe plans be-
longingto thesourceagentk (predicatalep_on,) if
andonly if: (i) ¢ hasthegoalg; (ii) ¢ is a-dependent
for ¢ whenconsiderings’s plans;(iii) k£ hasaplan
which makesi a-dependentn j. The otherdefini-
tionsarebuild in asimilar way, likein the previous
sectiongpredicateslep_on,. anddep_on):

dep, (i, g, k)A

3p dep_plan,(i, j, 9,p, k)
(19)

dep-on,(i, j, 9, k) &

dep(i, g, k)A
Ip dep_plan.(i, j, g, p, k)
(20)
dep_on,(i, j, g, k)V
dep_on,(i, j, 9, k)
(21)

dep_on,(i,j,9,k) &

dep_on,(i,j,9,k) &

4.3.5 Mutual and Reciprocal Dependence

Wheneer a subjectagenti deducesthat he de-
pendg onthird agentj, it is alwaysinterestingfor
him to know whetherthis dependenceelation is
unilateralor bilateral. Consideringthe definitions
presentedn [6], we call mutualdependencéMD)
the situationwherethe objectagent; andthe third
agentj a-dependnoneanotherfor a samegoal g.

"Noticethatin this particularsituation theobjectandsubject
agentdenotethesameagent.



On the otherhand,we call reciprocal dependence
(RD) thesituationwherethesetwo agentsaa-depend
on oneanotherfor differentg andg’. Formally, al-
waysconsideringagent k as the plan source, we
have:

dep-ong (i, j, g, k)A

MDG,j. g9 k) < dep_on (3,1, 9, k)

(22)
dep_on, (i, 7,9, k)A
RD(/L7JJngIJk)<:> dep_Ona(],Z,gl,k)/\ (23)
diff(g,9')
Let usremindthatthesenotionsarestrictly linked
to the socialinteractionstypesof coopeation and
socialexchange, asshovnin section3. We wantto
stresghefactthatwe have usedonly actiondepen-
dencesvhendefiningthenotionsabove. We justify
this choicein thesequence.

4.4 SomeSimplifications

In orderto continuethedefinitionof our model,we
have adoptedwo simplifying hypothesiswhichare
describedhext.

4.4.1 Constraints on Agent Roles

Oneof thecoreideasof thiswork is thatthe several

notions of autonomyand dependencare tightly

connectedto the plan setusedin the reasoning
medanism In otherwords,asubjectagentmayuse
eitherhis own plans(in this case,the subjectand
sourceagentsdenotethe sameagent)or thoseof

theothersin orderto reasorabouthis autonomyor

dependenctor acertaingoal. In thislatter, we may
considerthatthe subjectagentdoesa kind of sim-

ulationof thethird agents socialreasoningnecha-
nism. Ontheotherhand,if we considerthe subject
agent,the fact of not having ary constrainton the

possiblesourceagentswhen inferring his depen-
dencesasanundesirablsideeffect: the combina-
torial compleity of the calculus. Consideringthat
our objectiveis notlimited to proposea theoretical
framawork for the socialreasoningnechanismbut

alsoto proposeafeasibleandefficientimplementa-
tion, we have proposedhefollowing constrainton

this calculusregardinga samesubjectagentwhois

reasoning:

1. first, the subjectagentlimits himself to calcu-
late his own dependenceelationson theothers,us-

ing his own plans. On otherwords, the notionsof

subject,objectand sourceagentsdenotethe same
agent;

2. oncedetecteda dependenceelation on a third

agent,the subjectagentcalculateshe possiblede-

pendenceelationsthat this third agentmay have

on him. On otherwords,the agentsthat have just
had the roles of objectandthird agentsare inter-
changes.However, the subjectagentusesalways
his own plans,i.e., thesourceagentalwaysdenotes
thesubjectagent;

3. if eitheramutualor reciprocaldependencis de-
tectedin the previousstep,the subjectagentiriesto
verify whetherthis sameconclusioncould be in-
ferred by using the third agents plans. On other
words,the agentwhoserole wasthatof third agent
in thepreviousstepshecomesow thesourceagent,
andthetwo previousstepsarerepeated.

We believe that by fixing theseconstraintsye can
diminishthe calculuscomplexity, but we canmain-
tain someessentiahspectof the model,i.e., mak-
ing it possiblefor a subjectagentto calculatesome
propertiesthat he believes that could be also in-
ferredby someotheragents.We will detail better
this aspecbf the modelwhenwe definethe notion
of dependencsituationin sectior4.6.

4.4.2 Constraints on Dependencelypes

As explainedin section4.2.2, we believe that ac-
tion and resourcedependenceelationsare inher
ently different. However, in equations(22) and
(23), we have usedonly actiondependence® de-
fine mutualandreciprocaldependenceWe could
have usedthe notion of social dependencepre-
sentedin equation(18) to definethe former, but
we don't believe thatthereis a symmetrybetween
thesenotions: we want to distinguishthe situa-
tion wheredep_on, (4, j, g, k) A dep_on,.(j,1,g,k)
holds from the one where dep_on..(i,j,g,k) A
dep_on, (3,1, g, k) holds. We believe that this dis-
tinctionis importantandmustbebetterinvestigated
in thefuture. However, we have chosemot to treat
thisissuein thiswork. Consequentlyin thefollow-
ing definitions,we will limit oursehesto analyze
actiondependencesandwe will not usearymore
thesubscripto denotethistypeof dependence.e.,
wewill usethetermsautonomousnddependenas
synorymsof a-autonomousnda-dependent

4.5 Goal Situations

We call goal situationarelationthatholdsbetween
anagentandonegoal,which hasfour possibleout-

comes:

1. No Goal (NG): theagentdoesnt have this goal
in his goalset;

2. No Plans (NP): the agenthasthis goal, but he
doesnothave ary planwhich achievesit;

3. Autonomous(AUT): theagenthasthisgoaland
atleastoneplanwhich makeshim autonomousgor



thisgoal;

4. Dependent(DEP): the agenthasthis goal but
all his plansthat achiese it makes him dependent
on othersfor this goal.

Formally, we have:

NG(i,9) < ~isg(i,9) (24)
NP(i,9) < ise(i,9) A —has_plans(i,g) (25)
AUT (i,9) & auty(i,g,i) (26)
DEP(i,g) & dep.(i,g,i) (27)

Givena certaingoal to achiere, an agentnormally
calculateshis goal situation. If heis dependentor
thisgoal(DEP(i, g)), hewill thencalculatehisde-
pendencesituationregardingother agentsfor this
goal,aswe shav next.

4.6 DependenceSituations

Being dependentfor a certain goal, and after
calculating his dependencerelations, an agent
may usetheselatter to reasonaboutthe others. In
particular given a certain goal g, an agentmay
calculatehis dependencssituation towards every
otheragentj who belongsto the society An agent
infersa locally believeddependencesithermutual
or reciprocal,if he usesexclusively his own plans
whenreasoningaboutthe others. If he usesboth
his ownplansandthoseof thethird agentonwhom
he dependgo deducethis conclusion,we will say
thathehasinferreda mutuallybelieveddependence
betweerthen?.

Let usconsidertwo agents andj, wherethe sub-
ject agentis 4. If i infers DEP(i,g) ashis goal

situationfor the goal g, thereare six differentde-
pendencsituationsthatmay hold betweerhimself
andthethird agentj, consideringhis socialreason-
ing mechanism:

1. IndependencgIND): usinghis own plans,i in-

fersthathedoesnt dependbn j for g;

2. Locally Believed Mutual Dependence
(LBMD) : using his own plans, i infers a mutual
dependencéetweenhimself and 5 for g, but he

cant deducehesamefactusingj’s plans;

3. Mutually Believed Mutual Dependence
(MBMD) : using his own plans, infers a mutual

8We are consciousthat in our contet, the meaningof the
term “mutually believed” is someavhat different from the one
usuallyusedin MAS, like in [18]. For us,thistermdenoteshe
factthatthe subjectagentbelievesthatthethird agenton which
he dependdor a certaingoalis alsoaware of their bilateralde-
pendenceelation.

dependencéetweenhimself and j for g. More-
over, he candeducethe sameconclusionusingj's
plans;

4. Locally Believed Reciprocal Dependence
(LBRD): using his own plans,i infers a recipro-
cal dependencbetweerhimselfandy for g andg’,
but hecan't deducehe samefactusingj’s plans;

5. Mutually Believed Reciprocal Dependence
(MBRD): using his own plans,i infers a recipro-
caldependencbetweerhimselfandj for g andg'.
Moreover, hecandeducghesameconclusiorusing
j'splans;

6. Unilateral Dependence(UD): using his own
plans,i infers thathe dependon j for g, but this
latterdoesnt depencbn him for ary of his goals.
Formally, we have:

. DEP(i,g)A
INDG.G:9) S _gep ony(iyjygri) @O
o MD(i,j,g,i)A
LBMD(i,j,g) & 14295 %)7 29

(i,49) ~MD(i,j,9,5) (29)
- MD(i,j,g,i)A
MBMD(i,j,q) < AR 30
(i:5,9) MD(i,j,g,5) (30)
.. RD(i,j,9,9",1)A
LBRD(i,j,9.9') & S I N (3
(i,9,9) ~RD(i,j,9,9', ) (1)
. RD(i,5,9,9",)A
MBRD(i,j,g9,9") & 32
4:399% Rrpijgg.5) O
dep_on,(i, j,g,9)A
UD(i,j,9) & -39 (isg(4,9")A (33)

dep-ona(j,i, g', 1))
One may notice that regarding the mutually be-
lieveddependencesgithermutualor reciprocalwe
didn’t supposatary momenthattheagents’plans
must be identical This particular point has the
adwantageof not putting a uselessconstrainton
the model. We shaow in section6 that the agents
may exploit their dependencsituationswhenthey
have to chooseto which partnerthey shouldsend
a propositionof coalition formation,in the caseof
beingunableto achieve their goalsby themseles.

5 Effectson Adaptation

In this section, we analyzethe social reasoning
mechanismeffects on the adaptationof an agent,
immersedn anopenMAS. In particulay we shov
thatanagentmayusecertainresultsinferredby this
mechanisnin orderto chooseagoalto achieve and
aplanto execute beingassuredhatall functional-
ities neededto executethe chosenplan are avail-
ablein the society A more detailedanalysison



thistopic,includingthecompleteformalmodeland
someresultsof computationakimulation, may be
foundin [22, 23].

5.1 Feasible Plans and Achievable
Goals

If the context of an opensociety one cant guar
anteethat the plansthat an agenthasto achiese a
certaingoalarealwaysfeasible This notionof fea-
sible planimpliesthatall neededactions/resources
to the executionof the plan arecurrentlyavailable
in theagents’society i.e., thereis atleastonesin-
gle agentwhich canperformeachof theseactions
andwhich controlseachof theseresourcesWe in-
troducetwo predicatesvhichrepresentespectiely
thata certainactionor resourcds availablein the
societyin a certainmoment:

available,(a) <  Fiise(i,a) (34)
available,(r) & Jiise(i,r) (35)

Usingthesedefinitions,we canrepresenthreedif-
ferentnotionsof feasibleplans,like we have done
regardingthe notionsof autonomyanddependence
in sections4.3.3and 4.3.4. Intuitively, a planis
a-feasibleif all the actionsneededo its execution
canbeperformedby atleastoneagentwhobelongs
to the society Analogously we candefinea simi-
lar notionof r-feasibleplans,consideringsolelythe
resources.A plan which is both a-feasibleandr-
feasibleis saids-feasible

feasible,(p) & Va (uses,(p,a) = availabley(a))
(36)
feasible,.(p) & Vr (uses,(p,r) = available,(r))
(37)
feasibles(p) < feasible,(p) A feasible,.(p)
(38)

For the samereasonspne can not guaranteghat
the agents’goalsarealwaysachievable A goalis
saidto beachievableby acertainplanif this planis
feasible.We canthereforedefinesimilar notionsof
a-achievable r-achievableands-acievablegoals:

achievesg(p, g)A

feasible,(p) (39)

achievable,(g,p) <

achievesy(p, g)A
feasible,(p)

achievabley(g, p)A

achievable,.(g,p)
(41)

achievable,(g,p) & (40)

achievables(g,p) <

Hereafter we adoptthe samesimplificationspre-
sentedn section4.4, whenwe have discussedle-
pendencaypes. We will limit oursehesto the no-
tionsconcerningactionsandwill usethetermsfea-
sibleandachiesablerespectiely assynorymsof a-
feasibleand a-achi@able. We show briefly in the
sequencénon an agentusesthe notionsdescribed
aborewhenfacedo somedecisionsiehasto make.
Remindingthe agentmodelwe have presentedn
section2.1, we adoptthe hypothesisthat agents
choosefirst a goal to achieve, then a plan whose
successfutompletionachiezesthatgoalandfinally
possiblepartnersto whom eventual coalition pro-
posalsareto besent.

5.2 Goal Decision

In our model,an agentmay usea plan evenif he
can't perform someof its actions. Consequently
when facedto a goal decision, he must verify

whetherthe goal in questionis achievable or not.

As explainedearlierin sectiond4.4,anagentalways
startsreasoningusing his own plans. Formally, an
agent; infersif his goalg is achievablein the fol-

lowing way:

AUT (i, g) V (DEP(i,9)A
Ip (isp(i,p) A achievabley(g,p))
(42)
An agenthereforanfersthatacertaingoalg is fea-
sibleif (i) heis autonomoudor this goalor (ii) he
hasa planwhereall its neededactionscanbe per
formedby at leastoneagentbelongingto the soci-
ety. If we analyzeequation(26), it canbe shavn
that AUT (i, g) = achievable(i, g), becausehe
agenthimselfcanperformall the neededactionsin
theplan.
Let ustake asanexamplearesearchetg2 who be-
longsto aresearcHaboratory Let us supposehat
he hastwo goalsto achieve: write anarticle on so-
cial simulation(write_ss_paper) andwrite another
oneonamulti-agentapproacHor socialsimulation
(write_ss-mas_paper). Let us alsosupposethat
his plansfor thesegoalsarerespectiely:

achievable(i, g) &

write_ss_section(),

m : write_ss_paper() = process wordy).

write_ss_section(),

o : write_ss_paper() = process_latex().

for thefirst goalwrite_ss_paper and:

write_ss_section/(),
w3 : write_ss_mas_paper() := write_mas_section(),
process_word().



for the secondgoal write_ss_mas_paper. Let us
finally supposehatthis researcheknowswell Mi-
crosoftWord, but he can't uselATpX languageand
that he is perfectly able to write a whole section
about social simulation, but not a section about
the foundationsof multi-agentsystems.If the ac-
tionwrite_mas_section can't beperformedby ary
agentin the laboratory agentag2 would deduce
thepropositionsichievable(ag2, write_ss_paper)
and-achievable(ag2, write_ss_mas_paper).

In our externaldescriptionmodelpresentedn sec-
tion 4.1, we have defineda functionw(g) to repre-
senttheimportanceof a goal. Usinga strictly util-
itarianapproachgiventwo differentgoalsg andg’
suchthatw(g) > w(g'), an agentwould choose
to pursuit g, sincethis goal hasa greaterimpor-
tance. We believe that a decisioncriterion based
exclusively on this notion of importanceis insuf-
ficient to characterizeopen societies. It doesnt
seemreasonablethat an agent could chooseto
pursuit a goal using exclusively its importance,
without verifying whetherthe goal is achievable
or not’. In our example, even supposingthat
w(write_ss_-mas_paper) > w(write_ss_paper)
(the first conference,for instance, maybe more
prestigiousthan the secondone), agentag2 will
choosdo pursuitgoalwrite_ss_paper, becauséis
social reasoningmechanismhas inferred that the
othergoalis not achiezableatthe moment.

5.3 Plan Decision

Sinceagoalhasbeenchosenanagentmustchoose
a plan to execute, whose successfulcompletion
shouldleadto the achierementof the goal. In the
generalcase,an agentmay have several plansto
achieve a certaingoal. Using the samearguments
presentedn the earlier section,an agentmustin-
vestigatewhethera certainplan is feasiblebefore
selectingit. As explainedbeforein section4.4,an
agentalways usesfirst his own plansin his social
reasoningnechanism.Formally, an agent: infers
if hisplanp is feasiblein thefollowing way:

feasible(i,p) <& isp(i,p) A feasible,(p) (43)

If we considerthe example presentedn the pre-
vious section, let us supposethat agentag2 has
chosento pursuit goal write_ss_paper, because
it is his sole achievable goal. He can achieve
by executing two different plans. Let us sup-
poseyet thatthereisn’t ary researchem the lab-
oratory who knows IATeX language. Considering

9n fact, in mostutilitarian approachesall the agents'goals
areintrinsically consideredsbeingalwaysachieable.

the planspresentedn the last section,agentag2
would deducethe propositionsfeasible(ag2, m1)
and-feasible(ag2, m).

In our externaldescriptionmodelpresentedn sec-
tion 4.1, we have definedtwo functionsc, (a) and
c-(r) torepresenexplicitly thecostsof actionsand
resourcesln afirst approximationye cansuppose
thatthe costassociatedo a planmay be definedas
thesumof costsof all actionsandresourcesieeded
for its execution®:

A
cp) = Z calar) + Z cr(re) (44)
ar€A, ThERp
where 4, = {ap | uses,(p,ar)} and R, =

{rx | uses.(p,rr)}. Usinga pure utilitarian ap-
proach, given two different plansp and p’ that
achieve a samegoalsuchasc(p) < ¢(p'), anagent
should always chooseplan p, becauseit is less
costly. As in the previous section,a plan decision
basedexclusively on this notion of costis insufi-

cientto characteriz®pensocietieslt doesnt seem
reasonabléhatanagentshouldchoosealesscostly
planwithout investigatingwhetherthis planis fea-
sibleor not. In our example,evenif ¢(my) > ¢(ms)

(for instancebecause text written in IATEX takes
lesstime to be produced),agentag2 will choose
plan 71, becausehis social reasoningmechanism
hasdetectedhatn is notfeasibleatthemoment.

6 Effects on Coalition Forma-
tion

In this section,we analyzethe effects of the so-
cial reasoningmechanismon coalition formation
amongagents. If we considera contet of non-
beneolentagentsye shawv thatagentanayexploit

their dependencsituationsto choosethe possible
partnerdo whomcoalitionproposalsareto besent,
in the casethey aredependentor acertaingoal. A

more detailedanalysison this topic, including the
completeformal modelandsomeresultsof compu-
tationalsimulation,maybefoundin [22, 26)].

6.1 Partners Decision

Having chosenboth a goal and a plan, an agent
mustchoosepossiblepartnersto whom he should

101n this first approximationwe considerthatif a certainac-
tion/resourcesppearsnorethanoncein acertainplan,it is rep-
resentedy severaldifferenta;. Moreover, we supposelsothat
all theagentsevaluatein asameway theseactionandresources
costs.



proposea coalition formation, when he cant exe-
cutethe selectedplan by himself. If we take once
more our previous example of the researchiabo-
ratory, let us supposethat two new researchern
the multi-agentdomain have arrived. As a con-
sequenceactionwrite_mas_section hasnow be-
comeavailable, and agentag2 will prefernow to
choosegoal write_ss_mas_paper(). A new ques-
tion now arises: To which of thesenew agents
shouldag2 senda coalition proposal?

As in thiswork we don't consideragentsaasbener-
olent, we proposeto usethe notion of dependence
situationspresentedn section4.6 as a decision
criterion whenan agentneedsto choosea partner
In other words, if agenti needsa certainaction
a to be performedin orderto achiese goal g, and
if therea setof agentsy, k, ... that can perform
this action, agenti can calculatehis dependence
situation for goal g towards eachof theselatter
and to chooseto addressa proposalto the one
he believes that will be more receptie to this
proposal. In the rest of this section, we will
call proponentthe agentwho sendsto another
one a coalition proposaland addresseethe agent
who receves the proposal. The proponents
intention is that the addresseeadopts his goal
and performshis neededaction. The addressee,
however, can reject the proposition, for instance
if he prefersto take partin othercoalition for the
samegoal. We have proposeda partnerdecision
criterionwhich combinegwo differentsub-criteria,
calledplan souiceanddependenceature criterion.

We call plan source a criterion that distinguishes
locally believed dependence$rom mutually be-
lieved ones. Remindingthe definitions usedin
section4.6, the proponentinfers a locally believed
dependencé he usesexclusively his own plans,
while he infers a mutually believed dependencé
he usesboth his own plansandthosehe believes
that belong to the addressee. Obviously, the
dependencssituation IND is useless,becausea
proponentwill never considerto senda proposal
to an agentunableto performthe neededaction.
We considerthat if the proponenthas inferred a
mutually believed dependencehe will have more
chancesto obtain the action that he needs If we
supposdhat both agentshasthe sameinformation
one aboutthe othet!, we have a situationwhere
both agentsinfer the samedependencesituation
towardsoneanotherandbothof themareconscious
of this fact. If we considerthe global communi-

11\we call this hypothesisexternal descriptioncompatibility
andwe will detailthisissuein section?.

cation flow, interactionsare simpler, becausehe
proponentwill not needto corvince the addressee
of theirdependencsituation.If we associate cost
function to this communicationthesedependence
situationgeMBRD andMBMD) will costlessto the
proponent,andthereforewill be preferredfaceto
theothers.

We call dependencaature a criterion that distin-

guisheglependencsituationsy whatis beingpro-

posedto the addresse@n exchange. We consider
thatif the proponentoffers somethingn exchange

to someaction he asksfor, he hasmore chanceso

obtainthe action he needs Oncemore,the depen-
dencesituationIND is uselesslt is quiteclearalso
thatthe secondessadwantageouslependencsitu-

ationis UD, becausehe proponenthasnothingto

proposeto the addresse@ exchange.If we com-
pare mutual and reciprocaldependencesye con-
sideralsothata mutualdependencés a betterop-

tion for the proponent This canbeexplainedby the

factthattheaddressebasthesamegoal,andthere-
fore should not fear an absenceof reciprocation
from theproponentin the caseof eitheraLBRDor

aMBRD, oneagentmustnecessariladoptthegoal

of theotherfirst. He canthereforeaskhimselfif the

otheragents trustful,if heis goingto honorhisfu-

ture commitmentsetc. Not surprisingly this ques-
tion never arisesin a context of benevolentagents.
By usingsuchapproachpur modelhasthe advan-
tageof not imposingary pre-establishetbehavior

of theagents.

MBMD

LBMD MBRD

-
|
I
I
|
|
|
I
:
. useful partners
I
|
better .
partners !
|
I

useless partners

IND

Figure3: PartnerDecisionCriterion

We have combinedthesetwo sub-criteriato en-
ableanagentto choosethe bestpossiblepartnerto
achieve acertaingoal. This combinationpresented
asa lattice in figure 3, proposesa partnerprefer
enceorderwhich an agentwill adoptto decideto
whom a coalition proposalis to be sent. Accord-



ing to thisorder, anagentwill alwayspreferto send
aproposato a partnerwhosedependencsituation
towardshim is a MBMD, which is the mostadvan-
tageousdependencsituation. On the otherhand,
he will alwaysavoid if possibleto sendproposals
to agentavhosedependencsituationtowardshim
is aUD, whichis theleastadvantageousne.

6.2 Partner Acceptance

Whenever an addresseeeceves a coalition pro-
posal, he must decidewhetherhe takes partin it
or not. In the generalcase this decisionprocedure
is far morecomplicatedhanthe previousonesthat
we have just describedsofar, asexplainedin [22].
Particularly, asdiscussedn section4.1.2,a belief
revision mechanismmay be activatedwhenever a
coalitionproposahrrives. We proposearatherre-
strictedscheméo solve this problem.As our main
objective is to shav the importanceof the social
reasoningmechanisnmwithin an agentmodel, we
believe thatthis schemacanillustratesomeaspects
which we believe areimportantones. We suppose
thatwhena addresseeecevesa coalitionproposal
for acertaingoal, he hasthefollowing behavior:

1. whenever the addressedetectsthat the propo-
nent has either false or incompletebeliefs about
him, he refusego take partin the coalition andin-
forms the proponentaboutthis fact. In this way,
the proponentcan updatehis representatiof the
addressee;

2. theaddresseenay alsodetectthat he hassome
falseor incompletebeliefsaboutthe proponent.in
this case he mustalsorevise and updatethesebe-
liefs;

3. the addresseealculateshen his goal situation
for the offeredgoal. If heinfers NG or AUT, he
refusego take partin thecoalition;

4. if, on the otherhand, his goal situationis NP,
the addresseacceptdo take partin the coalition,
becausén this way his goalbecomeschiesable;

5. finally, if his goal situationis DEP, the ad-
dresseealculatesis dependencsituationsfor the
offered goal towardsall the other agents,using a
planp choseraccordingo the proceduralescribed
in section5.3. Whenthis procedurds finished,the
agentverifiesif the proponenbelongsto the setof
agentghathewould choosdf heweresupposedo
startandsenda coalitionproposal.lf theproponent
is in this case he acceptgo take partin the coali-
tion, otherwiseherefusego take partin it.

This partneracceptanceriterion was usedin the
DEPINT system[22, 28]. In [22, 26], we present

12\\e detail this mechanisnin section?.

also several examplesconcerningthe evolution of
the partnerschoice. Similarly to the caseof goal
andplan choices,we shav that whenagentsenter
and leave the society this choice and acceptance
of partnersaredynamicallychangedy the agents
themseles.

7 Effectson Belief Revision

In thissectionwewill analyzetheeffectsof theso-
cial reasoningnechanisnonbeliefrevision. In par

ticular, we shav thatby usingsuchamechanisman
agentmay detectif hisrepresentationf the others
is eitherincompleteor incorrect,et may eventually
revisethis representationA moredetailedanalysis
on this topic, includingthe completeformal model
andsomeresultsof computationakimulation,may
befoundin [22, 25, 27].

7.1 External Language

In orderto be ableto comparethe resultsof the

social reasoning mechanismsof two different

agents, we have to place oursehes as external

obsenersof the society andhencewe will beable

to analyzethe different resultsinferred by each
of them. We needthereforean externallanguage,
which could identify the subjectagent,as defined
in section4.2.1. Technically speaking,we need
to represenexternally the beliefsof an agent. We

have usedthe deductionmodel of belief [17] for

this task. By usingsuchmodel,we have defineda

setof belief operators{B; ,B; ,. ..} suchthatthe

external languageformulae B; ¢ meansthat the

internallanguaggormulae¢ belongsto the belief

baseof agenti. We will restrictour analysisto the

resultsinferredby the socialreasoningnechanism
of two agents.The subsetf the internallanguage
formulaewill thereforebe restrictedto thosethat

could be inferred by such mechanismsj.e., the

formulaedescribedn section4. In the sequence,
we detail the essentialaspectsof this external

language.

First of all, we needto be ableto expressthattwo

genericagentsi andj have the sameexternal de-

scriptionentry relative to a third agentk. In order

to do so, we definethe four following predicates
which expresgespectiely thefactthatagents and

j havethesamebeliefsregardingthegoals,actions,
resourceandplansof agentk:

Compy (i, j, k)eNg(Bi isg(k, 9)<Bj isg(k, g)) (45)
Compg (i, §, k}Va(B; isq(k, a)&Bj is,(k, a)) (46)



Comp(i,j, k) &

Compr(iaja k)@VT(Bi is,-(k,T')@Bj iST(k,T’)) 47)
Compy(i, j, k}eVp(Bi isy(k, p) ©Bj is,(k, p)) (48)

Usingthesepredicatesthe situationwhenagents
andj havethesameexternaldescriptionentryrela-
tiveto agentk is expressedy:

Compy (i, j, k) A Compg (i, j, k) A
Comp:.(i, j, k) A Compy (i, j, k)
(49)
We call external descriptioncompatibility the fact
thattwo agentshave the sameexternaldescription
entriesrelativesto eachof them. In otherwords,
this hypothesismeanthat both agentshave com-
pleteandcorrectbeliefsabouteachother:

Eztc(i,j) <« Comp(i,j,i) A Comp(i,j,j) (50)

7.2 Agencylevel Inconsistency

In sections5 and 6, we wereinterestedn analyz-
ing the effects of the social reasoningmechanism
on an agentdecisionmechanismon goals, plans
andpartners.In orderto do so, we have implicitly
adoptedthe external descriptioncompatibility hy-
pothesis In otherwords, we have consideredhat
the information that agentspossesaboutone an-
otherwereboth completeandcorrect As we have
discussedh sectiord. 1.2 thissituationdoesnt rep-
resentthe generalcase,if we supposethat infor-
mationsourcessuchas perceptionand communi-
cation, may generateerrors. We call agencylevel
inconsistencythe fact that two agentshave differ-
entexternaldescriptionentriesrelativesto eachof
them[22, 25]. Thisinconsisteng may be detected
by theanalysisof theresultsof thesocialreasoning
mechanism®f two agents. We call coupledout-
comea pair of resultsobtainedby the social rea-
soningmechanism®f two differentagentswhen
thesdatterarecalculatingtheir goal situationsand
dependencsituationsfor a certaingoal. We show
next thatsomeparticularcoupledresultsmayindi-
catean ageng level inconsisteng. In orderto do
so, we take asa startinghypothesighatall agents
calculatetheirgoalanddependencsituationsfor a
certaingoal,asdefinedin sectiord. In thisway, the
usageof the belief operatorB; in aformulalike
B;: M BM D(i, j, g) meanghatthesubjectagents
agent, andthattheexternaldescriptiorusedo cal-
culatesuchdependencsituationis the onewhich
belongsto the subjectagenti. By usingour defini-
tion of externaldescriptioncompatibility described
in equation(50), onecaneasilydemonstratéhefol-
lowing theorems:

B; MBMD(i, j,g)A

~B; MBMD(j.i,g) = “Erte(.j) (51)

Bi MBRD(/L;JJngI)/\
—Bj MBRD(j,i,9', 9)
B; LBM D(i, j,9)A
B; LBMD(j,i,9)
Bi LBRD(7'7.7797.9,)/\
Bj LBRD(]:ZagI;g)

= —Ext.(i,j) (52)
= _‘Eajtc(i;j) (53)

= —Euxt.(i,j) (54)

D-SIT agent j

agent i IND ub LBRD LBMD MBRD MBMD
IND XXX XXX
ub XXX XXX
LBRD XXX XXX XXX
LBMD XXX XXX XXX
MBRD XXX XXX XXX XXX XXX
MBMD XXX XXX XXX XXX XXX

Tablel: Ageng Level Inconsisteng

The proofsof thesetheoremsarepresentedn [22].
We representtheseresultsin table 1. A “xxx”
meansthat thereis an ageny level inconsisteng.
This tableis not complete,as somecaseshat are
not representeds inconsistentmay in fact be so,
if one assumessome supplementaryhypothesis,
like the fact that the agentshave similar planning
mechanisms. In this particular case,agentsmay
evendeducewhich arethe falseor incompletebe-
liefs which they have on oneanotheyasshown in
[22, 25].

7.3 SocialAction and Belief Revision

The resultspresentedn the previous sectionare
somavhatencouragingbecaus¢hey enableo con-
struct a model where an agent may detectand
reasonaboutagencylevel inconsistency Even if
agentsdon't have accessto the external descrip-
tion of otheragentsastheselatterareprivate, one
mustremindthereasorwhy we have designeduch
a mechanism:to enableagentsto perform social
actions This meangshatwheneer anagentneeds
helpfrom the others hewill usesucha mechanism
to sendcoalition proposals Whenthe addresseef
sucha propositionrecevesa messagehe cancom-
pareit with the goalor dependencsituationwhich
he hasinferred by using his own social reasoning
mechanismandhe canusetheoremg51) to (54)
to detectandreasonaboutan ageng level incon-
sisteng.

In orderto illustratethis point, let usconsideronce
morethe researcHaboratoryexamplepresentedn
section5. Let us supposehat agentag3 hasjust
arrived to this laboratory and also that this new
agenthasgoalwrite_ss_paper, but heis notableto
performactionwrite_ss_section. In our example,



agentag?2 hasjustknown thatthe papergo be sub-
mitted to the conferencemustbe written in IATEX:
therefore hisfirst plans; is nolongeravalid plan.
Let us supposeyet that ag2 for somereasonbe-
lievesthatagentag3 knowsto uselATEX , andsend
him thefollowing coalitionproposal:

| believethatwe havea MBMD for goal
write_sspaper | proposea coopeation, | perform
actionwrite_ss section,OK?

When he receves this proposal,agentag3 con-
firms his beliefs that agentag2 can perform ac-
tion write_ss_section. His socialreasoningnech-
anismwill infer that his dependencsituationfor

this goal towardsagentag2 is UD. By usingthe-
orem (51), he is leadedto concludethat thereis

anageng level inconsisteng. In particular hecan
detectthatagentag2 hasa falsebelief concerning
hiscapabilityto performactionprocess_latez: this

latter believesthat he can performthis action,and
this factis nottrue'®. Let ussupposeahatthatdue
to the sincerity principle (P(2)), agentag3 replies
to ag2 thefollowing answer:

| don't believethat!| canhelpyou,becausd can
not performaction IATEX !

Whenagentag2 received suchmessagehe needs
to activate a belief revision mechanism.This fact
shav us animportantcycle thatholdsbetweenso-
cial actionandbeliefrevision: for onehand,agents
are leadedto social action by their beliefsabout
the others, but onthe otherhandsocialactionscan
lead agentsto revisethesebeliefsaboutthe others,
whentheseactionsare not successful We analyze
this beliefrevision proceduren thesequence.

7.4 Context DecisionCriterion

Beliefrevisionis averyimportantresearctdomain,
which hasbeentreatedby differentcommunities,
aswe show in [22, 27]. Obviously, our objective
is not to proposea generalframewnork for multi-
agentbelief revision. We will be satisfiedif we
canfind a very simple solutionthat could enables
us to illustrate the effects of the social reasoning
mechanisnon belief revision. Like [20, 13], we
considerthata procedureof belief revisionis com-
posedof thefollowing phases{i) detectionwhere
aninconsistengin thesystemis detected(ii) iden-
tification, wherethe culprit(s) of theinconsisteng
arefound; (iii) decision wherea context (a subset
of consistentbeliefs) to be maintainedis chosen;
and (iv) propagation, wherethe beliefsthat areto

13we supposen this casethat both agentsusethe sameplan
o presentedh section5.2.

be neglectedaredroppedout andthe belief baseis
updatedaccordingto the chosencontext. We are
particularlyinterestecherein the third phasecited
above,i.e.,to proposeadecisioncriterionto choose
thecontext to be maintainedjn the caseof anopen
societyof non-bengolentagent$®. In orderto do
so, we have usedthe notionsof credibility of in-
formationsources proposedn [13], andinforma-
tion topics proposedn [14]. This latter presents
amodelwhereagents'credibility aredifferentiated
by topics,meaninghata certainagentmaybemore
crediblewith respecto a certainsubjectthanwith
respecto othertopics. This ideahasbeenalready
beenusedin othercommunities]ike databasefu-
sion [7]. We have usedsomeresultsof the work
citedaboveto designour decisioncriterion: we dif-
ferentiatethe agents’information sourcesjn par
ticular perceptiorfrom inferencelike [13], andwe
have alsoadaptedhenotionof informationtopicin
averyrestrictedway. By this momentwe mustre-
mind two principlesadoptedfor our agentswhich
werepresentedn section2.2: the sincerity princi-
ple (P2)andthe auto-knavledgeprinciple (P3). By
usingthesetwo principles,we have a quite simple
but very usefulresult:

If an agenti hasa completeandcorrectknowlede
abouthimselfandif healwayscommunicatethe
truth, i.e., the propositionsin which hebelieves,

thenfor all agentsthe bestinformationsource
abouttheinformationtopic is theagent: himself

We mustproposea context decisioncriterionbased
on this result. As said above, our goal is not to
proposea genericcriterion, but just onevery sim-
ple andsound. We have adoptecthereforethe fol-
lowing additionalproperties{(i) perceptioris aless
credibleinformation sourcethaninferencefor ary
agent;and(ii) anagentconsidershis own informa-
tion sourceqperceptiorandinference)morecred-
ible than the information communicatedby other
agentsgexceptfor the casewhereanagentcommu-
nicatessomeinformationabouthimselfto the oth-
ers, aswe have just seenabove. Consideringthe
informationtopics,eachagentcorrespondso a dif-
ferenttopic. This criterionis presentedhsa lattice
in figure 4. Accordingto this criterion, in the case
of acontradictiorandgivenaninformationtopic j,
anagent; will alwayspreferto believe in theinfor-
mationfurnishedby agent;j himself. Then,hewill
considertheinformationabout;j gatheredy infer-
enceasthe mostcredibleone,followedby the one
gatheredy perception.Finally, hewill alwaystry
to avoid to believe in theinformationfurnishedby

14The developmentof the otherphasesnay be foundin [22].
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otheragentsaboutj. For simplicity, we have cho-
sennot to represenexplicitly within an agentthe
notion of time. However, this notion is taken im-
plicitly into accountin the completeformal model
presentedh [22, 27]: if two informationsourcesre
notcomparablethentheagentdecidego believein
themorerecentone.

8 Conclusions

In this work, we have presenteda social reason-
ing medanismbasednthenotionof socialdepen-
dence.Thismodelenablesanagentto reasorabout
others,which is an essentialaspectin the context
of anopenMAS, sincein thesekind of systemghe
agents’organizationcant be specifiedstaticallyin
designtime. We haveindicatedthatthismechanism
canbe usedboth asa basisto coalition formation
andasatool whichhelpsanagento betteradaptto
dynamicalchangesn the ervironment,by evaluat-
ing ateachmomentwhich of hisgoalsarecurrently
achievable,which of his plansare currently feasi-
ble andwhich partnershave a greatersusceptibil-
ity to accepthis coalition proposals.We have also
shavn thatthis mechanismmay alsohelpanagent
to detectagencylevel inconsistencyandto eventu-
ally revisehis beliefsaboutthe others. Finally, we
have pointedout thatthereis animportantrelation
thatholdsbetweersocialactionandbelief revision
in thesekind of systems:for onehand,agentsare
leadedo socialactionby their beliefsabouttheoth-
ers, but on the other handsocial actionscan lead
agentdo revisethesebeliefsabouttheotherswhen
theseactionsarenot successful.

The social reasoningmechanismwhosemodelis
presentedn this work, wasfully implementedand
it was usedas a basisto constructtwo computa-
tional applications:a simulatorof micro-societies
calledDEPNET([22, 10] andanopenMAS called

DEPINT[22, 28]. Severalresultsof simulationses-
sionsarepresentedn thesereferencesDespitethe
fact that for concisionpurposeswve didn’t present
theseresultshere,we would like to stressthe fact
thatthe socialreasoningnechanisnwaseffectively
implemente@dndusedin a practical computational
framework.

Up to our knowledge we don'’t know ary work that
hascoveredthe following aspect®of the work pre-
sentechere,andthereforewe believe thesewereits
main contributions:

e acooperatie problemsolvingmodelthatenables
anincrementabelief revision procedureasaresult
of the coalitionformationprocess;

e anagentmodelthattakesinto accounthenotions
of achiesablegoalsandfeasibleplansin thecontext
of openMAS;

e a local subjectve representation,within the
agents’'minds, of the notion of socialdependence.
Most of the work developedso far that have used
this notion, like[4, 33, 19], considersolelythe sys-
temdesignphase

The mostobvious consequencef sucha modelis
thediminutionof the societyglobal communication
flow. Evenif eachagentmustbroadcasa message
to all the otherswhenhe entersthe society this is
doneonly once. As the otheragentscantake this
informationinto account,he doesnt needto send
this informationarymoreat eachtime he seeksor
help, asin the contractnet protocol[29], sincehe
knows alreadyto which agentshe is supposedo
sendcoalition proposals.Someresultsconcerning
this aspectmaybefoundin [16].

Consideringthe formal modelproposedn section
4, wewouldliketo improveit speciallyconcerning
two aspects.First, we intendto proposea model
of dependencguantification This latter can be
based,for instance,on goal importance,number
of actions/resourceseededo executea plan and
the numberof agentswhich are ableto performa
certainneededaction/controla certainneededre-
source. We alsointendto extend our dependence
situationtaxonomyin orderto take into accountre-
sourcedependencesSomeinitial resultsconcern-
ing the quantificatioraspectirepresentedn [11].
With respectto the differentdecisioncriteria pre-
sentedn sectionss and6, we foreseethreepossi-
ble evolutions. First, we believe thatboth the part-
ner decisionand acceptanceriteria can be modi-
fied to characterizalifferenttypesof agentswhich
could enableus with a richer cognitive modeling
framework. A secondaspectwe would like to test
is whethertheactivationorderof thesecriteriamay
have ary effectsontheagents’choices.Finally, we



would lik e to take into accountsomedynamicno-
tions,ascurrentcommitmentshecausagentamay
refuseto take partin coalitionsdueto the factthat
they have alreadycommittedto take partin another
onefor the samegoal.

Finally, concerningthe belief revision procedure
presentedh section7, we intendto tacklethreedif-
ferentissues. The first one considershat accord-
ing to our model,when&eranagentdetectsafalse
belief relative to other agent, he revises this be-
lief. However, hecouldalsoreasoraboutthecausal
links of this belief, i.e., anagentcould have anin-
ternal high-level auto-diagnosisnechanismwhich
could help him to reasonaboutits own internal
mechanisms.The secondissueis relatedto drop-
ping out the auto-knavledgeprinciple (P3): in this
case,we have a very interestingsituation, where
an agentcould learn with otheragents. In a cer
tain sensethis procedurewould be similar to the
onethat the communityof machinelearningcalls
“learning by beingtold” [21]. Finally, we could
also drop out the sincerity principle (P2). Con-
sideringa social simulation perspectie, it is use-
ful the possibility to model a situation where an
agentdeliberatvely communicateo othersthathe
canperforma certainactionwhenthis is not true.
This couldbe a possiblesocialstratayy to gain so-
cial power over the community as describedn 3.
We believe thatin this case dependencsituations
could also be taken into accountin a more robust
context decisioncriterion.
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