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Lecture4AnIntroductiontoMultiagentSystems

1PracticalReasoning

�Practicalreasoningisreasoningdirectedtowardsactions—the
processoffiguringoutwhattodo:

Practicalreasoningisamatterofweighingconflicting
considerationsforandagainstcompetingoptions,where
therelevantconsiderationsareprovidedbywhattheagent
desires/values/caresaboutandwhattheagentbelieves.
(Bratman)

�Distinguishpracticalreasoningfromtheoreticalreasoning.

Theoreticalreasoningisdirectedtowardsbeliefs.
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�Humanpracticalreasoningconsistsoftwoactivities:

–deliberation
decidingwhatstateofaffairswewanttoachieve;

–means-endsreasoning
decidinghowtoachievethesestatesofaffairs.

�Theoutputsofdeliberationareintentions.
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2IntentionsinPracticalReasoning

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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4.Agentsbelievetheirintentionsarepossible.

Thatis,theybelievethereisatleastsomewaythattheintentions
couldbebroughtabout.

5.Agentsdonotbelievetheywillnotbringabouttheirintentions.

Itwouldnotberationalofmetoadoptanintentionto�ifI
believed�wasnotpossible.

6.Undercertaincircumstances,agentsbelievetheywillbringabout
theirintentions.

ItwouldnotnormallyberationalofmetobelievethatIwould
bringmyintentionsabout;intentionscanfail.Moreover,itdoes
notmakesensethatifIbelieve�isinevitablethatIwouldadopt
itasanintention.
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7.Agentsneednotintendalltheexpectedsideeffectsoftheir
intentions.

IfIbelieve���andIintendthat�,Idonotnecessarilyintend

�also.(Intentionsarenotclosedunderimplication.)

Thislastproblemisknownasthesideeffectorpackagedeal
problem.Imaybelievethatgoingtothedentistinvolvespain,
andImayalsointendtogotothedentist—butthisdoesnot
implythatIintendtosufferpain!
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�Noticethatintentionsaremuchstrongerthanmeredesires:

Mydesiretoplaybasketballthisafternoonismerelya
potentialinfluencerofmyconductthisafternoon.Itmust
viewithmyotherrelevantdesires[...]beforeitissettled
whatIwilldo.Incontrast,onceIintendtoplaybasketball
thisafternoon,thematterissettled:Inormallyneednot
continuetoweightheprosandcons.Whentheafternoon
arrives,Iwillnormallyjustproceedtoexecutemy
intentions.(Bratman,1990)
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2.1Planningagents

�Sincetheearly1970s,theAIplanningcommunityhasbeen
closelyconcernedwiththedesignofartificialagents.

�Planningisessentiallyautomaticprogramming:thedesignofa
courseofactionthatwillachievesomedesiredgoal.

�WithinthesymbolicAIcommunity,ithaslongbeenassumedthat
someformofAIplanningsystemwillbeacentralcomponentof
anyartificialagent.

�BuildinglargelyontheearlyworkofFikes&Nilsson,many
planningalgorithmshavebeenproposed,andthetheoryof
planninghasbeenwell-developed.
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3WhatisMeans-EndsReasoning?

�Basicideaistogiveanagent:

–representationofgoal/intentiontoachieve;

–representationactionsitcanperform;and

–representationoftheenvironment;

andhaveitgenerateaplantoachievethegoal.

�Essentially,thisis

automaticprogramming.
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plan to achieve goal

planner

state of 
environment task

intention/
goal/

possible actions
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�Question:Howdowerepresent...

–goaltobeachieved;

–stateofenvironment;

–actionsavailabletoagent;

–planitself.
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�We’llillustratethetechniqueswithreferencetotheblocksworld.

�Containsarobotarm,2blocks(AandB)ofequalsize,anda
table-top.
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�Torepresentthisenvironment,needanontology.

On�x�y�objxontopofobjy
OnTable�x�objxisonthetable
Clear�x�nothingisontopofobjx
Holding�x�armisholdingx
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�Hereisarepresentationoftheblocksworlddescribedabove:

Clear�A�

On�A�B�

OnTable�B�

OnTable�C�

�Usetheclosedworldassumption:anythingnotstatedis
assumedtobefalse.
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�Agoalisrepresentedasasetofformulae.

�Hereisagoal:

�OnTable�A��OnTable�B��OnTable�C��
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�Actionsarerepresentedusingatechniquethatwasdevelopedin
theSTRIPSplanner.

Eachactionhas:

–aname
whichmayhavearguments;

–apre-conditionlist
listoffactswhichmustbetrueforactiontobeexecuted;

–adeletelist
listoffactsthatarenolongertrueafteractionisperformed;

–anaddlist
listoffactsmadetruebyexecutingtheaction.

Eachofthesemaycontainvariables.
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�Example1:

Thestackactionoccurswhentherobotarmplacestheobjectxit
isholdingisplacedontopofobjecty.

Stack�x�y�

preClear�y��Holding�x�

delClear�y��Holding�x�

addArmEmpty�On�x�y�
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�Example2:

Theunstackactionoccurswhentherobotarmpicksanobjectx
upfromontopofanotherobjecty.

UnStack�x�y�

preOn�x�y��Clear�x��ArmEmpty
delOn�x�y��ArmEmpty
addHolding�x��Clear�y�

StackandUnStackareinversesofone-another.
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�Example3:

Thepickupactionoccurswhenthearmpicksupanobjectxfrom
thetable.

Pickup�x�

preClear�x��OnTable�x��ArmEmpty
delOnTable�x��ArmEmpty
addHolding�x�
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�Example4:

Theputdownactionoccurswhenthearmplacestheobjectx
ontothetable.

PutDown�x�

preHolding�x�

delHolding�x�

addHolding�x��ArmEmpty
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�Whatisaplan?

Asequence(list)ofactions,withvariablesreplacedbyconstants.
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4ImplementingPracticalReasoningAgents

�Afirstpassatanimplementationofapracticalreasoningagent:

AgentControlLoopVersion1
1.whiletrue
2.observetheworld;
3.updateinternalworldmodel;
4.deliberateaboutwhatintention

toachievenext;
5.usemeans-endsreasoningtoget

aplanfortheintention;
6.executetheplan
7.endwhile

�(Wewillnotbeconcernedwithstages(2)or(3).)
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�Problem:deliberationandmeans-endsreasoningprocessesare
notinstantaneous.

Theyhaveatimecost.

�Supposetheagentstartsdeliberatingt�,beginsmeans-ends
reasoningatt�,andbeginsexecutingtheplanattimet�.
Timetodeliberateis

tdeliberate�t���t�
andtimeformeans-endsreasoningis

tme�t��t�
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�Furthersupposethatdeliberationisoptimalinthatifitselects
someintentiontoachieve,thenthisisthebestthingforthe
agent.(Maximisesexpectedutility.)

�Soattimet�,theagenthasselectedanintentiontoachievethat
wouldhavebeenoptimalifithadbeenachievedatt�.
Butunlesstdeliberateisvanishinglysmall,thentheagentrunsthe
riskthattheintentionselectedisnolongeroptimalbythetime
theagenthasfixeduponit.

Thisiscalculativerationality.

�Deliberationisonlyhalfoftheproblem:theagentstillhasto
determinehowtoachievetheintention.
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�So,thisagentwillhaveoveralloptimalbehaviorinthefollowing
circumstances:

1.whendeliberationandmeans-endsreasoningtakea
vanishinglysmallamountoftime;or

2.whentheworldisguaranteedtoremainstaticwhilethe
agentisdeliberatingandperformingmeans-endsreasoning,
sothattheassumptionsuponwhichthechoiceofintention
toachieveandplantoachievetheintentionremainvaliduntil
theagenthascompleteddeliberationandmeans-ends
reasoning;or

3.whenanintentionthatisoptimalwhenachievedattimet�

(thetimeatwhichtheworldisobserved)isguaranteedto
remainoptimaluntiltimet�(thetimeatwhichtheagenthas
foundacourseofactiontoachievetheintention).

http://www.csc.liv.ac.uk/˜mjw/pubs/imas/24



Lecture4AnIntroductiontoMultiagentSystems

�Let’smakethealgorithmmoreformal.

AgentControlLoopVersion2
1.B��B�;/*initialbeliefs*/
2.whiletruedo
3.getnextpercept�;
4.B��brf�B���;
5.I��deliberate�B�;
6.���plan�B�I�;
7.execute���

8.endwhile
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5Deliberation

�Howdoesanagentdeliberate?

–beginbytryingtounderstandwhattheoptionsavailableto
youare;

–choosebetweenthem,andcommittosome.

Chosenoptionsarethenintentions.
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�Thedeliberatefunctioncanbedecomposedintotwodistinct
functionalcomponents:

–optiongeneration
inwhichtheagentgeneratesasetofpossiblealternatives;
and
Representoptiongenerationviaafunction,options,which
takestheagent’scurrentbeliefsandcurrentintentions,and
fromthemdeterminesasetofoptions(=desires).

–filtering
inwhichtheagentchoosesbetweencompetingalternatives,
andcommitstoachievingthem.
Inordertoselectbetweencompetingoptions,anagentusesa
filterfunction.
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AgentControlLoopVersion3
1.
2.B��B�;
3.I��I�;
4.whiletruedo
5.getnextpercept�;
6.B��brf�B���;
7.D��options�B�I�;
8.I��filter�B�D�I�;
9.���plan�B�I�;
10.execute���

11.endwhile
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6CommitmentStrategies
Sometimeinthenot-so-distantfuture,youarehavingtroublewithyournewhouseholdrobot.Yousay“Willie,bring

meabeer.”Therobotreplies“OKboss.”Twentyminuteslater,youscreech“Willie,whydidn’tyoubringmethat

beer?”Itanswers“Well,Iintendedtogetyouthebeer,butIdecidedtodosomethingelse.”Miffed,yousendthe

wiseguybacktothemanufacturer,complainingaboutalackofcommitment.Afterretrofitting,Willieisreturned,

marked“ModelC:TheCommittedAssistant.”Again,youaskWillietobringyouabeer.Again,itaccedes,replying

“Surething.”Thenyouask:“Whatkindofbeerdidyoubuy?”Itanswers:“Genessee.”Yousay“Nevermind.”One

minutelater,WillietrundlesoverwithaGenesseeinitsgripper.Thistime,youangrilyreturnWilliefor

overcommitment.Afterstillmoretinkering,themanufacturersendsWillieback,promisingnomoreproblemswithits

commitments.So,beingasomewhattrustingcustomer,youaccepttherascalbackintoyourhousehold,butasa

test,youaskittobringyouyourlastbeer.Willieagainaccedes,saying“Yes,Sir.”(Itsattitudeproblemseemsto

havebeenfixed.)Therobotgetsthebeerandstartstowardsyou.Asitapproaches,itliftsitsarm,wheelsaround,

deliberatelysmashesthebottle,andtrundlesoff.Backattheplant,wheninterrogatedbycustomerserviceasto

whyithadabandoneditscommitments,therobotrepliesthataccordingtoitsspecifications,itkeptitscommitments

aslongasrequired—commitmentsmustbedroppedwhenfulfilledorimpossibletoachieve.Bysmashingthe

bottle,thecommitmentbecameunachievable.
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�Thefollowingcommitmentstrategiesarecommonlydiscussedin
theliteratureofrationalagents:

–Blindcommitment
Ablindlycommittedagentwillcontinuetomaintainan
intentionuntilitbelievestheintentionhasactuallybeen
achieved.Blindcommitmentisalsosometimesreferredtoas
fanaticalcommitment.

–Single-mindedcommitment
Asingle-mindedagentwillcontinuetomaintainanintention
untilitbelievesthateithertheintentionhasbeenachieved,or
elsethatitisnolongerpossibletoachievetheintention.

–Open-mindedcommitment
Anopen-mindedagentwillmaintainanintentionaslongasit
isstillbelievedpossible.
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�Anagenthascommitmentbothtoends(i.e.,thestateofaffairsit
wishestobringabout),andmeans(i.e.,themechanismvia
whichtheagentwishestoachievethestateofaffairs).

�Currently,ouragentcontrolloopisovercommitted,bothto
meansandends.

Modification:replanifeveraplangoeswrong.
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AgentControlLoopVersion4
1.
2.B��B�;
3.I��I�;
4.whiletruedo
5.getnextpercept�;
6.B��brf�B���;
7.D��options�B�I�;
8.I��filter�B�D�I�;
9.���plan�B�I�;
10.whilenotempty���do
11.���hd���;
12.execute���;
13.���tail���;
14.getnextpercept�;
15.B��brf�B���;
16.ifnotsound���I�B�then
17.���plan�B�I�

18.end-if
19.end-while
20.end-while
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�Stillovercommittedtointentions:Neverstopstoconsider
whetherornotitsintentionsareappropriate.

�Modification:stoptodeterminewhetherintentionshave
succeededorwhethertheyareimpossible:

(Single-mindedcommitment.)
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AgentControlLoopVersion5
2.B��B�;
3.I��I�;
4.whiletruedo
5.getnextpercept�;
6.B��brf�B���;
7.D��options�B�I�;
8.I��filter�B�D�I�;
9.� ��plan�B�I�;
10.whilenotempty���

orsucceeded�I�B�

orimpossible�I�B�)do
11.� ��hd���;
12.execute���;
13.� ��tail���;
14.getnextpercept�;
15.B��brf�B���;
16.ifnotsound���I�B�then
17.� ��plan�B�I�

18.end-if
19.end-while
20.end-while
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7IntentionReconsideration

�Ouragentgetstoreconsideritsintentionsonceeverytime
aroundtheoutercontrolloop,i.e.,when:

–ithascompletelyexecutedaplantoachieveitscurrent
intentions;or

–itbelievesithasachieveditscurrentintentions;or

–itbelievesitscurrentintentionsarenolongerpossible.

�Thisislimitedinthewaythatitpermitsanagenttoreconsiderits
intentions.

�Modification:Reconsiderintentionsafterexecutingeveryaction.
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AgentControlLoopVersion6
1.
2.B��B�;
3.I��I�;
4.whiletruedo
5.getnextpercept�;
6.B��brf�B���;
7.D��options�B�I�;
8.I��filter�B�D�I�;
9.� ��plan�B�I�;
10.whilenot(empty���

orsucceeded�I�B�

orimpossible�I�B�)do
11.� ��hd���;
12.execute���;
13.� ��tail���;
14.getnextpercept�;
15.B��brf�B���;
16.D��options�B�I�;
17.I��filter�B�D�I�;
18.ifnotsound���I�B�then
19.� ��plan�B�I�

20.end-if
21.end-while
22.end-while
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�Butintentionreconsiderationiscostly!

Adilemma:

–anagentthatdoesnotstoptoreconsideritsintentions
sufficientlyoftenwillcontinueattemptingtoachieveits
intentionsevenafteritisclearthattheycannotbeachieved,
orthatthereisnolongeranyreasonforachievingthem;

–anagentthatconstantlyreconsidersitsattentionsmayspend
insufficienttimeactuallyworkingtoachievethem,andhence
runstheriskofneveractuallyachievingthem.

�Solution:incorporateanexplicitmeta-levelcontrolcomponent,
thatdecideswhetherornottoreconsider.
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AgentControlLoopVersion7
1.
2.B��B�;
3.I��I�;
4.whiletruedo
5.getnextpercept�;
6.B��brf�B���;
7.D��options�B�I�;
8.I��filter�B�D�I�;
9.� ��plan�B�I�;
10.whilenot(empty���

orsucceeded�I�B�

orimpossible�I�B�)do
11.� ��hd���;
12.execute���;
13.� ��tail���;
14.getnextpercept�;
15.B��brf�B���;
16.ifreconsider�I�B�then
17.D��options�B�I�;
18.I��filter�B�D�I�;
19.end-if
20.ifnotsound���I�B�then
21.� ��plan�B�I�

22.end-if
23.end-while
24.end-while
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�Thepossibleinteractionsbetweenmeta-levelcontroland
deliberationare:

SituationChosetoChangedWouldhavereconsider�

���
�

numberdeliberate?intentions?changedintentions?optimal?
1No—NoYes
2No—YesNo
3YesNo—No
4YesYes—Yes
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�Insituation(1),theagentdidnotchoosetodeliberate,andasa
consequence,didnotchoosetochangeintentions.Moreover,if
ithadchosentodeliberate,itwouldnothavechangedintentions.
Inthissituation,thereconsider�

���

�functionisbehavingoptimally.

�Insituation(2),theagentdidnotchoosetodeliberate,butifit
haddoneso,itwouldhavechangedintentions.Inthissituation,
thereconsider�

���

�functionisnotbehavingoptimally.

�Insituation(3),theagentchosetodeliberate,butdidnotchange
intentions.Inthissituation,thereconsider�

���

�functionisnot
behavingoptimally.

�Insituation(4),theagentchosetodeliberate,anddidchange
intentions.Inthissituation,thereconsider�

���

�functionis
behavingoptimally.

�Animportantassumption:costofreconsider�

���

�ismuchless
thanthecostofthedeliberationprocessitself.
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8OptimalIntentionReconsideration

�KinnyandGeorgeff’sexperimentallyinvestigatedeffectiveness
ofintentionreconsiderationstrategies.

�Twodifferenttypesofreconsiderationstrategywereused:

–boldagents
neverpausetoreconsiderintentions,and

–cautiousagents
stoptoreconsideraftereveryaction.

�Dynamismintheenvironmentisrepresentedbytherateofworld
change,�.
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�Results:

–If�islow(i.e.,theenvironmentdoesnotchangequickly),
thenboldagentsdowellcomparedtocautiousones.Thisis
becausecautiousoneswastetimereconsideringtheir
commitmentswhileboldagentsarebusyworkingtowards—
andachieving—theirintentions.

–If�ishigh(i.e.,theenvironmentchangesfrequently),then
cautiousagentstendtooutperformboldagents.Thisis
becausetheyareabletorecognizewhenintentionsare
doomed,andalsototakeadvantageofserendipitous
situationsandnewopportunitieswhentheyarise.
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9BDITheory&Practice

�WenowconsiderthesemanticsofBDIarchitectures:towhat
extentdoesaBDIagentsatisfyatheoryofagency.

�InordertogiveasemanticstoBDIarchitectures,Rao&Georgeff
havedevelopedBDIlogics:non-classicallogicswithmodal
connectivesforrepresentingbeliefs,desires,andintentions.

�The‘basicBDIlogic’ofRaoandGeorgeffisaquantified
extensionoftheexpressivebranchingtimelogicCTL

�

.

�Underlyingsemanticstructureisalabeledbranchingtime
framework.

http://www.csc.liv.ac.uk/˜mjw/pubs/imas/43



Lecture4AnIntroductiontoMultiagentSystems

10BDILogic

�Fromclassicallogic:�������

���.

�TheCTL

�

pathquantifiers:

��‘onallpaths,�’

��‘onsomepaths,�’

�TheBDIconnectives:

�����i��ibelieves�

��	�
i��idesires�

����i��iintends�
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�SemanticsofB-D-Icomponentsaregivenviaaccessibility
relationsover‘worlds’,whereeachworldisitselfabranching
timestructure.

Propertiesrequiredofaccessibilityrelationsensurebelieflogic
KD45,desirelogicKD,intentionlogicKD.

(Plusinterrelationships...)
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�LetusnowlookatsomepossibleaxiomsofBDIlogic,andseeto
whatextenttheBDIarchitecturecouldbesaidtosatisfythese
axioms.

�Inwhatfollows,let

–�beanO-formula,i.e.,onewhichcontainsnopositive
occurrencesof�;

–�beanarbitraryformula.
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�Beliefgoalcompatibility:

��	�
������� ���

Statesthatiftheagenthasagoaltooptionallyachieve
something,thisthingmustbeanoption.

Thisaxiomisoperationalizedinthefunctionoptions:anoption
shouldnotbeproducedifitisnotbelievedpossible.

�Goal-intentioncompatibility:

��������	�
��
Statesthathavinganintentiontooptionallyachievesomething
implieshavingitasagoal(i.e.,therearenointentionsthatare
notgoals).
Operationalizedinthedeliberatefunction.
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�Volitionalcommitment:

����does�a���does�a�

Ifyouintendtoperformsomeactionanext,thenyoudoanext.

Operationalizedintheexecutefunction.

�Awarenessofgoals&intentions:

�	�
������� ���	�
���

���������� ��������

Requiresthatnewintentionsandgoalsbepostedasevents.
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�Nounconsciousactions:

done�a������ �done�a��

Ifanagentdoessomeaction,thenitisawarethatithasdone
theaction.

Operationalizedintheexecutefunction.

Astrongerrequirementwouldbeforthesuccessorfailureofthe
actiontobeposted.

�Noinfinitedeferral:

��������� ��������

Anagentwilleventuallyeitheractforanintention,orelsedropit.
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11ImplementedBDIAgents:IRMA

�IRMAhasfourkeysymbolicdatastructures:

–aplanlibrary,and

–explicitrepresentationsof

�beliefs:informationavailabletotheagent—maybe
representedsymbolically,butmaybeassimpleasPASCAL

variables;

�desires:thosethingstheagentwouldliketomaketrue—
thinkofdesiresastasksthattheagenthasbeenallocated;
inhumans,notnecessarilylogicallyconsistent,butour
agentswillbe!(goals);

�intentions:desiresthattheagenthaschosenand
committedto.
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�Additionally,thearchitecturehas:

–areasonerforreasoningabouttheworld;aninferenceengine;

–ameans-endsanalyzerdetermineswhichplansmightbe
usedtoachieveintentions;

–anopportunityanalyzermonitorstheenvironment,andasa
resultofchanges,generatesnewoptions;

–afilteringprocessdetermineswhichoptionsarecompatible
withcurrentintentions;and

–adeliberationprocessresponsiblefordecidinguponthe‘best’
intentionstoadopt.
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12ImplementedBDIAgents:PRS

�Wenowmakethediscussionevenmoreconcretebyintroducing
anactualagentarchitecture:thePRS.

�InthePRS,eachagentisequippedwithaplanlibrary,
representingthatagent’sproceduralknowledge:knowledge
aboutthemechanismsthatcanbeusedbytheagentinorderto
realiseitsintentions.

�Theoptionsavailabletoanagentaredirectlydeterminedbythe
plansanagenthas:anagentwithnoplanshasnooptions.

�Inaddition,PRSagentshaveexplicitrepresentationsofbeliefs,
desires,andintentions,asabove.
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Beliefs

Goals

Plan
Library

Interpreter

Intentions

Sensor InputAction Output
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HOMER—AnAgentThatPlans

�Vere&BickmoredevelopedHOMER:asimulatedrobot
submarine,inatwo-dimensional‘Seaworld’.

�HOMERtakesinstructionsfromauserinasubsetofEnglishwith
aboutan800wordvocabulary.

�HOMERcanplanhowtoachieveitsinstructions,(whichusually
relatetocollectingandmovingitemsaroundtheSeaworld),and
canthenexecuteitsplans,modifyingthemasrequiredduring
execution.

�HOMERhasalimitedepisodicmemory,andusingthis,isableto
answerquestionsaboutitspastexperiences.
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DialogueswithHOMER

EXAMPLEDIALOGUE1
U:Whatisinfrontofyou?
H:Alog.
U:Doyouownthelog.
H:No,Idon’t.
U:Thelogbelongstoyou.
H:Oh.
[...]
U:Turnawayfromyourlog.
H:OK,Iamturning.
[LOGISMOVED]
U:Turnaround.
H:OK,I’mturning.
H:I’velostthelog!
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EXAMPLEDIALOGUE2
U:Dropthepackageatthebarge

nextSaturdayat9pm.
H:OK.
[HOMERGENERATESPLAN]
U:Areyougoingtothebarge

nextSaturday?
H:Yes.
U:Whattime?
H:8.56pm
[USERADDSCONTRADICTORYINSTRUCTIONS,
WHICHHOMERDETECTS.]
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