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Lecture2AnIntroductiontoMultiagentSystems

1WhatisanAgent?

�Themainpointaboutagentsistheyareautonomous:capableof
actingindependently,exhibitingcontrolovertheirinternalstate.

�Thus:anagentisacomputersystemcapableofautonomous
actioninsomeenvironment.

ENVIRONMENT

SYSTEM

output input
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�Trivial(non-interesting)agents:

–thermostat;

–UNIXdaemon(e.g.,biff).

�Anintelligentagentisacomputersystemcapableofflexible
autonomousactioninsomeenvironment.

Byflexible,wemean:

–reactive;

–pro-active;

–social.
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1.1Reactivity

�Ifaprogram’senvironmentisguaranteedtobefixed,the
programneedneverworryaboutitsownsuccessorfailure—
programjustexecutesblindly.

Exampleoffixedenvironment:compiler.

�Therealworldisnotlikethat:thingschange,informationis
incomplete.Many(most?)interestingenvironmentsaredynamic.

�Softwareishardtobuildfordynamicdomains:programmust
takeintoaccountpossibilityoffailure—askitselfwhetheritis
worthexecuting!

�Areactivesystemisonethatmaintainsanongoinginteraction
withitsenvironment,andrespondstochangesthatoccurinit(in
timefortheresponsetobeuseful).
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1.2Proactiveness

�Reactingtoanenvironmentiseasy(e.g.,stimulus�response
rules).

�Butwegenerallywantagentstodothingsforus.

�Hencegoaldirectedbehaviour.

�Pro-activeness=generatingandattemptingtoachievegoals;not
drivensolelybyevents;takingtheinitiative.

�Recognisingopportunities.
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1.3SocialAbility

�Therealworldisamulti-agentenvironment:wecannotgo
aroundattemptingtoachievegoalswithouttakingothersinto
account.

�Somegoalscanonlybeachievedwiththecooperationofothers.

�Similarlyformanycomputerenvironments:witnessthe
INTERNET.

�Socialabilityinagentsistheabilitytointeractwithotheragents
(andpossiblyhumans)viasomekindofagent-communication
language,andperhapscooperatewithothers.
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2OtherProperties

�Otherproperties,sometimesdiscussedinthecontextofagency:

–mobility:theabilityofanagenttomovearoundanelectronic
network;

–veracity:anagentwillnotknowinglycommunicatefalse
information;

–benevolence:agentsdonothaveconflictinggoals,andthat
everyagentwillthereforealwaystrytodowhatisaskedofit;

–rationality:agentwillactinordertoachieveitsgoals,andwill
notactinsuchawayastopreventitsgoalsbeingachieved—
atleastinsofarasitsbeliefspermit;

–learning/adaption:agentsimproveperformanceovertime.
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2.1AgentsandObjects
�Areagentsjustobjectsbyanothername?

�Object:

–encapsulatessomestate;

–communicatesviamessagepassing;

–hasmethods,correspondingtooperationsthatmaybe
performedonthisstate.
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�Maindifferences:

–agentsareautonomous:
agentsembodystrongernotionofautonomythanobjects,and
inparticular,theydecideforthemselveswhetherornotto
performanactiononrequestfromanotheragent;

–agentsaresmart:
capableofflexible(reactive,pro-active,social)behavior,and
thestandardobjectmodelhasnothingtosayaboutsuch
typesofbehavior;

–agentsareactive:
amulti-agentsystemisinherentlymulti-threaded,inthateach
agentisassumedtohaveatleastonethreadofactivecontrol.
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Objectsdoitforfree...

�agentsdoitbecausetheywantto;

�agentsdoitformoney.
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2.2AgentsandExpertSystems

�Aren’tagentsjustexpertsystemsbyanothername?

�Expertsystemstypicallydisembodied‘expertise’aboutsome
(abstract)domainofdiscourse(e.g.,blooddiseases).

�Example:MYCINknowsaboutblooddiseasesinhumans.

Ithasawealthofknowledgeaboutblooddiseases,intheformof
rules.

Adoctorcanobtainexpertadviceaboutblooddiseasesbygiving
MYCINfacts,answeringquestions,andposingqueries.
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�Maindifferences:

–agentssituatedinanenvironment:
MYCINisnotawareoftheworld—onlyinformationobtained
isbyaskingtheuserquestions.

–agentsact:
MYCINdoesnotoperateonpatients.

�Somereal-time(typicallyprocesscontrol)expertsystemsare
agents.
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2.3IntelligentAgentsandAI

�Aren’tagentsjusttheAIproject?

Isn’tbuildinganagentwhatAIisallabout?

�AIaimstobuildsystemsthatcan(ultimately)understandnatural
language,recogniseandunderstandscenes,usecommon
sense,thinkcreatively,etc—allofwhichareveryhard.

�So,don’tweneedtosolveallofAItobuildanagent...?
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�Whenbuildinganagent,wesimplywantasystemthatcan
choosetherightactiontoperform,typicallyinalimiteddomain.

�WedonothavetosolvealltheproblemsofAItobuildauseful
agent:

alittleintelligencegoesalongway!

�OrenEtzioni,speakingaboutthecommercialexperienceof
NETBOT,Inc:

Wemadeouragentsdumberanddumberanddumber
...untilfinallytheymademoney.
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3Environments

�Accessiblevsinaccessible.

Anaccessibleenvironmentisoneinwhichtheagentcanobtain
complete,accurate,up-to-dateinformationaboutthe
environment’sstate.

Mostmoderatelycomplexenvironments(including,forexample,
theeverydayphysicalworldandtheInternet)areinaccessible.

Themoreaccessibleanenvironmentis,thesimpleritistobuild
agentstooperateinit.
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�Deterministicvsnon-deterministic.

Aswehavealreadymentioned,adeterministicenvironmentis
oneinwhichanyactionhasasingleguaranteedeffect—there
isnouncertaintyaboutthestatethatwillresultfromperforming
anaction.

Thephysicalworldcantoallintentsandpurposesberegarded
asnon-deterministic.

Non-deterministicenvironmentspresentgreaterproblemsforthe
agentdesigner.
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�Episodicvsnon-episodic.

Inanepisodicenvironment,theperformanceofanagentis
dependentonanumberofdiscreteepisodes,withnolink
betweentheperformanceofanagentindifferentscenarios.

Episodicenvironmentsaresimplerfromtheagentdeveloper’s
perspectivebecausetheagentcandecidewhatactionto
performbasedonlyonthecurrentepisode—itneednotreason
abouttheinteractionsbetweenthisandfutureepisodes.
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�Staticvsdynamic.

Astaticenvironmentisonethatcanbeassumedtoremain
unchangedexceptbytheperformanceofactionsbytheagent.

Adynamicenvironmentisonethathasotherprocesses
operatingonit,andwhichhencechangesinwaysbeyondthe
agent’scontrol.

Thephysicalworldisahighlydynamicenvironment.
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�Discretevscontinuous.

Anenvironmentisdiscreteifthereareafixed,finitenumberof
actionsandperceptsinit.RussellandNorviggiveachessgame
asanexampleofadiscreteenvironment,andtaxidrivingasan
exampleofacontinuousone.
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4AgentsasIntentionalSystems

�Whenexplaininghumanactivity,itisoftenusefultomake
statementssuchasthefollowing:

Janinetookherumbrellabecauseshe
believeditwasgoingtorain.

Michaelworkedhardbecausehe
wantedtopossessaPhD.

�Thesestatementsmakeuseofafolkpsychology,bywhich
humanbehaviourispredictedandexplainedthroughthe
attributionofattitudes,suchasbelievingandwanting(asinthe
aboveexamples),hoping,fearing,andsoon.

�Theattitudesemployedinsuchfolkpsychologicaldescriptions
arecalledtheintentionalnotions.
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�ThephilosopherDanielDennettcoinedthetermintentional
systemtodescribeentities‘whosebehaviourcanbepredicted
bythemethodofattributingbelief,desiresandrationalacumen’.

�Dennettidentifiesdifferent‘grades’ofintentionalsystem:

‘Afirst-orderintentionalsystemhasbeliefsanddesires
(etc.)butnobeliefsanddesiresaboutbeliefsanddesires.
...Asecond-orderintentionalsystemismore
sophisticated;ithasbeliefsanddesires(andnodoubt
otherintentionalstates)aboutbeliefsanddesires(and
otherintentionalstates)—boththoseofothersandits
own’.

�Isitlegitimateorusefultoattributebeliefs,desires,andsoon,to
computersystems?
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�McCarthyarguedthatthereareoccasionswhentheintentional
stanceisappropriate:

‘Toascribebeliefs,freewill,intentions,consciousness,abilities,orwantstoa

machineislegitimatewhensuchanascriptionexpressesthesameinformation
aboutthemachinethatitexpressesaboutaperson.Itisusefulwhenthe

ascriptionhelpsusunderstandthestructureofthemachine,itspastorfuture

behaviour,orhowtorepairorimproveit.Itisperhapsneverlogicallyrequired
evenforhumans,butexpressingreasonablybrieflywhatisactuallyknownabout

thestateofthemachineinaparticularsituationmayrequirementalqualitiesor
qualitiesisomorphictothem.Theoriesofbelief,knowledgeandwantingcanbe

constructedformachinesinasimplersettingthanforhumans,andlaterapplied
tohumans.Ascriptionofmentalqualitiesismoststraightforwardformachinesof

knownstructuresuchasthermostatsandcomputeroperatingsystems,butis
mostusefulwhenappliedtoentitieswhosestructureisincompletelyknown’.
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�Whatobjectscanbedescribedbytheintentionalstance?

�Asitturnsout,moreorlessanythingcan...consideralight
switch:

‘Itisperfectlycoherenttotreatalightswitchasa(very
cooperative)agentwiththecapabilityoftransmitting
currentatwill,whoinvariablytransmitscurrentwhenit
believesthatwewantittransmittedandnototherwise;
flickingtheswitchissimplyourwayofcommunicatingour
desires’.(YoavShoham)

�Butmostadultswouldfindsuchadescriptionabsurd!

Whyisthis?
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�Theanswerseemstobethatwhiletheintentionalstance
descriptionisconsistent,

...itdoesnotbuyusanything,sinceweessentially
understandthemechanismsufficientlytohaveasimpler,
mechanisticdescriptionofitsbehaviour.(YoavShoham)

�Putcrudely,themoreweknowaboutasystem,thelessweneed
torelyonanimistic,intentionalexplanationsofitsbehaviour.

�Butwithverycomplexsystems,amechanistic,explanationofits
behaviourmaynotbepracticable.

�Ascomputersystemsbecomeevermorecomplex,weneed
morepowerfulabstractionsandmetaphorstoexplaintheir
operation—lowlevelexplanationsbecomeimpractical.

Theintentionalstanceissuchanabstraction.
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�Theintentionalnotionsarethusabstractiontools,whichprovide
uswithaconvenientandfamiliarwayofdescribing,explaining,
andpredictingthebehaviourofcomplexsystems.

�Remember:mostimportantdevelopmentsincomputingare
basedonnewabstractions:

–proceduralabstraction;

–abstractdatatypes;

–objects.

Agents,andagentsasintentionalsystems,representafurther,
andincreasinglypowerfulabstraction.

�Soagenttheoristsstartfromthe(strong)viewofagentsas
intentionalsystems:onewhosesimplestconsistentdescription
requirestheintentionalstance.
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�Thisintentionalstanceisanabstractiontool—aconvenientway
oftalkingaboutcomplexsystems,whichallowsustopredictand
explaintheirbehaviourwithouthavingtounderstandhowthe
mechanismactuallyworks.

�Now,muchofcomputerscienceisconcernedwithlookingfor
abstractionmechanisms(witnessproceduralabstraction,ADTs,
objects,...)

Sowhynotusetheintentionalstanceasanabstraction
toolincomputing—toexplain,understand,and,crucially,
programcomputersystems?

�Thisisanimportantargumentinfavourofagents.
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�Other3pointsinfavourofthisidea:

CharacterisingAgents

�Itprovidesuswithafamiliar,non-technicalwayofunderstanding
&explaingagents.

NestedRepresentations

�Itgivesusthepotentialtospecifysystemsthatinclude
representationsofothersystems.

Itiswidelyacceptedthatsuchnestedrepresentationsare
essentialforagentsthatmustcooperatewithotheragents.
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Post-DeclarativeSystems

�Thisviewofagentsleadstoakindofpost-declarative
programming:

–inproceduralprogramming,wesayexactlywhatasystem
shoulddo;

–indeclarativeprogramming,westatesomethingthatwewant
toachieve,givethesystemgeneralinfoaboutthe
relationshipsbetweenobjects,andletabuilt-incontrol
mechanism(e.g.,goal-directedtheoremproving)figureout
whattodo;

–withagents,wegiveaveryabstractspecificationofthe
system,andletthecontrolmechanismfigureoutwhattodo,
knowingthatitwillactinaccordancewithsomebuilt-intheory
ofagency(e.g.,thewell-knownCohen-Levesquemodelof
intention).
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Anaside...

�Wefindthatresearchersfromamoremainstreamcomputing
disciplinehaveadoptedasimilarsetofideas...

�Indistributedsystemstheory,logicsofknowledgeareusedin
thedevelopmentofknowledgebasedprotocols.

�Therationaleisthatwhenconstructingprotocols,oneoften
encountersreasoningsuchasthefollowing:

IFprocessiknowsprocessjhas
receivedmessagem�

THENprocessishouldsendprocessj
themessagem�.

�InDStheory,knowledgeisgrounded—givenaprecise
interpretationintermsofthestatesofaprocess;returntothis
later...we’llexaminethispointindetaillater.
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5AbstractArchitecturesforAgents

�AssumetheenvironmentmaybeinanyofafinitesetEof
discrete,instantaneousstates:

E��e�e�������

�Agentsareassumedtohavearepertoireofpossibleactions
availabletothem,whichtransformthestateoftheenvironment.

Ac��	�� �������

�Arun,r,ofanagentinanenvironmentisasequenceof
interleavedenvironmentstatesandactions:

r
e��
 ��e��� ��e��� ��e��� ������u�� ��eu
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�Let:

–�bethesetofallsuchpossiblefinitesequences(overEand
Ac);

–�

Acbethesubsetofthesethatendwithanaction;and

–�

Ebethesubsetofthesethatendwithanenvironmentstate.
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StateTransformerFunctions

�Astatetransformerfunctionrepresentsbehaviourofthe
environment:

�
�

Ac

���E�

�Notethatenvironmentsare...

–historydependent.

–non-deterministic.

�If��r���,thentherearenopossiblesuccessorstatestor.In
thiscase,wesaythatthesystemhasendeditsrun.

�Formally,wesayanenvironmentEnvisatripleEnv��E�e����

where:Eisasetofenvironmentstates,e��Eistheinitialstate;
and�isastatetransformerfunction.
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Agents

�Agentisafunctionwhichmapsrunstoactions:

Ag
�

E

�Ac

Anagentmakesadecisionaboutwhatactiontoperformbased
onthehistoryofthesystemthatithaswitnessedtodate.Let��

bethesetofallagents.
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Systems

�Asystemisapaircontaininganagentandanenvironment.

�Anysystemwillhaveassociatedwithitasetofpossibleruns;we
denotethesetofrunsofagentAginenvironmentEnvby

��Ag�Env�.

�(Weassume��Ag�Env�containsonlyterminatedruns.)
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�Formally,asequence

�e�� ���e�� ���e������

representsarunofanagentAginenvironmentEnv��E�e����if:

1.e�istheinitialstateofEnv

2.���Ag�e��;and

3.foru��,

eu����e�� ������� �u����where

�u�Ag��e�� �������eu��
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6PurelyReactiveAgents

�Someagentsdecidewhattodowithoutreferencetotheirhistory
—theybasetheirdecisionmakingentirelyonthepresent,with
noreferenceatalltothepast.

�Wecallsuchagentspurelyreactive:

action
E�Ac

�Athermostatisapurelyreactiveagent.

action�e��
���

����
offife=temperatureOK
onotherwise.
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7Perception

�Nowintroduceperceptionsystem:

ENVIRONMENT

action

AGENT

see
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�Theseefunctionistheagent’sabilitytoobserveitsenvironment,
whereastheactionfunctionrepresentstheagent’sdecision
makingprocess.

�Outputoftheseefunctionisapercept:

see
E�Per

whichmapsenvironmentstatestopercepts,andactionisnowa
function

action
Per ��A

whichmapssequencesofperceptstoactions.
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8AgentswithState

�Wenowconsideragentsthatmaintainstate:

action see

nextstate

AGENT

ENVIRONMENT

http://www.csc.liv.ac.uk/˜mjw/pubs/imas/38

Lecture2AnIntroductiontoMultiagentSystems

�Theseagentshavesomeinternaldatastructure,whichis
typicallyusedtorecordinformationabouttheenvironmentstate
andhistory.
LetIbethesetofallinternalstatesoftheagent.

�Theperceptionfunctionseeforastate-basedagentis
unchanged:

see
E�Per

Theaction-selectionfunctionactionisnowdefinedasamapping

action
I�Ac

frominternalstatestoactions.Anadditionalfunctionnextis
introduced,whichmapsaninternalstateandpercepttoan
internalstate:

next
I�Per�I
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8.1Agentcontrolloop

1.Agentstartsinsomeinitialinternalstatei�.
2.Observesitsenvironmentstatee,andgeneratesapercept

see�e�.
3.Internalstateoftheagentisthenupdatedvianextfunction,

becomingnext�i��see�e��.
4.Theactionselectedbytheagentisaction�next�i��see�e���.

Thisactionisthenperformed.

5.Goto(2).
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9TasksforAgents

�Webuildagentsinordertocarryouttasksforus.

�Thetaskmustbespecifiedbyus...

�Butwewanttotellagentswhattodowithouttellingthemhowto
doit.
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9.1UtilitiesFunctionsoverStates

�Onepossibility:associateutilitieswithindividualstates—the
taskoftheagentisthentobringaboutstatesthatmaximise
utility.

�Ataskspecificationisafunction

u
E�IR

whichassociatedarealnumberwitheveryenvironmentstate.
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�Butwhatisthevalueofarun...

–minimumutilityofstateonrun?

–maximumutilityofstateonrun?

–sumofutilitiesofstatesonrun?

–average?

�Disadvantage:difficulttospecifyalongtermviewwhen
assigningutilitiestoindividualstates.

(Onepossibility:adiscountforstateslateron.)
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9.2UtilitiesoverRuns

�Anotherpossibility:assignsautilitynottoindividualstates,butto
runsthemselves:

u
��IR

�Suchanapproachtakesaninherentlylongtermview.

�Othervariations:incorporateprobabilitiesofdifferentstates
emerging.

�Difficultieswithutility-basedapproaches:

–wheredothenumberscomefrom?

–wedon’tthinkintermsofutilities!

–hardtoformulatetasksintheseterms.
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UtilityintheTileworld

�Simulatedtwodimensionalgridenvironmentonwhichthereare
agents,tiles,obstacles,andholes.

�Anagentcanmoveinfourdirections,up,down,left,orright,and
ifitislocatednexttoatile,itcanpushit.

�Holeshavetobefilledupwithtilesbytheagent.Anagent
scorespointsbyfillingholeswithtiles,withtheaimbeingtofillas
manyholesaspossible.

�TILEWORLDchangeswiththerandomappearanceand
disappearanceofholes.

�Utilityfunctiondefinedasfollows:

u�r�
� �numberofholesfilledinr

numberofholesthatappearedinr
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9.3ExpectedUtility&OptimalAgents

�WriteP�r�Ag�Env�todenoteprobabilitythatrunroccurswhen
agentAgisplacedinenvironmentEnv.

Note:

�

r���Ag�Env�

P�r�Ag�Env����

�ThenoptimalagentAgoptinanenvironmentEnvistheonethat
maximizesexpectedutility:

Agopt�	
��	
 Ag����

r���Ag�Env�

u�r�P�r�Ag�Env� �(1)
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9.4BoundedOptimalAgents

�Someagentscannotbeimplementedonsomecomputers

(AfunctionAg
�

E�Acmayneedmorethanavailablememory
toimplement.)

�Write��mtodenotetheagentsthatcanbeimplementedon
machine(computer)m:

��m��Ag�Ag���andAgcanbeimplementedonm��

�Wecanreplaceequation(1)withthefollowing,whichdefinesthe
boundedoptimalagentAgopt:

Agopt�	
��	
 Ag���m�

r���Ag�Env�

u�r�P�r�Ag�Env� �(2)
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9.5PredicateTaskSpecifications

�Aspecialcaseofassigningutilitiestohistoriesistoassign0
(false)or1(true)toarun.

�Ifarunisassigned1,thentheagentsucceedsonthatrun,
otherwiseitfails.

�Callthesepredicatetaskspecifications.

�Denotepredicatetaskspecificationby�.

Thus�
�������.
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9.6TaskEnvironments

�Ataskenvironmentisapair�Env���,whereEnvisan
environment,and

�
�������

isapredicateoverruns.

Let��bethesetofalltaskenvironments.

�Ataskenvironmentspecifies:

–thepropertiesofthesystemtheagentwillinhabit;

–thecriteriabywhichanagentwillbejudgedtohaveeither
failedorsucceeded.
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�Write���Ag�Env�todenotesetofallrunsoftheagentAgin
environmentEnvthatsatisfy�:

���Ag�Env���r�r���Ag�Env�and��r�����

�WethensaythatanagentAgsucceedsintaskenvironment

�Env���if

���Ag�Env����Ag�Env�
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TheProbabilityofSuccess
�LetP�r�Ag�Env�denoteprobabilitythatrunroccursifagentAg

isplacedinenvironmentEnv.

�ThentheprobabilityP���Ag�Env�that�issatisfiedbyAginEnv
wouldthensimplybe:

P���Ag�Env���

r����Ag�Env�

P�r�Ag�Env�
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Achievement&MaintenanceTasks

�Twomostcommontypesoftasksareachievementtasksand
maintenancetasks:

1.AchievementtasksArethoseoftheform“achievestateof
affairs�”.

2.MaintenancetasksArethoseoftheform“maintainstateof
affairs�”.
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�AnachievementtaskisspecifiedbyasetGof“good”or“goal”
states:G�E.

Theagentsucceedsifitisguaranteedtobringaboutatleastone
ofthesestates(wedonotcarewhichone—theyareall
consideredequallygood).

�AmaintenancegoalisspecifiedbyasetBof“bad”states:B�E.

Theagentsucceedsinaparticularenvironmentifitmanagesto
avoidallstatesinB—ifitneverperformsactionswhichresultin
anystateinBoccurring.
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10AgentSynthesis

�Agentsynthesisisautomaticprogramming:goalistohavea
programthatwilltakeataskenvironment,andfromthistask
environmentautomaticallygenerateanagentthatsucceedsin
thisenvironment:

syn
������������ �

(Thinkof�asbeinglikenullinJAVA.

�Synthesisalgorithmis:

–soundif,wheneveritreturnsanagent,thenthisagent
succeedsinthetaskenvironmentthatispassedasinput;and

–completeifitisguaranteedtoreturnanagentwheneverthere
existsanagentthatwillsucceedinthetaskenvironment
givenasinput.
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�Synthesisalgorithmsynissoundifitsatisfiesthefollowing
condition:

syn��Env�����Agimplies��Ag�Env�����Ag�Env� �

andcompleteif:

�Ag���s.t.��Ag�Env�����Ag�Env�impliessyn��Env��������
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