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Knowledgeand Reasoning

e AgentsThatReasoriogically (Chaper6)
e First-OrderLogic (Chapter7)

e Inferencen First-OrderLogic (Chapter)
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|. Agents That ReasonLogically

e A Knowledge-Based\gent
e RepresentatiorReasoningandLogic

e Propositional.ogic
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AgentsThatReasorlLogically

A Knowledge-BasedAgent

function KB-AGENT( percep) returnsanaction
static: KB, aknowledgebase
t, acounterinitially 0, indicatingtime

TELL(KB, MAKE-PERCEPTSENTENCH percepty))
action« Ask(KB, MAKE-ACTION-QUERY (t))
TELL(KB, MAKE-ACTION-SENTENCHaction t))
t—t+1

return action

e Knowledgebase(KB): setof representationsf facts.Each
iIndividual representatiord calleda sentenceof aknowledge
representationlanguage

Add new sentencegjueryknowledge:functionsAsk andTELL.

e Inferencemechanismdeterminevhatfollows from the sentences
thathave beenaddedo the KB.
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AgentsThatReasorlLogically

A Knowledge-BasedAgent (cont'd)

e Descriptionof knowledge-basedgentdan threelevels:

1. knowledgelevel or epistemologicallevel: mostabstractdescribeagent
by sayingwhatit knows. E.g. “An automatedaxi knows thatthe Golden
GateBridgelinks SanFranciscowith Marin County”.

2. logical level: knowledgeis encodednto (formal) sentencest.qg.
Li nks( G&Bri dge, SF, Marin)

3. implementation level: level thatrunsonthe agentarchitecturephysical
representationf sentencesnlogicallevel. E.g. string,objectswith
pointers,or entryin 3-dim. tableindexed by roadlinks andlocationpairs.

e Representationf knowvledgein sentencesimplifiesthe design—
declarative approacho systembuilding.

e Implementatiorof learning mechanismshatproducegeneraknowledge
givenaseriesof percepts.
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AgentsThatReasorlLogically

Representation,Reasoning,and Logic

Sentences - » Sentence
Entails
Representation & L
3 3
||||||||| mi||||||||||- mi||||||||
World ? %
Y Y
Facts »  Fact
Follows

e Syntax of alanguagealescribesghepossibleconfigurationghatcan
constitutea sentenceEachsentencés implementedy a physical
configurationor physical propertyof somepartof theagent.

e Semantics determineghefactsin theworld to which the sentence
refer Agentsbelievesasentencet the correspondingonfiguration

exists.
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AgentsThatReasorlLogically

Representation,Reasoning,and Logic (cont’'d)

e InferenceprocedurekKB| =; a
1. producea for givenKB
2. reportwhetheror nota is entailedby KB.

An inferenceprocedurdhatgeneratesnly entailedsentencess
calledsoundor truth-pr esewing.

e Proof Theory of alanguagereasoningtepshataresound.

e Logicsconsistof thefollowing:

1. A formal systemfor describingstatesof affairs,consistingof
(a) thesyntax of thelanguagghow to make sentencespand
(b) thesemanticsof thelanguagghow sentenceelatesto stateof
affairs).

2. Theproof-theory — asetof rulesfor deducingthe entailments
of asetof sentences.
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AgentsThatReasorlLogically

Representation,Reasoning,and Logic (cont’d)

Language OntologicalCommitment EpistemologicaCommitment
(Whatexistsin theworld) (Whatanagentbelievesaboutfacts)

Propositionalogic | facts true/false/unknan

First-orderogic facts,objectsrelations true/false/unknan

Temporallogic facts,objectsrelationstimes | true/false/unknan

Probabilitytheory | facts dagreeof belief0...1

Fuzzylogic dagreeof truth dagreeof belief0...1

Ontology, branchof metaplysicsthatdealswith the natureof being.
Epistemology, thetheoryof knowledge,esp.thecritical studyof its
validity, methodsandscope.
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AgentsThatReasorlLogically

Propositional Logic

e Symbols:logical constantd rueandFalse propositionalymbolsP
andQ, logicalconnectvesA, V , <, =, -, parenthesegy).

e Grammainn BNF (Backus-Nauorm)

Serence —
Atomic®nence —

ComplexSertence —

Connetive —
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AgentsThatReasorlLogically

Propositional Logic (cont’d)

Semantics

e Propositionsymbolscancarryany meaningjnterpretations an

arbitraryfact.

e LogicalconstantsTruemeanghefactis alwaystrue,underary

Interpretationfalsemeanghefactis false.

e ConnectWescanbedefinedby atruthtable:

P Q -P PAQ PvQ P=0Q P& Q
False False True False False True True
False True True False True True False
True False False False True False False
True True False True True True True
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AgentsThatReasorlLogically
Propositional Logic (cont’'d)

Infer enceRules

e Modus Ponens from animplicationandthe premiseof the
Implication,you caninfer theconclusion.

a=[3a

B

e And-Elimination : from a conjunction,you caninfer ary of the
conjuncts.

A1 A2 A ... A0}
oF

e And-Intr oduction: from asequencef sentences/ou caninfer their

conjunctions.
Q“_L AHNu ceey QD

a1 A0 A ... A0}
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AgentsThatReasorlLogically
Propositional Logic (cont’'d)

Mor e Infer enceRules

e Or-Intr oduction: from a sentenceyou caninfer its disjunctionwith

anything.
oF

a1VooV...Vap
e Double-NegationElimination:

10
a
e Unit Resolution
Q<ﬁwu I_D
0|
e Resolution
avVv y 1 V . a—= , p—
B, “BVy or equvalently B, B=y
avy a=y
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Il. First-Order Logic

e Ontologicalcommitment:.world consistf objects i.e., thingswith
Individual identitiesandpropertiesthatdistinguishthemfrom other
objects.Amongtheobjectsvariousrelationshold. Someof the
relationsarefunctions — relationsin which thereis only onevalue
for agiveninput.

e Examples:

— “One plustwo equalgthree” Objects:.one,two, three,oneplus
two; Relations:equals;Function:plus.

— “Squaresneighboringhewumpusaresmelly” Objects:wumpus,
squareProperty:smelly; Relation:neighboring.

e alsocalledFirst-Oder PredicateCalculus
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First-Order Logic

e SyntaxandSemantics
e (ExtensionandNotationalVariations)
e UsingFirst-OrderLogic

e PrologExamples
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First-Order Logic

Syntaxand Semantics

Senence —

Atomic®nence —
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Term —

Atomic&rtence
SErnenc€onnetive&rtence
QuartifierVariable, ... Sertence
~Sertence

(Sertencg

Predicate(Term,...) |Term= Term

Fundion(Term,...)
Condant

Variable
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First-Order Logic

Syntax and Semantics(cont’d)

Connetive
Quartifier
Condant
Variable
Predicate

Fundion
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alxy|john| ...
A| X | Name| ...

before| haColor | raining| .

maher| leftLegOf | ...
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First-Order Logic

Syntax and Semantics(cont’d)

e Term: logical expressiorthatrefersto anobject.

e Atomic sentenceterms— objects predicatesymbols— relations
—> statefacts.

brother(richard, john)
married( fatherOf (richard), maherOf (john))
e Complex Sentence usinglogical connectes.

e Quantifiers: allowsto expresspropertieof entirecollectionsof
objects ratherthanhaving to enumeratéhe objectsby name.
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First-Order Logic

Syntax and Semantics:Quantifiers

e Substitutingthe namejohrof anobjectfor avariablePERSON,
bindingvariables{ john/PERSON}.

e Universal quantification (V)
V ANIMAL cat(ANIMAL) = mammalANIMAL)

“For all animalsthatarecatswe canimply they aremammals’is true
for all possiblevaluesof ANIMAL.

e Existential quantification (3)

JANIMAL siger(ANIMAL, spat) A cat (ANIMAL)

“Thereexistsananimalthatis the sisterof Spotandit is alsoacat” is
truefor atleastonevalue.
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First-Order Logic

Using First-Order Logic

e Domain: asectionof theworld aboutwhich we wish to express
someknowledge;useof axioms, anddefinitions to capturebasic

factsof thedomain.
e Example:

VM,C maher(M,C) < femak(M) A parert(M,C)

VW,H husbandH,W) < male(H) A spouséH,W)
VX male(X) & -femak(X)
vV P,C parert(P,C) < child(C,P)
vV G,C grandparert(G,C) < 4P parernt(G,P) A parert(P,C)
VX,Y sibling(X,Y) < X #£YAJP parert(P,X) A parert(PY)
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First-Order Logic

Prolog Examples

e Syntax:similarto first-orderlogic (predicatecalculus).

e EXceptions:

a=0p — beta :- alpha.

aA — alpha, beta.

avpB — alpha; beta | al pha. beta.

e NO equvalences.
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lll. Inferencein First-Order Logic

e InferenceRuleslinvolving Quantifiers
e GeneralizedModusPonens
e ForwardandBackwardChaining

e CompletenesandResolution
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Inferencein First-Order Logic

Infer enceRulesInvolving Quantifiers

Notation
SUBST ({x/Samy/Pam} , Likegx,y)) = Likeg Sam Pam)

e Universal Elimination: For ary sentence, variablev, andground
ternt g:
Vv d
SuBsT({v,9},0)

For example,fromV x Likegx, |ceCream, we canusesubstitution
{x/Ben} andinfer LikegBen|ceCream).

4groundtermdoesnotincludevariables
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Inferencein First-Order Logic

e Existential Elimination : For ary sentence, variablev, and
constansymbolk thatdoesnot appearklsavherein theknowledge

base:
dv a

SuBsT({v/k},a)
For example:from 3 x Kill(x,Victim), we caninfer
Kil I (Murderer,Victim), aslong asMurderer doesnot appear
elsavhere.

e Existential Intr oduction: For ary sentence, variablev thatdoes
notoccurin a, andgroundtermg thatdoesoccurin a:

a
dv SuBsT({g/v},a)

For example:from Likeg Jerry, | ceCream we caninfer
1x Likegx,lceCream.
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Inferencein First-Order Logic

Using Infer enceRules

“The law saysthatit is a crimefor an Americanto sell weapongo hostile

Nations.The countryNono,anenemyof America,hassomemissiles,andall of

its missilesweresoldto it by ColonelWest,who is American’.

V X, Y,z Ametican(x) A Weapon(y) A Nation(z) A Hogil e(z)

vV x OwngNong, x) A Missile(x) = Sells(Weg,Nong, x)
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ASells(x,y,z) = Criminal(X)
1x OwngNona x) A Missile(x)

V x Missile(x) = Weapon(x)

V x Enemyx, Ameiica) = Hogil e(x)
Ameican(\Weg)
Nation(Nono)
EnemyNono Ameiica)

Nation(Ameiica)

(1)

(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
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Inferencein First-Order Logic

Using Infer enceRules(cont’d)

e Proces®f finding proofcanbeformulatedasassearchprocessinitial state
= KB (sentence4-9)
Operators= applicableinferencerules
Goal Test= KB containingCriminal(\Weg)
e Importantcharacteristics
— Theproofis 14 stepdong.

— Thebranchingfactorincreasessthe knowledgebasegrows (because
someinferencerulescombineexisting facts).

— UniversalEliminationcanhave anenormousranchingfactor(because
we canreplacethevariableby any groundterm).

— Mostcommonstep:combiningatomicsentencesto conjunctions,
iInstantiatinguniversalrulesto match,andthenapplyModusPonens.
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Inferencein First-Order Logic

GeneralizedModus Ponens

e CombineAnd-Introduction,UniversalElimination,andModus
Ponens:

Missile(M1)
OwngNono,M1)
V x Missile(x) A OwngNono x) = Sells(Weg,Nona x)

Infer in onestep

Sells(Wed,Nono M1)

e Findsomex in theknowledgebasesuchthatx is amissileandNono
ownsx, andtheninfer thatWestsellsthe missileto Nono.

e Evenif weknawvVy Owngy,M1) (moregenerakssertion)ywe can
find the substitutiong{x/M1} and{y/Nono}.

CIS675@©PéterMolnar, 2001 Slide26



Inferencein First-Order Logic

GeneralizedModus Ponens(cont’d)

e GeneralizedModus Ponens For atomicsentences;, p; andq,
wherethereis a substitutiond suchthat
SuBST(8, pi) = SUBST((8, p;), for all i:

P, 05, Phs (PLAP2A...APr= Q)
SUBST(9,Qq)

p; is Missile(M1), p, is Owngy,M1), 8 is {x/M1,y/Nono}, p; is
Missile(x), p2 is OwngNonag x), q is Sells(Weg, Nono, x), and
SUBST(8,q) is Sells(Weg,Nong M1).
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Inferencein First-Order Logic

GeneralizedModus Ponens— Canonical Form

e Attemptto build aninferencemechanisnwith oneinferencerule —
GeneralizedModusPonensa sentences eitheranatomicsentence
or animplicationwith a conjunctionof atomicsentencesn theleft
(premise)andasingleatomicsentencentheright. (Horn
sentencesHorn Normal Form

e Onecancorvertsentencesito Horn sentences/henthey areentered
Into the KB, usingExistentialEliminationandAnd-Elimination:e.g.
1x OwngNona x) A Missile(x) is convertedinto two atomicHorn
sentencesOwngNono,M1) andMissile(M1)).

e Theuniversalquantifieris droppedsincethe existentialquantifieris
eliminated.
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Inferencein First-Order Logic

GeneralizedModus Ponens— Unification

e TheunificationroutineUNIFY takestwo atomicsentenceg andq
andreturnsa substitutionthatwould make p andqg look the same.If
thereis no suchsubstitutionthenUNIFY returnsfail.

UNIFY (p,q) = 6 where SuBsT(8, p) = SuBsT(6,q)

O Is calledtheunifier of thetwo sentences.
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Inferencein First-Order Logic

Unification Example

e Assertion:
KnowgJohn x) = HategJohn x)

UseModusPonengo find outwho he hates.
e Knowledgebase:

KnowgJohn Jane

Knowsgy, Leon)
Knowsy, Mother(y))
Knowsx, Elisabeh)

x andy areimplicitly universallyquantified.
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Inferencein First-Order Logic

¢ Unification
UNIFY(KnowgJohn x), KnowgJohnJang) = {x/Jane
UNIFY (KnowgJohn x), Knowsgy,Leon) = {x/Leony/John}
UNIFY(KnowgJohn x), Knowsy,Mother(y))) = {y/Johnx/Mother(John)}
UNIFY (KnowgJohn x), Knowsx, Elisabeéh)) = fall

e Thelastunificationfails because cannottake thevalueJohnand
Elisabdh atthesametime. A way to solve this problemis to
standardize apart thetwo sentencebeingunified: renamevariables
to avoid the conflict.

e Most generalunifier makestheleastcommitmentaboutbinding of
variables.

UNIFY (KnowgJohn x),Knowsy,z)) = {y/Johnx/z}
or {y/Johnx/z/,w/Fritz} etc.
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Inferencein First-Order Logic

Proof: Westis a criminal.
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Inferencein First-Order Logic

Forward and Backward Chaining

procedure FORWARD-CHAIN (KB, p)

if thereis a sentencén KB thatis arenamingof p then return

Add ptoKB

for each(pi1 A ... A pn = @) in KB suchthatfor somei, UNIFY(pi,p) = ¢ succeedslo
FIND-AND-INFERKB, [p1, - - -, Pi—1, Pi+1, - - - » Pn], 0, 6)

end

procedure FIND-AND-INFER(KB, premisesgonclugon, )

if premises= [] then
FORWARD-CHAIN (KB, SUBST(#, conclusion)

elsefor eachp’ in KB suchthatUNIFY(p’, SuBsT(#, FIRST( premise})) = 4, do
FIND-AND-INFER(KB, REST( premise¥, condusion COMPOSE(#, 6>))

end
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Inferencein First-Order Logic

Forward and Backward Chaining (cont’d)

function BACK-CHAIN (KB, q) returns a setof substitutions

BACK-CHAIN-LIST(KB, [q], {})

function BACK-CHAIN-LIST(KB, glist,#) returns a setof substitutions
inputs: KB, aknowledgebase
glist, alist of conjunctsforming aquery(¢ alreadyapplied)
6, thecurrentsubstitution
static: answersasetof substitutionsinitially empty

if glistis emptythen return {6}
g« FIRsT(qlist)
for eachq in KB suchthat#; «+ UNIFY(q, ¢) succeedslo
Add CoMPOSH®, ¢;) to answers
end
for eachsentencéps A ... A pn = ¢)in KB suchthaté; < UNIFY(q, q) succeedslo
answers— BACK-CHAIN-LIST(KB, SUBST(¢i,[ p1 - - - pn]), COMPOSKH#Y, ¢i)) U answers
end
return theunionof BACK-CHAIN -LIST(KB, REST(qlist), ) for eachd € answers
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Inferencein First-Order Logic

Forward and Backward Chaining (cont’d)

Criminal(x)

American(x)

HighTech(y]

Weapon(M1

)

Nation(z)

Yes, {x/West} Yes, {y/M1}

Missile(M1)

Yes, {}

Yes, {z/Nono}

Hostile(Nono)| | Sells(West,Nono,M1

Enemy(Nono,Americal

Yes, {}

Owns(Nono,M1)

Missile(M1)

Yes, {}

Yes, {}

Prooftreeto infer thatWestis a criminal. Backward-chaining:startwith
goalattheroot; forward-chaining:addknowledgeasleafs,andcombine.

CIS675@©PéterMolnar, 2001

Slide35



Inferencein First-Order Logic

Forward and Backward Chaining (cont’d)

Criminal(x)

)

American(x) | Weapon(y)| |Nation(z) Hostile(America)| | Sells(West,America,M1
{x/\West} {z/America} Fail

Missile(y)

{yIM1}

If thewrongsubstitutionis madetheinferenceprocesdails. Backtrack!
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Inferencein First-Order Logic

Completeness

e Giventheknowledgebase
VX P(X) = Q(X)
V X =P(x) = R(X)
v x Q(x) = S(x)
VX R(X) = S(X)

oneshouldconcludeS(A); S(A) is trueif Q(A) or R(A) aretrue,one
of thosemustbetruebecauseitherP(A) or —P(A) is true.

e Chainingwith ModusPonensannotderive S(A), because
V x =P(x) = R(X) cannotbe corvertedto Horn form.

e TheproofproceduraisingModusPonenss incomplete A complete
proof procedurdor first-orderlogic would enablea machineto solve
arny problemthatcanbe statedn thatlanguage.
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Inferencein First-Order Logic

Completeness- Remedy

o Kurt Godelshavedthatfor first-orderlogic, ary sentencehatis
entailedby anothersetof sentencesanbe provedfrom theset.
(1930-31).Thecompletenessheorem saysthereis a solution,buy

doesnt sayhow to getit.
e J.A. Robinsonpublishedaresolutionalgorithm (1965).

avB, vy or equivalently ~a=B Py
avy -0 =Y
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