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Lecture12AnIntroductiontoMultiagentSystems

1Overview

�Theaimistogiveanoverviewofthewaysthattheorists
conceptualiseagents,andtosummarisesomeofthekey
developmentsinagenttheory.

�Beginbyansweringthequestion:whytheory?

�Discussthevariousdifferentattitudesthatmaybeusedto
characteriseagents.

�Introducesomeproblemsassociatedwithformalisingattitudes.

�Introducemodallogicasatoolforreasoningaboutattitudes,
focussingonknowledge/belief.

�DiscussMoore’stheoryofability.

�IntroducetheCohen-Levesquetheoryofintentionasacase
studyinagenttheory.
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2WhyTheory?

�Formalmethodshave(arguably)hadlittleimpactofgeneral
practiceofsoftwaredevelopment:whyshouldtheyberelevantin
agentbasedsystems?

�Theansweristhatweneedtobeabletogiveasemanticstothe
architectures,languages,andtoolsthatweuse—literally,a
meaning.

�Withoutsuchasemantics,itisneverclearexactlywhatis
happening,orwhyitworks.

�Endusers(e.g.,programmers)needneverreadorunderstand
thesesemantics,butprogresscannotbemadeinlanguage
developmentuntilthesesemanticsexist.
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�Inagent-basedsystems,wehaveabagofconceptsandtools,
whichareintuitivelyeasytounderstand(bymeansofmetaphor
andanalogy),andhaveobviouspotential.

�Butweneedtheorytoreachanykindofprofoundunderstanding
ofthesetools.
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3Agents=IntentionalSystems

�Wheredotheoristsstartfrom?

�Thenotionofanagentasanintentionalsystem...

�Soagenttheoristsstartwiththe(strong)viewofagentsas
intentionalsystems:onewhosesimplestconsistentdescription
requirestheintentionalstance.
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4TheoriesofAttitudes

�Wewanttobeabletodesignandbuildcomputersystemsin
termsof‘mentalistic’notions.

�Beforewecandothis,weneedtoidentifyatractablesubsetof
theseattitudes,andamodelofhowtheyinteracttogenerate
systembehaviour.

�Sofirst,whichattitudes?
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�Twocategories:

informationattitudes

���
���

�

belief
knowledge

pro-attitudes

���
���

���
���

���
���

��
����

���
���

���
���

���
�

�

desire
intention
obligation
commitment
choice

���

http://www.csc.liv.ac.uk/˜mjw/pubs/imas/6

Lecture12AnIntroductiontoMultiagentSystems

5FormalisingAttitudes

�Sohowdoweformaliseattitudes?

�Consider...

JaninebelievesCronosisfatherofZeus.
�Naivetranslationintofirst-orderlogic:

Bel�Janine�Father�Zeus�Cronos��

�But...

–thesecondargumenttotheBelpredicateisaformulaof
first-orderlogic,notaterm;
needtobeabletoapply‘Bel’toformulae;

–allowsustosubstitutetermswiththesamedenotation:
consider�Zeus�Jupiter�

intentionalnotionsarereferentiallyopaque.
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�So,therearetwosortsofproblemstobeaddressedindevelping
alogicalformalismforintentionalnotions:

–asyntacticone(intentionalnotionsrefertosentences);and
–asemanticone(nosubstitutionofequivalents).

�Thusanyformalismcanbecharacterizedintermsoftwo
attributes:itslanguageofformulation,andsemanticmodel[?,
p83].

�Twofundamentalapproachestothesyntacticproblem:

–useamodallanguage,whichcontainsmodaloperators,
whichareappliedtoformulae;

–useameta-language:afirst-orderlanguagecontainingterms
thatdenoteformulaeofsomeotherobject-language.

�Wewillfocusonmodallanguages,andinparticular,normal
modallogics,withpossibleworldssemantics.
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6NormalModalLogics

�Weintroducea(propositional)modallogicforknowledge/belief.
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�Syntaxisclassicalpropositionallogic,plusanoperatorKfor
‘knowsthat’.

Vocabulary:

��

�p�q�r�����primitivepropositions

����������classicalconnectives
Kmodalconnective

Syntax:

�wff�		�anymemberof�


��wff�


�wff���wff�


K�wff�

SonestingofKisallowed.

�Exampleformulae:
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K�p�q�

K�p�Kq�
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�Semanticsaretrickier.Theideaisthatanagent’sbeliefscanbe
characterizedasasetofpossibleworlds,inthefollowingway.

�Consideranagentplayingacardgamesuchaspoker,who
possessedtheaceofspades.

Howcouldshededucewhatcardswereheldbyheropponents?

�Firstcalculateallthevariouswaysthatthecardsinthepack
couldpossiblyhavebeendistributedamongthevariousplayers.

�Thesystematicallyeliminateallthoseconfigurationswhichare
notpossible,givenwhatsheknows.

(Forexample,anyconfigurationinwhichshedidnotpossessthe
aceofspadescouldberejected.)
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�Eachconfigurationremainingafterthisisaworld;astateof
affairsconsideredpossible,givenwhatsheknows.

�Somethingtrueinallouragent’spossibilitiesisbelievedbythe
agent.

Forexample,inallouragent’sepistemicalternatives,shehas
theaceofspades.

�Twoadvantages:

–remainsneutralonthecognitivestructureofagents;

–theassociatedmathematicaltheoryisverynice!
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�Toformaliseallthis,letWbeasetofworlds,andletR�W�W
beabinaryrelationonW,characterisingwhatworldstheagent
considerspossible.

�Forexample,if�w�w���R,theniftheagentwasactuallyinworld
w,thenasfarasitwasconcerned,itmightbeinworldw�.

�Semanticsofformulaearegivenrelativetoworlds:inparticular:

K�istrueinworldwiff�istrueinallworldsw�suchthat

�w�w���R.
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�Twobasicpropertiesofthisdefinition:

–thefollowingaxiomschemaisvalid:
K�������K��K��

–if�isvalid,thenK�isvalid.

�Thusagent’sknowledgeisclosedunderlogicalconsequence:
thisislogicalomniscience.

Thisisnotadesirableproperty!
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�Themostinterestingpropertiesofthislogicturnouttobethose
relatingtothepropertieswecanimposeonaccessibilityrelation
R.

Byimposingvariousconstraints,weendupgettingoutvarious
axioms;therearelotsofthese,butthemostimportantare:

TK���

DK���K��

4K��KK�

5�K���K�K���
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�AxiomTistheknowledgeaxiom:itsaysthatwhatisknownis
true.

�AxiomDistheconsistencyaxiom:ifyouknow�,youcan’talso
know��.

�Axiom4ispositiveintrospection:ifyouknow�,youknowyou
know�.

�Axiom5isnegativeintrospection:youareawareofwhatyou
don’tknow.

�Wecan(toacertainextent)pickandchoosewhichaxiomswe
wanttorepresentouragents.

�Allofthese(KTD45)constitutethelogicalsystemS5.
(Oftenchosenasalogicofidealisedknowledge.)

�S5withouttheTisweak-S5,orKD45.
(Oftenchosenasalogicofidealisedbelief.)
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7Knowledge&Action

�Most-studiedaspectofpracticalreasoningagents:

interactionbetweenknowledgeandaction.

�Moore’s1977analysisisbest-knowninthisarea.

�Formaltools:

–amodallogicwithKripkesemantics+dynamiclogic-style
representationforaction;

–butshowedhowKripkesemanticscouldbeaxiomatizedina
first-ordermeta-language;

–modalformulaethentranslatedtometa-languageusing
axiomatization;

–modaltheoremprovingreducestometa-languagetheorem
proving.
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�Mooreconsidered2aspectsofinteractionbetweenknowledge
andaction:

1.Asaresultofperforminganaction,anagentcangain
knowledge.
Agentscanperform“test”actions,inordertofindthingsout.

2.Inordertoperformsomeactions,anagentneeds
knowledge:theseareknowledgepre-conditions.
Forexample,inordertoopenasafe,itisnecessarytoknow
thecombination.

�Culminatedindefnofability:whatitmeanstobeabletodobring
somethingabout.
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�Axiomatisingstandardlogicalconnectives:

�w�True�w����������True�w������

�w�True�w�������� �True�w�������True�w�����

�w�True�w�������� �True�w�������True�w�����

�w�True�w���������True�w�������True�w�����

�w�True�w����������True�w�������True�w������

Here,Trueisameta-languagepredicate:

–1stargumentisatermdenotingaworld;

–2ndargumentatermdenotingmodallanguageformula.

Fregequotes,��,usedtoquotemodallanguageformula.
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�Axiomatizingtheknowledgeconnective:basicpossibleworld
semantics:

�w�True�w���	�
���� ����w��K�w�w���True�w����
��

Here,Kisameta-languagepredicateusedtorepresentthe
knowledgeaccessibilityrelation.
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�Otheraxiomsaddedtorepresentpropertiesofknowledge.

Reflexive:

�w�K�w�w�

Transitive:

�w�w��w���K�w�w���K�w��w����K�w�w���

Euclidean:

�w�w��w���K�w�w���K�w���w���K�w�w���

TheseaxiomsensurethatKisequivalencerelation.
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�Nowweneedsomeapparatusforrepresentingactions.

�Addameta-languagepredicateR�a�w�w��tomeanthatw�isa
worldthatcouldresultfromperformingactionainworldw.

�Thenintroduceamodaloperator�	���a��tomeanthatafter
actionaisperformed,�willbetrue.

�w�True�w������a�� ���

�w��R�a�w�w����w���R�a�w�w����True�w��������

–firstconjunctsaystheactionispossible;

–secondsaysthataneccesaryconsequenceofperforming
actionis�.
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�Nowwecandefineability,viamodal��
operator.

�w�True�w�����
�� ���

�a�True�w���	�
������a��� ��

Soagentcanachieve�ifthereexistssomeactiona,suchthat
agentknowsthattheresultofperformingais�.

�Notethewayaisquantifiedw.r.t.the�
��modality.

Impliesagentknowstheidentityoftheaction.

Hasa“definitedescription”ofit.

(Terminology:aisquantifieddere.)
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�Wecanweakenthedefinition,tocapturethecasewherean
agentperformsanactiontofindouthowtoachievegoal.

�w�True�w�����
�� ���

�a�True�w���	�
���	���a��� ���

�a�True�w���	�
���	���a�� �
���� ��

Acirculardefinition?

No,interpretasafixedpoint.
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�CritiqueofMoore’sformaism:

1.Translatingmodallanguageintoafirst-orderoneandthen
theoremprovinginfirst-orderlanguageisinefficient.
“Hard-wired”modaltheoremproverswillbemoreefficient.

2.Formulaeresultingfromthetranslationprocessare
complicatedandunintuitive.
Originalstructure(andhencesense)islost.

3.Moore’sformalismbasedonpossibleworlds:fallspreyto
logicalomniscience.
Definitionofabilityissomewhatvacuous.

�Butprobablyfirstseriousattempttousetoolsofmathematical
logic(incl.modal&dynamiclogic)tobearonrationalagency.
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8Intention

�Wehaveoneaspectofanagent,butknowledge/beliefalone
doesnotcompletelycharacteriseanagents.

�Weneedasetofconnectives,fortalkingaboutanagent’s
pro-attitudesaswell.

�Agentneedstoachievearationalbalancebetweenitsattitudes:

–shouldnotbeover-committed;
–shouldnotbeunder-committed.

�Here,wereviewoneattempttoproduceacoherentaccountof
howthecomponentsofanagent’scognitivestateholdtogether:
thetheoryofintentiondevelopedbyCohen&Levesque.

�Herewemeanintentionasin...

Itismyintentiontopreparemyslides.
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8.1Whatisintention?

�Twosorts:

–presentdirected

�attitudetoanaction

�functioncausallyinproducingbehaviour.

–futuredirected

�attitudetoaproposition

�servetocoordinatefutureactivity.

�Wearehereconcernedwithfuturedirectedintentions.
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FollowingBratman(1987)Cohen-Levesqueidentifyseven
propertiesthatmustbesatisfiedbyintention:

1.Intentionsposeproblemsforagents,whoneedtodetermine
waysofachievingthem.

IfIhaveanintentionto�,youwouldexpectmetodevote
resourcestodecidinghowtobringabout�.

2.Intentionsprovidea‘filter’foradoptingotherintentions,which
mustnotconflict.

IfIhaveanintentionto�,youwouldexpectmetoadoptan
intention�suchthat�and�aremutuallyexclusive.

3.Agentstrackthesuccessoftheirintentions,andareinclinedto
tryagainiftheirattemptsfail.

Ifanagent’sfirstattempttoachieve�fails,thenallotherthings
beingequal,itwilltryanalternativeplantoachieve�.
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Inaddition...

�Agentsbelievetheirintentionsarepossible.

Thatis,theybelievethereisatleastsomewaythattheintentions
couldbebroughtabout.(CTL*notation:���).

�Agentsdonotbelievetheywillnotbringabouttheirintentions.

Itwouldnotberationalofmetoadoptanintentionto�ifI
believed�wasnotpossible.(CTL*notation:���.)
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�Undercertaincircumstances,agentsbelievetheywillbringabout
theirintentions.

ItwouldnotnormallyberationalofmetobelievethatIwould
bringmyintentionsabout;intentionscanfail.Moreover,itdoes
notmakesensethatifIbelieve�isinevitable(CTL*:���)thatI
wouldadoptitasanintention.

�Agentsneednotintendalltheexpectedsideeffectsoftheir
intentions.

IfIbelieve���andIintendthat�,Idonotnecessarilyintend

�also.(Intentionsarenotclosedunderimplication.)

Thislastproblemisknownasthedentistproblem.Imaybelieve
thatgoingtothedentistinvolvespain,andImayalsointendto
gotothedentist—butthisdoesnotimplythatIintendtosuffer
pain!
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�Cohen-Levesqueuseamulti-modallogicwiththefollowingmajor
constructs:

�����x��xbelieves�

���� ��x��xhasgoalof�

������� 
���action�happensnext

���� 
���action�hasjusthappened

�Semanticsarepossibleworlds.

�Eachworldisinfinitelylonglinearsequenceofstates.

�Eachagentallocated:

–beliefaccessibilityrelation—B
foreveryagent/timepair,givesasetofbeliefaccessible
worlds;
Euclidean,serial,transitive—givesbelieflogicKD45.
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–goalaccessibilityrelation—G
foreveryagent/timepair,givesasetofgoalaccessibleworlds.
Serial—givesgoallogicKD.
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�Aconstraint:G�B.

–Givesthefollowinginter-modalvalidity:



�

� ���i������ ��i��

–Arealismproperty—agentsaccepttheinevitable.

�Anotherconstraint:



�

���� ��i�������� ��i��

C&Lclaimthisassumptioncapturesfollowingproperties:

–agentsdonotpersistwithgoalsforever;

–agentsdonotindefinitelydeferworkingongoals.
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�Addinsomeoperatorsfordescribingthestructureofevent
sequences

�	� ��followedby� �

�
‘testaction’�

�Alsoaddsomeoperatorsoftemporallogic,“”(always),and
“�”(sometime)canbedefinedasabbreviations,alongwitha
“strict”sometimeoperator,����
:

��� ��x������� 
�x	�
�

�� �����

� ����
p�

� ��p��p
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�Finally,atemporalprecedenceoperator,� ����
�pq�.

�Firstmajorderivedconstructisapersistentgoal.

������ ��xp�

� �

��� ��x� ����
p���

�����x�p��

��
��

��
�

�
����
�

������xp�������x�p��

����� ��x� ����
p��

��
��

��
�

	

�So,anagenthasapersistentgoalofpif:

1.Ithasagoalthatpeventuallybecomestrue,andbelieves
thatpisnotcurrentlytrue.

2.Beforeitdropsthegoal,oneofthefollowingconditionsmust
hold:
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–theagentbelievesthegoalhasbeensatisfied;
–theagentbelievesthegoalwillneverbesatisfied.
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�Next,intention:

��
 
�� 
�x��

� �

� ���� ��x

� �� 
�x�����x������ 
���� 
	�


�

�So,anagenthasanintentiontodo�if:ithasapersistentgoal
tohavebelieveditwasabouttodo�,andthendone�.

�C&Ldiscusshowthisdefinitionsatisfiesdesiderataforintention.

�Mainpoint:avoidsevercommitment.

�Adaptationofdefinitionallowsforrelativisedintentions.Example:

Ihaveanintentiontoprepareslidesforthetutorial,relativetothe
beliefthatIwillbepaidfortutorial.IfIevercometobelievethatI
willnotbepaid,theintentionevaporates...
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�CritiqueofC&Ltheoryofintention(Singh,1992):

–doesnotcaptureandadequatenotionof“competence”;

–doesnotadequatelyrepresentintentionstodocomposite
actions;

–requiresthatagentsknowwhattheyareabouttodo—fully
elaboratedintentions;

–disallowsmultipleintentions.
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9SemanticsforSpeechActs

�C&Lusedtheirtheoryofintentiontodevelopatheoryofseveral
speechacts.

�Keyobservation:illocutionaryactsarecomplexeventtypes(cf.
actions).

�C&Lusetheirdynamiclogic-styleformalismforrepresenting
theseactions.

�Wewilllookatrequest.

�First,definealternatingbelief.

�������nxyp�

� �

� ���x� ���y�����x��������x ����

ntimes
p� ���� ����

ntimes
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�Andtherelatedconceptofmutualbelief.

������xyp�

� ��n��������nxyp�
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�Anattemptisdefinedasacomplexactionexpression.

(Hencetheuseofcurlybrackets,todistinguishfrompredicateor
modaloperator.)

��������xepq�
� �

��
��

��
�

�
� ���x�p��

���� ��x������ 
�xe	p
���

� 
 
�� 
�xe	q
�

��
��

��
�

	

	e

InEnglish:

“Anattemptisacomplexactionthatagentsperformwhen
theydosomething(e)desiringtobringaboutsomeeffect
(p)butwithintenttoproduceatleastsomeresult(q)”.

Here:

–prepresentsultimategoalthatagentisaimingforbydoinge;
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–propositionqrepresentswhatittakestoatleastmakean
“honesteffort”toachievep.
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�Definitionofhelpfulnessneeded:

��������xy�

� �

�e���
�

�
� ���x��� ��y�� �� 
�xe����

����� ��x����� 
�xe��

��
�

	

���� ��x�� �� 
�xe��

InEnglish:

“[C]onsideranagent[x]tobehelpfultoanotheragent[y]if,
foranyaction[e]headoptstheotheragent’sgoalthathe
eventuallydothataction,wheneversuchagoalwouldnot
conflictwithhisown”.
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�Definitionofrequests:

��������spkraddre��
� �

��������spkre�

������addrspkr��� ��spkr���

�

where�is

����� 
�addr���

��
 
�� 
�addr�

��
�

�
���� ��spkr�� �� 
�addr����

���������addrspkr�

��
�

	

�

InEnglish:
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Arequestisanattemptonthepartofspkr,bydoinge,to
bringaboutastatewhere,ideally,1)addrintends�,
(relativetothespkrstillhavingthatgoal,andaddrstillbeing
helpfullyinclinedtospkr),and2)addractuallyeventually
does�,oratleastbringsaboutastatewhereaddrbelieves
itismutuallybelievedthatitwantstheidealsituation.
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�Bythisdefinition,thereisnoprimitiverequestact:

“[A]speakerisviewedashavingperformedarequestifhe
executesanysequenceofactionsthatproducesthe
neededeffects”.
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10ATheoryofCooperation

�Wenowmoveontoatheoryofcooperation(ormoreprecisely,
cooperativeproblemsolving).

�ThistheorydrawsonworksuchasC&L’smodelofintention,and
theirsemanticsforspeechacts.

�Itusesconnectivessuchas‘intend’asthebuildingblocks.

�Thetheoryintendstoexplainhowanagentcanstartwithan
desire,andbemovedtogetotheragentsinvolvedwithachieving
thisdesire.
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11A(nother)FormalFramework

�Weformaliseourtheorybyexpressingitinaquantified
multi-modallogic.

–beliefs;

–goals;

–dynamiclogicstyleactionconstructors;

–pathquantifiers(branchingtime);

–groups(setsofagents)astermsinthelanguage—set
theoreticmechanismforreasoningaboutgroups;

–actions(transitionsinbranchingtimestructure)associated
withagents.

�Formalsemanticsinthepaper!
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12TheFour-StageModel

1.Recognition.

CPSbeginswhensomeagentrecognisesthepotentialfor
cooperativeaction.

Mayhappenbecauseanagenthasagoalthatitisunableto
achieveinisolation,orbecausetheagentprefersassistance.

2.Teamformation.

Theagentthatrecognisedthepotentialforcooperativeactionat
stage(1)solicitsassistance.

Ifteamformationsuccessful,thenitwillendwithagrouphaving
ajointcommitmenttocollectiveaction.
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3.Planformation.

Theagentsattempttonegotiateajointplanthattheybelievewill
achievethedesiredgoal.

4.Teamaction.

Thenewlyagreedplanofjointactionisexecutedbytheagents,
whichmaintainaclose-knitrelationshipthroughout.
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12.1Recognition

�CPStypicallybeginswhensomeagentinahasagoal,and
recognisesthepotentialforcooperativeactionwithrespectto
thatgoal.

�Recognitionmayoccurforseveralreasons:

–Theagentisunabletoachieveitsgoalinisolation,duetoa
lackofresources,butbelievesthatcooperativeactioncan
achieveit.

–Anagentmayhavetheresourcestoachievethegoal,but
doesnotwanttousethem.
Itmaybelievethatinworkingaloneonthisparticularproblem,
itwillclobberoneofitsothergoals,oritmaybelievethata
cooperativesolutionwillinsomewaybebetter.
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�Formally...
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�Note:

–� �
isessentiallyMoore’s;

–����
isageneralizationofMoore’s

–������������isdynamiclogic��
�;

–���� 
�meansitdoesn’thappennext.
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12.2TeamFormation

�Havingidentifiedthepotentialforcooperativeactionwithrespect
tooneofitsgoals,arationalagentwillsolicitassistancefrom
somegroupofagentsthatitbelievescanachievethegoal.

�Iftheagentissuccessful,thenitwillhavebroughtabouta
mentalstatewhereinthegrouphasajointcommitmentto
collectiveaction.

�Notethatagentcannotguaranteethatitwillbesuccessfulin
formingateam;itcanonlyattemptit.
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�Formally...
���
��� ��g�i�

� �
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�Notethat:

–�� ��isdefinedinlater;

–��������issimilarto������ ��.
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�Themainassumptionconcerningteamformationcannowbe
stated.
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12.3PlanFormation

�Ifteamformationissuccessful,thentherewillbeagroupof
agentswithajointcommitmenttocollectiveaction.

�Butcollectiveactioncannotbeginuntilthegroupagreeonwhat
theywillactuallydo.

�HencethenextstageintheCPSprocess:planformation,which
involvesnegotiation.

�Unfortunately,negotiationisextremelycomplex—wesimply
offersomeobservationsabouttheweakestconditionsunder
whichnegotiationcanbesaidtohaveoccurred.
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�Notethatnegotiationmayfail:thecollectivemaysimplybe
unabletoreachagreement.

�Inthiscase,theminimumconditionrequiredforustobeableto
saythatnegotiationoccurredatallisthatatleastoneagent
proposedacourseofactionthatitbelievedwouldtakethe
collectiveclosertothegoal.

�Ifnegotiationsucceeds,weexpectateamactionstagetofollow.
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�Wemightalsoassumethatagentswillattempttobringabout
theirpreferences.

Forexample,ifanagenthasanobjectiontosomeplan,thenit
willattempttopreventthisplanbeingcarriedout.

�Themainassumptionisthen:
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12.4TeamAction

�Teamactionsimplyinvolvestheteamjointlyintendingtoachieve
thegoal.

�Theformalisationof�� ��issimple.
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