
1.1ƁWhatƁIsƁAI?

WeƁhaveƁclaimedƁthatƁAIƁisƁinteresting,ƁbutƁweƁhaveƁnotƁsaidƁwhatƁitƁiS.ƁHistorically,

researchersƁhaveƁpursuedƁseveralƁdifferentƁversionsƁofƁAI.ƁSomeƁhaveƁdefinedƁintelligenceƁin

termsƁofƁfidelityƁtoƁhUmanƁperformance,ƁwhileƁothersƁpreferƁanƁabstract,ƁformalƁdefinitionƁof

intelligenceƁcalledƁRaTiONaliTYÖlooselyƁspeaking,ƁdoingƁtheƁÚrightƁthing.ÛƁTheƁsubjectƁmatter

itselfƁalsoƁvaries:ƁsomeƁconsiderƁintelligenceƁtoƁbeƁaƁpropertyƁofƁinternalƁThoUghTƁpRoceSSeSƁand

ReaSoning,ƁwhileƁothersƁfocusƁonƁintelligentƁbehaVioR,ƁanƁexternalƁcharacterization.

1žInƁtheƁpublicƁeye,ƁthereƁisƁsometimesƁconfusionƁbetweenƁtheƁtermsƁÚartificialƁintelligenceÛƁandƁÚmachineƁlearning.ÛƁMachineƁlearning

isƁaƁsubfieldƁofƁAIƁthatƁstudiesƁtheƁabilityƁtoƁimproveƁperformanceƁbasedƁonƁexperience.ƁSomeƁAIƁsystemsƁuseƁmachineƁlearning

methodsƁtoƁachieveƁcompetence,ƁbutƁsomeƁdoƁnot.

RaTionaliTY

FromƁtheseƁtwoƁdimensionsÖhumanƁvs.Ɓrational ƁandƁthoughtƁvs.ƁbehaviorÖthereƁareƁfour

possibleƁcombinations,ƁandƁthereƁhaveƁbeenƁadherentsƁandƁresearchƁprogramsƁforƁallƁfour.

TheƁmethodsƁusedƁareƁnecessarilyƁdifferent:ƁtheƁpursuitƁofƁhuman-likeƁintelligenceƁmustƁbe

inƁpartƁanƁempiricalƁscienceƁrelatedƁtoƁpsychology,ƁinvolvingƁobservationsƁandƁhypotheses

aboutƁactualƁhumanƁbehaviorƁandƁthoughtƁprocesses;ƁaƁrationalistƁapproach,ƁonƁtheƁother

hand,ƁinvolvesƁaƁcombinationƁofƁmathematicsƁandƁengineering,ƁandƁconnectsƁtoƁstatistics,

controlƁtheory,ƁandƁeconomics.ƁTheƁvariousƁgroupsƁhaveƁbothƁdisparagedƁandƁhelpedƁeach

other.ƁLetƁusƁlookƁatƁtheƁfourƁapproachesƁinƁmoreƁdetail.

2žWeƁareƁnotƁsuggestingƁthatƁhumansƁareƁÚirrationalÛƁinƁtheƁdictionaryƁsenseƁofƁÚdeprivedƁofƁnormalƁmentalƁclarity.ÛƁWeƁareƁmerely

concedingƁthatƁhumanƁdecisionsƁareƁnotƁalwaysƁmathematicallyƁperfect.

1.1.1ƁActingƁhumanly:ƁTheƁTuringƁtestƁapproach

TURingƁTeST

1

2



TheƁTURiNgžTeST,ƁproposedƁbyƁAlanƁTuringƁ(1950),ƁwasƁdesignedƁasƁaƁthoughtƁexperiment

thatƁwouldƁsidestepƁtheƁphilosophicalƁvaguenessƁofƁtheƁquestionƁÚCanƁaƁmachineƁthink?ÛƁA

computerƁpassesƁtheƁtestƁifƁaƁhumanƁinterrogator,ƁafterƁposingƁsomeƁwrittenƁquestions,

cannotƁtellƁwhetherƁtheƁwrittenƁresponsesƁcomeƁfromƁaƁpersonƁorƁfromƁaƁcomputer.ƁChapter

27 ƁdiscussesƁtheƁdetailsƁofƁtheƁtestƁandƁwhetherƁaƁcomputerƁwouldƁreallyƁbeƁintelligentƁifƁit

passed.ƁForƁnow,ƁweƁnoteƁthatƁprogrammingƁaƁcomputerƁtoƁpassƁaƁrigorouslyƁappliedƁtest

providesƁplentyƁtoƁworkƁon.ƁTheƁcomputerƁwouldƁneedƁtheƁfollowingƁcapabilities:

NaTURalžlaNgUagežPROceSSiNgƁtoƁcommunicateƁsuccessfullyƁinƁaƁhumanƁlanguage;

kNOWledgežRePReSeNTaTiONƁtoƁstoreƁwhatƁitƁknowsƁorƁhears;

aUTOmaTedžReaSONiNgƁtoƁanswerƁquestionsƁandƁtoƁdrawƁnewƁconclusions;

machiNežleaRNiNgƁtoƁadaptƁtoƁnewƁcircumstancesƁandƁtoƁdetectƁandƁextrapolateƁpatterns.

NaTURalƁlangUageƁpRoceSSing

KnoWledgeƁRepReSenTaTion

AUTomaTedƁReaSoning

MachineƁleaRning

ToTalƁTURingƁTeST
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TuringƁviewedƁtheƁphYSicalƁsimulationƁofƁaƁpersonƁasƁunnecessaryƁtoƁdemonstrate

intelligence.ƁHowever,ƁotherƁresearchersƁhaveƁproposedƁaƁTOTalžTURiNgžTeST,ƁwhichƁrequires

interactionƁwithƁobjectsƁandƁpeopleƁinƁtheƁrealƁworld.ƁToƁpassƁtheƁtotalƁTuringƁtest,ƁaƁrobot

willƁneed

cOmPUTeRžViSiONƁandƁspeechƁrecognitionƁtoƁperceiveƁtheƁworld;

RObOTicSƁtoƁmanipulateƁobjectsƁandƁmoveƁabout.

CompUTeRƁViSion

RoboTicS

TheseƁsixƁdisciplinesƁcomposeƁmostƁofƁAI.ƁYetƁAIƁresearchersƁhaveƁdevotedƁlittleƁeffortƁto

passingƁtheƁTuringƁtest,ƁbelievingƁthatƁitƁisƁmoreƁimportantƁtoƁstudyƁtheƁunderlyingƁprinciples

ofƁintelligence.ƁTheƁquestƁforƁÚartificialƁflightÛƁsucceededƁwhenƁengineersƁandƁinventors

stoppedƁimitatingƁbirdsƁandƁstartedƁusingƁwindƁtunnelsƁandƁlearningƁaboutƁaerodynamics.

AeronauticalƁengineeringƁtextsƁdoƁnotƁdefineƁtheƁgoalƁofƁtheirƁfieldƁasƁmakingƁÚmachinesƁthat

flyƁsoƁexactlyƁlikeƁpigeonsƁthatƁtheyƁcanƁfoolƁevenƁotherƁpigeons.Û

1.1.2ƁThinkingƁhumanly:ƁTheƁcognitiveƁmodelingƁapproach

ToƁsayƁthatƁaƁprogramƁthinksƁlikeƁaƁhuman,ƁweƁmustƁknowƁhowƁhumansƁthink.ƁWeƁcanƁlearn

aboutƁhumanƁthoughtƁinƁthreeƁways:

iNTROSPecTiONÖtryingƁtoƁcatchƁourƁownƁthoughtsƁasƁtheyƁgoƁby;

PSYchOlOgicalžeXPeRimeNTSÖobservingƁaƁpersonƁinƁaction;

bRaiNžimagiNgÖobservingƁtheƁbrainƁinƁaction.

InTRoSpecTion



PSYchologicalƁeXpeRimenTS

BRainƁimaging

OnceƁweƁhaveƁaƁsufficientlyƁpreciseƁtheoryƁofƁtheƁmind,ƁitƁbecomesƁpossibleƁtoƁexpressƁthe

theoryƁasƁaƁcomputerƁprogram.ƁIfƁtheƁprogramØsƁinput–outputƁbehaviorƁmatches

correspondingƁhumanƁbehavior,ƁthatƁisƁevidenceƁthatƁsomeƁofƁtheƁprogramØsƁmechanisms

couldƁalsoƁbeƁoperatingƁinƁhumans.

ForƁexample,ƁAllenƁNewellƁandƁHerbertƁSimon,ƁwhoƁdevelopedƁGPS,ƁtheƁÚGeneralƁProblem

SolverÛƁ(NewellƁandƁSimonƁ1961),ƁwereƁnotƁcontentƁmerelyƁtoƁhaveƁtheirƁprogramƁsolve

problemsƁcorrectly.ƁTheyƁwereƁmoreƁconcernedƁwithƁcomparingƁtheƁsequenceƁandƁtimingƁof

itsƁreasoningƁstepsƁtoƁthoseƁofƁhumanƁsubjectsƁsolvingƁtheƁsameƁproblems.ƁThe

interdisciplinaryƁfieldƁofƁcOgNiTiVežScieNceƁbringsƁtogetherƁcomputerƁmodelsƁfromƁAIƁand

experimentalƁtechniquesƁfromƁpsychologyƁtoƁconstructƁpreciseƁandƁtestableƁtheoriesƁofƁthe

humanƁmind.

CogniTiVeƁScience

CognitiveƁscienceƁisƁaƁfascinatingƁfieldƁinƁitself,ƁworthyƁofƁseveralƁtextbooksƁandƁatƁleastƁone

encyclopediaƁ(WilsonƁandƁKeilƁ1999).ƁWeƁwillƁoccasionallyƁcommentƁonƁsimilaritiesƁor

differencesƁbetweenƁAIƁtechniquesƁandƁhumanƁcognition.ƁRealƁcognitiveƁscience,Ɓhowever,Ɓis

necessarilyƁbasedƁonƁexperimentalƁinvestigationƁofƁactualƁhumansƁorƁanimals.ƁWeƁwillƁleave

thatƁforƁotherƁbooks,ƁasƁweƁassumeƁtheƁreaderƁhasƁonlyƁaƁcomputerƁforƁexperimentation.

InƁtheƁearlyƁdaysƁofƁAIƁthereƁwasƁoftenƁconfusionƁbetweenƁtheƁapproaches.ƁAnƁauthorƁwould

argueƁthatƁanƁalgorithmƁperformsƁwellƁonƁaƁtaskƁandƁthatƁitƁisƁTheRefoReƁaƁgoodƁmodelƁof

humanƁperformance,ƁorƁviceƁversa.ƁModernƁauthorsƁseparateƁtheƁtwoƁkindsƁofƁclaims;Ɓthis
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distinctionƁhasƁallowedƁbothƁAIƁandƁcognitiveƁscienceƁtoƁdevelopƁmoreƁrapidly.ƁTheƁtwo

fieldsƁfertilizeƁeachƁother,ƁmostƁnotablyƁinƁcomputerƁvision,ƁwhichƁincorporates

neurophysiologicalƁevidenceƁintoƁcomputationalƁmodels.ƁRecently,ƁtheƁcombinationƁof

neuroimagingƁmethodsƁcombinedƁwithƁmachineƁlearningƁtechniquesƁforƁanalyzingƁsuchƁdata

hasƁledƁtoƁtheƁbeginningsƁofƁaƁcapabilityƁtoƁÚreadƁmindsÛÖthatƁis,ƁtoƁascertainƁtheƁsemantic

contentƁofƁaƁpersonØsƁinnerƁthoughts.ƁThisƁcapabilityƁcould,ƁinƁturn,ƁshedƁfurtherƁlightƁon

howƁhumanƁcognitionƁworks.

1.1.3ƁThinkingƁrationally:ƁTheƁÚlawsƁofƁthoughtÛƁapproach

TheƁGreekƁphilosopherƁAristotleƁwasƁoneƁofƁtheƁfirstƁtoƁattemptƁtoƁcodifyƁÚrightƁthinkingÛÖ

thatƁis,ƁirrefutableƁreasoningƁprocesses.ƁHisƁSYllOgiSmSƁprovidedƁpatternsƁforƁargument

structuresƁthatƁalwaysƁyieldedƁcorrectƁconclusionsƁwhenƁgivenƁcorrectƁpremises.ƁThe

canonicalƁexampleƁstartsƁwithƁSocRaTeSƁiSƁaƁmanƁandƁallƁmenƁaReƁmoRTalƁandƁconcludesƁthat

SocRaTeSƁiSƁmoRTal.Ɓ(ThisƁexampleƁisƁprobablyƁdueƁtoƁSextusƁEmpiricusƁratherƁthanƁAristotle.)

TheseƁlawsƁofƁthoughtƁwereƁsupposedƁtoƁgovernƁtheƁoperationƁofƁtheƁmind;ƁtheirƁstudy

initiatedƁtheƁfieldƁcalledƁlOgic.

SYllogiSmS

LogiciansƁinƁtheƁ19thƁcenturyƁdevelopedƁaƁpreciseƁnotationƁforƁstatementsƁaboutƁobjectsƁin

theƁworldƁandƁtheƁrelationsƁamongƁthem.Ɓ(ContrastƁthisƁwithƁordinaryƁarithmeticƁnotation,

whichƁprovidesƁonlyƁforƁstatementsƁaboutƁnUmbeRS.)ƁByƁ1965,ƁprogramsƁcould,ƁinƁprinciple,

solveƁanYƁsolvableƁproblemƁdescribedƁinƁlogicalƁnotation.ƁTheƁso-calledƁlOgiciSTƁtradition

withinƁartificialƁintelligenceƁhopesƁtoƁbuildƁonƁsuchƁprogramsƁtoƁcreateƁintelligentƁsystems.

LogiciST

LogicƁasƁconventionallyƁunderstoodƁrequiresƁknowledgeƁofƁtheƁworldƁthatƁisƁceRTainÖa

conditionƁthat,ƁinƁreality,ƁisƁseldomƁachieved.ƁWeƁsimplyƁdonØtƁknowƁtheƁrulesƁof,Ɓsay,



politicsƁorƁwarfareƁinƁtheƁsameƁwayƁthatƁweƁknowƁtheƁrulesƁofƁchessƁorƁarithmetic.ƁThe

theoryƁofƁPRObabiliTYƁfillsƁthisƁgap,ƁallowingƁrigorousƁreasoningƁwithƁuncertainƁinformation.

InƁprinciple,ƁitƁallowsƁtheƁconstructionƁofƁaƁcomprehensiveƁmodelƁofƁrationalƁthought,

leadingƁfromƁrawƁperceptualƁinformationƁtoƁanƁunderstandingƁofƁhowƁtheƁworldƁworksƁto

predictionsƁaboutƁtheƁfuture.ƁWhatƁitƁdoesƁnotƁdo,ƁisƁgenerateƁintelligentƁbehaVioR.ƁForƁthat,

weƁneedƁaƁtheoryƁofƁrationalƁaction.ƁRationalƁthought,ƁbyƁitself,ƁisƁnotƁenough.

PRobabiliTY

1.1.4ƁActingƁrationally:ƁTheƁrationalƁagentƁapproach

AgenT

AnƁageNTƁisƁjustƁsomethingƁthatƁactsƁ(agenTƁcomesƁfromƁtheƁLatinƁageRe,ƁtoƁdo).ƁOfƁcourse,Ɓall

computerƁprogramsƁdoƁsomething,ƁbutƁcomputerƁagentsƁareƁexpectedƁtoƁdoƁmore:Ɓoperate

autonomously,ƁperceiveƁtheirƁenvironment,ƁpersistƁoverƁaƁprolongedƁtimeƁperiod,ƁadaptƁto

change,ƁandƁcreateƁandƁpursueƁgoals.ƁAƁRaTiONalžageNTƁisƁoneƁthatƁactsƁsoƁasƁtoƁachieveƁthe

bestƁoutcomeƁor,ƁwhenƁthereƁisƁuncertainty,ƁtheƁbestƁexpectedƁoutcome.

RaTionalƁagenT

InƁtheƁÚlawsƁofƁthoughtÛƁapproachƁtoƁAI,ƁtheƁemphasisƁwasƁonƁcorrectƁinferences.ƁMaking

correctƁinferencesƁisƁsometimesƁpaRTƁofƁbeingƁaƁrationalƁagent,ƁbecauseƁoneƁwayƁtoƁact

rationallyƁisƁtoƁdeduceƁthatƁaƁgivenƁactionƁisƁbestƁandƁthenƁtoƁactƁonƁthatƁconclusion.ƁOnƁthe

otherƁhand,ƁthereƁareƁwaysƁofƁactingƁrationallyƁthatƁcannotƁbeƁsaidƁtoƁinvolveƁinference.ƁFor



example,ƁrecoilingƁfromƁaƁhotƁstoveƁisƁaƁreflexƁactionƁthatƁisƁusuallyƁmoreƁsuccessfulƁthanƁa

slowerƁactionƁtakenƁafterƁcarefulƁdeliberation.

AllƁtheƁskillsƁneededƁforƁtheƁTuringƁtestƁalsoƁallowƁanƁagentƁtoƁactƁrationally.ƁKnowledge

representationƁandƁreasoningƁenableƁagentsƁtoƁreachƁgoodƁdecisions.ƁWeƁneedƁtoƁbeƁableƁto

generateƁcomprehensibleƁsentencesƁinƁnaturalƁlanguageƁtoƁgetƁbyƁinƁaƁcomplexƁsociety.ƁWe

needƁlearningƁnotƁonlyƁforƁerudition,ƁbutƁalsoƁbecauseƁitƁimprovesƁourƁabilityƁtoƁgenerate

effectiveƁbehavior,ƁespeciallyƁinƁcircumstancesƁthatƁareƁnew.

TheƁrational-agentƁapproachƁtoƁAIƁhasƁtwoƁadvantagesƁoverƁtheƁotherƁapproaches.ƁFirst,ƁitƁis

moreƁgeneralƁthanƁtheƁÚlawsƁofƁthoughtÛƁapproachƁbecauseƁcorrectƁinferenceƁisƁjustƁoneƁof

severalƁpossibleƁmechanismsƁforƁachievingƁrationality.ƁSecond,ƁitƁisƁmoreƁamenableƁto

scientificƁdevelopment.ƁTheƁstandardƁofƁrationalityƁisƁmathematicallyƁwellƁdefinedƁand

completelyƁgeneral.ƁWeƁcanƁoftenƁworkƁbackƁfromƁthisƁspecificationƁtoƁderiveƁagentƁdesigns

thatƁprovablyƁachieveƁitÖsomethingƁthatƁisƁlargelyƁimpossibleƁifƁtheƁgoalƁisƁtoƁimitateƁhuman

behaviorƁorƁthoughtƁprocesses.

ForƁtheseƁreasons,ƁtheƁrational-agentƁapproachƁtoƁAIƁhasƁprevailedƁthroughoutƁmostƁofƁthe

fieldØsƁhistory.ƁInƁtheƁearlyƁdecades,ƁrationalƁagentsƁwereƁbuiltƁonƁlogicalƁfoundationsƁand

formedƁdefiniteƁplansƁtoƁachieveƁspecificƁgoals.ƁLater,ƁmethodsƁbasedƁonƁprobabilityƁtheory

andƁmachineƁlearningƁallowedƁtheƁcreationƁofƁagentsƁthatƁcouldƁmakeƁdecisionsƁunder

uncertaintyƁtoƁattainƁtheƁbestƁexpectedƁoutcome.ƁInƁaƁnutshell,ƁAIƁhaSƁfocUSedƁonƁTheƁSTUdYƁand

conSTRUcTionƁofƁagenTSƁThaTƁdoƀTheƀrighTƀThing.ƁWhatƁcountsƁasƁtheƁrightƁthingƁisƁdefinedƁbyƁthe

objectiveƁthatƁweƁprovideƁtoƁtheƁagent.ƁThisƁgeneralƁparadigmƁisƁsoƁpervasiveƁthatƁweƁmight

callƁitƁtheƁSTaNdaRdžmOdel.ƁItƁprevailsƁnotƁonlyƁinƁAI,ƁbutƁalsoƁinƁcontrolƁtheory,ƁwhereƁa

controllerƁminimizesƁaƁcostƁfunction;ƁinƁoperationsƁresearch,ƁwhereƁaƁpolicyƁmaximizesƁa

sumƁofƁrewards;ƁinƁstatistics,ƁwhereƁaƁdecisionƁruleƁminimizesƁaƁlossƁfunction;ƁandƁin

economics,ƁwhereƁaƁdecisionƁmakerƁmaximizesƁutilityƁorƁsomeƁmeasureƁofƁsocialƁwelfare.

DoƁTheƁRighTƁThing

STandaRdƁmodel



WeƁneedƁtoƁmakeƁoneƁimportantƁrefinementƁtoƁtheƁstandardƁmodelƁtoƁaccountƁforƁtheƁfact

thatƁperfectƁrationalityÖalwaysƁtakingƁtheƁexactlyƁoptimalƁactionÖisƁnotƁfeasibleƁinƁcomplex

environments.ƁTheƁcomputationalƁdemandsƁareƁjustƁtooƁhigh.ƁChaptersƁ5 ƁandƁ17 Ɓdeal

withƁtheƁissueƁofƁlimiTedžRaTiONaliTYÖactingƁappropriatelyƁwhenƁthereƁisƁnotƁenoughƁtimeƁto

doƁallƁtheƁcomputationsƁoneƁmightƁlike.ƁHowever,ƁperfectƁrationalityƁoftenƁremainsƁaƁgood

startingƁpointƁforƁtheoreticalƁanalysis.

LimiTedƁRaTionaliTY

1.1.5ƁBeneficialƁmachines

TheƁstandardƁmodelƁhasƁbeenƁaƁusefulƁguideƁforƁAIƁresearchƁsinceƁitsƁinception,ƁbutƁitƁis

probablyƁnotƁtheƁrightƁmodelƁinƁtheƁlongƁrun.ƁTheƁreasonƁisƁthatƁtheƁstandardƁmodelƁassumes

thatƁweƁwillƁsupplyƁaƁfullyƁspecifiedƁobjectiveƁtoƁtheƁmachine.

ForƁanƁartificiallyƁdefinedƁtaskƁsuchƁasƁchessƁorƁshortest-pathƁcomputation,ƁtheƁtaskƁcomes

withƁanƁobjectiveƁbuiltƁinÖsoƁtheƁstandardƁmodelƁisƁapplicable.ƁAsƁweƁmoveƁintoƁtheƁreal

world,Ɓhowever,ƁitƁbecomesƁmoreƁandƁmoreƁdifficultƁtoƁspecifyƁtheƁobjectiveƁcompletelyƁand

correctly.ƁForƁexample,ƁinƁdesigningƁaƁself-drivingƁcar,ƁoneƁmightƁthinkƁthatƁtheƁobjectiveƁis

toƁreachƁtheƁdestinationƁsafely.ƁButƁdrivingƁalongƁanyƁroadƁincursƁaƁriskƁofƁinjuryƁdueƁtoƁother

errantƁdrivers,ƁequipmentƁfailure,ƁandƁsoƁon;Ɓthus,ƁaƁstrictƁgoalƁofƁsafetyƁrequiresƁstayingƁin

theƁgarage.ƁThereƁisƁaƁtradeoffƁbetweenƁmakingƁprogressƁtowardsƁtheƁdestinationƁand

incurringƁaƁriskƁofƁinjury.ƁHowƁshouldƁthisƁtradeoffƁbeƁmade?ƁFurthermore,ƁtoƁwhatƁextent

canƁweƁallowƁtheƁcarƁtoƁtakeƁactionsƁthatƁwouldƁannoyƁotherƁdrivers?ƁHowƁmuchƁshouldƁthe

carƁmoderateƁitsƁacceleration,Ɓsteering,ƁandƁbrakingƁtoƁavoidƁshakingƁupƁtheƁpassenger?

TheseƁkindsƁofƁquestionsƁareƁdifficultƁtoƁanswerƁaƁpriori.ƁTheyƁareƁparticularlyƁproblematicƁin

theƁgeneralƁareaƁofƁhuman–robotƁinteraction,ƁofƁwhichƁtheƁself-drivingƁcarƁisƁoneƁexample.

TheƁproblemƁofƁachievingƁagreementƁbetweenƁourƁtrueƁpreferencesƁandƁtheƁobjectiveƁweƁput

intoƁtheƁmachineƁisƁcalledƁtheƁValUežaligNmeNTžPROblem:ƁtheƁvaluesƁorƁobjectivesƁputƁinto
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