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Logical Consequence

Let ® be a set of sentences and A be a sentence.
A'is a logical consequence of ® (denoted by ® = A) iff for every structure M,

if M = @ then M = A.

If Ais a logical consequence of @, then there is no M such that M = ® U {—=A}.
In other words,® U {—A} is unsatisfiable.

Example:
Assume @ includes the following sentences:
VaVyVz[(above(z, y) A above(y, z)) — above(z, x)]

above(e1, e2) A above(ez, €3)
@ = above (¢1;Cx)
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Knowledge-based Systems

Knowledge Base (KB): A collection of sentences that represents what the agent/program be-
lieves about the world.

Sentences in the KB are explicit knowledge of the agent.
Logical consequences of the KB are implicit knowledge of the agent.

Example: Suppose KB includes the following sentences:

* The capital of Canada is Ottawa

« The largest province in Canada is Quebec

» The provinces neighbouring Quebec are Ontario, New Brunswick, and Newfoundland
Implicit knowledge of the KB:

Ontario, New Brunswick and Newfoundland are the neighbouring provinces of the largest
province in Canada.
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Proof Procedures

» To compute implicit knowledge of the KB (i.e., logical consequences) we need a me-
chanical procedure that can be implemented as an algorithm.

« This would allow us to reason with our knowledge:
- Represent the knowledge as logical formulas.
- Apply the procedure for generating logical consequences

* Mechanical proof procedures work by manipulating formulas.
They do not know or care anything about interpretations.
Nevertheless they respect the semantics of interpretations!
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Proof Procedures

A proof procedure is sound if whenever it produces a sentence A by manipulating sentences
in a KB, then A is a logical consequence of KB (i.e., KB = A).

That is, all conclusions arrived at via the proof procedure are correct: they are logical conse-
quences.

A proof procedure is complete if it can produce all logical consequences of KB.
That is, if KB [= A, then the procedure can produce A.

We will develop a sound and complete proof procedure for first-order logic called Resolution.
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Resolution

Resolution works with formulas expressed in clausal form.

—

A literal is an atomic formula or the negation of an atomic formula.
Example: dog(fido), —~cat(fido), P(x), -Q(y)

A clause is a disjunction of literals:
Example:

P(z) vV =Q(z,y)
Lowns(fido, fred) v ~dog(fido) V person(fred)

A clausal theory is a conjunction of clauses.
Example:

(P(z) V =Q(z,y)) A
(mowns(fido, fred) V —dog(fido) V person(fred))
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Resolution

The resolution proof procedure uses only one inference rule:
(Q(z,y) v P(a)) and (R(y)V —Pla))

— /‘
QD VR (D)
(Q(z,y) v P(a)) and -P(a)
P
Q ¢ D)

P(a) and -P(a)

N\

Q)

We denote a contradiction by an empty clause: ()
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Resolution by Refutation

KR = A

Resolution by Refutation:
* Assume —A is true to generate a contradiction. (Refutation)
* Convert = A and all sentences in KB to a clausal theory C.

* Resolve the clauses in C until an empty clause is obtained.
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Resolution by Refutation: Example

Want to provJIikes(cIyde,peanuts) from:
1. elephant(clyde) V giraf fe(clyde)
2. —elephant(clyde) V likes(clyde, peanuts) K &
3. —giraf fe(clyde) V likes(clyde, leaves)
4. -likes(clyde,leaves)

Assume: 5. ]ﬁlikes(clyde,peanuts) \ LeSolwarion .-I-—f“

2z
—likes(clyde, peanuts) —elephant(clyde) V likes(clyde, peanuts)

—elephant(clyde) elephant(clyde) V giraf fe(clyde)

giraf fe(clyde) —giraf fe(clyde) V likes(clyde, leaves)

&

likes(clyde, leaves) —likes(clyde, leaves)
\ /
@)
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Resolution by Refutation: Example

Want to prove likes(clyde,peanuts) from:
1. elephant(clyde) V giraf fe(clyde)
2. —elephant(clyde) V likes(clyde, peanuts)
3. —giraf fe(clyde) V likes(clyde, leaves)

4. -likes(clyde,leaves)

Resolution by Refutation Proof:

» —likes(clyde, peanuts)|(5.]

* 5&2: —elephant(clyde)[6.]
* 6&1: giraf fe(clyde)[7.]

* 7&3: likes(clyde, leaves)[8.]

* 8&4:()
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Resolution by Refutation

To develop a complete resolution proof procedure for first-order logic we need :

1. A way of converting KB and A into clausal form.

2. A way of doing resolution even when we have variables (unification).
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Conversion to Clausal Form

1. Eliminate Implications.

2. Move Negations Inwards (and simplify ——).

3. Standardize Variables.

4. Skolemization.

5. Convert to Prenex Form.

6. Distribute Conjunctions over Disjunctions.

7. Flatten nested Conjunctions and Disjunctions.

8. Convert to Clauses.

CSC384 | University of Toronto 13









Eliminate Implications

ImplicationRule: A — B iff -AVB

|
Va [E__,V Y ((wylP( )% P )) A ~(0lals) A Pw)))]

Eliminate Implication: Vz [ﬁp ((vy [PV P(f(,9)]) A ~(Yy[q(z,9) A P(y)]))]
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Rules for Simplifying and Moving Negations Inwards

« ——A iff A

* =(AAB) iff -AvV-B
« ~(AVB) iff —-AA-B
s —VzA iff Jz—-A

e —dxA iff VA
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Simplify and Move Negations Inwards
Ve [P@) v (WEP@) v P ) A (@ ) A PO)) )]

Move Negations Inwards:
va[~P() v ((#[-P@) v PG ) A (Gul-Q n)v-Pw)]

Simplify Negations:
Ve [~P(@) v ((v-P) vV P (@ 9)]) A BylQ(, ) v ~P@)]))]
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Standardize Variables

Standardize Variables: Rename variables so that each quantified variable is unique.

Voo v
Ve [P() v (%-P@) v P @) A GlQy) v =Py)) )]
Y Sl

¢ v
ve[-P(@) v (W-PW) v P(F@.m) A (B0 v ~P(:))))]
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Skolemization

Skolemization: Remove existential quantifiers by introducing new function symbols.

Ve [<P() v (=P ) v P 9)]) A (F2Q(, =) v ~P(=) )]
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Skolemization

* Consider 3Jy(elephant(y) A friendly(y))

» This asserts that there is some individual (binding for y) that is both an elephant and
friendly.

» To remove the existential, we invent a "name" for this individual a.
This "name" must be a new constant symbol (not equal to any previous constant sym-
bols in the vocabulary of the KB):

elephant(a) A friendly(a)
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Skolemization

* This asserts that there is some individual (binding for v) that is both an elephant and
friendly.

» To remove the existential, we invent a "name" for this individual a.
This "name" must be a new constant symbol (not equal to any previous constant sym-
bols in the vocabulary of the KB):

( elephant(a) A friendly(aD

« The new sentence says the same thing, since we do not know anything about a.

* IMPORTANT: The introduced symbol @ must be new.
Else we might know something else about a in KB.

- If we did know something else about @ we would be asserting more than the
existential.

- In original quantified formula we know nothing about the variable y. Just what
was being asserted by the existential formula.
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Skolemization

* Now consider
VaIy(loves(z,y))

This formula states that for every z there is some y that z loves (possibly a different
y for each x).

« Replacing the existential by a new constant won’t work
vz (loves(z,a))

This asserts that there is a particular individual a loved by every zx.
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Skolemization

VaIy(loves(z,y))

This formula states that for every z there is some y that z loves (possibly a different
y for each z).

« Replacing the existential by a new constant won’t work
vz (loves(z,a))

This asserts that there is a particular individual a loved by every z.

» To properly convert existential quantifiers scoped by universal quantifiers we must
use functions:

- Use a new function symbol that mentions every universally quantified variable
that scopes the existential.

Vz(loves(z, g(x))

where g is a new function symbol.
This formula asserts that for every z there is some individual (denoted by g(z))
that = loves.
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Skolemization: Examples

VavyVz3w(R(z,y, 2, w))

\ % k/“x V2 ( R (27,25 "3‘(-)\,3,2)))

VaVy3Jw(R(z,y, w))

Yy ((R(% 32 (o))

VaVyIwVz(R(z, y, w) A Q(z, w))

Yo ¥ ¥z (R (23,2, (n2)) A Q2 ‘az(mf)))
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Skolemization

Skolemization: Remove existential quantifiers by introducing new function symbols.
Ve [P() v (W-P@) VP @) A (2[R0, 2) v ~P())]

Ve [~P(@) v (Yy[=P() v P(f(z, ) A (Q(, 9(x)) v ~P(9(x))) )]
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Convert to Prenex Form

Convert to Prenex Form: Bring all quantifiers to the front.
We use the following equivalences, where x does not occur free in Q

« VzPAQ iff  QAVzP iff  Va(PAQ)

«VzPVQ iff QvVzP iff Va(PVQ)

Vo [~P(@) v (W[=P(y) v P(f(, ) A (Q(, 9(2)) v =P(9(x))) )]

vavy[~P(@) v ((~P) v P(f (@) A (@@, 9(@) V ~P(g(2)) )]
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Distribute Conjunctions over Disjunctions

Y
Conjunctions over Disjunctions: AV (BAC) iff (AVB)A(AVCO)

, o ¢
N N T R
vavy[P(2)v ((-P) v P(f(@.)) A Q. 9(2) v =P(g(@))) )]

A v 2 N AV C
vavy| (=P@)V (-P@) v P(f(z,9)) ) A(=P@)V (Qx, 9(@) v =P(g(2)) )]

=t
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Flatten nested Conjunctions and Disjunctions

Flatten nested A and Vv:

+ AV(BVC(C) to (AVBVCOC)

« AN(BAC) to (AABAC)

vavy| (~P(@) V (~P(y) V P(f(@,y))) A (~P(@) V (Q(x,9(2)) vV ~P(9())) )]

vavy[(=P(@) vV ~P(y) v P(f(z,9)) A (-P@) V Q(@,9(2)) vV ~P(g(2)) )]
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Convert to Clauses

Convert to Clauses: Remove universal quantifiers and break apart conjunctions

vavy| (<P@) V =P) v P(f(z.9)) A(~P(@) V Qz, 9(2)) V ~P(g(x)))]

« —P(z) V-P(y) V P(f(z,vy))
© ~P(z) vV Q(z,g(x)) V ~P(g(x))
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Unification

« If clauses have no variables syntactic identity can be used to detect if a P and —P
exists.

* What about variables? Can the following clauses be resolved?

—> (P(john), Q(fred), R(x))

‘—_7 (_‘P(y)v R(susan)7 R(y))
~ ”~

— Once reduced to clausal form, all remaining variables are universally quantified.
So, implicitl)(i—'P(yE;, R(susan), R(yE;)I represents a whole set of clauses like
(—=P(fred), R(susan), R(fred))

(=P (john), R(susan), R(john))

- So there is a specialization of this clause that can be resolved with

(P(john), Q(fred), R(x))

- Inparticular
( Q(fred), R(john)) and (P (john), R(susan), R(john))

can can be resolved, producing
(Q(fred), R(john), R(susan))
S
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* We want to !e a! eto matc! con' icting literals, even W!en t!ey !ave varia! es.

» The matching process automatically determines whether or not there is a specializa-

tion that matches.

« But, We don’t want to over specialize!
- (=P(z),S(z), Q(fred))

- (P(y), B(v)) ,
Possible resolvants: ) .a - x 3 n=J ohn

|- (S(Jakn), Q(?{d\), R (John)
?_—(S(Sa“’x>) Q(*YCA)) R(ga\ﬂ/ﬂj {x.a:%,%ﬂ?}

2-(s0), 0(19'“"): R()) i‘a—_xﬁ

* The last resolvant is most-general, the other two are specializations of it.
We want to keep the most general clause so that we can use it future resolution steps.
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Substitution

 Unification is a mechanism for finding the most general matching.

* A key component of unification is substitution.
A substitution is a finite set of equations of the form VV = ¢ where V is a variable and
t is a term not containing V' (¢ might contain other variables).

* We can apply a substitution § = {V; = ¢1,...,V,, =t} to aformula A to obtain a new
formula Ad by simultaneously replacing every variable V; by term ¢;.

Example: Applying § = {z = y,y = f(a)} to P(z, g(y, 2))

P(%\ug(’g\;?))% = P(m %(%o\),z))

Note that the substitutions are NOT applied sequentially, i.e., the first y is not subse-
quently replaced by f(a).
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Composition of Substitutions

* We can compose two substitutions 0 and § to obtain a new substitution 66.

« Composition is a way of converting the sequential application of a series of substitu-
tions to a single simultaneous substitution.
AB —

0 ={x1 =s1,22 =52,...,Tm = Sm}
d={y1 =t1,y2 =t2, ..., yr = tx} Eg >C‘

To compute 66: A_eg — C

1. Apply 6 to each RHS of # and then add all of the equations of 4:
06 = {x1 = 510,22 = 520, ..., Tm = sm0,y1 = t1,y2 =t2,...,yp = lp}

2. Delete any identities, i.e., equations of the form V' = V from 66.

3. Delete any equation y; = s; where y; is equal to one of the z; in 6.
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@g.;{%—_#(b)a Z-—?ﬁ
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Composition of Substitutions

» The empty substitution e = {} is also a substitution, and it acts as an identity under
composition.
* Substitutions when applied to formulas are associative:

(f0)6 = f(69)

@796
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A unifier of two formulas f and g is a substitution § that makes f and g syntactically identical.

Not all formulas can be unified since substitutions only affect variables.

Example:

P(f(z),a) P(y, f(w))

This pair cannot be unified as there is no way of making a = f(w) with a substitution.
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Most General Unifier (MGU)

A substitution ¢ of two formulas f and g is a Most General Unifier (MGU) if:

1. ¢ is a unifier.

2. For every other unifier 6 of f and g there exist a third substitution A such that

0 =06

That is, every other unifier is more specialized than 4.
The MGU of a pair of formulas f and g is unique up to renaming.

The MGU is the “least specialized” way of making clauses with universal variables match.
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MGU: Example

P(f(z),z)  P(y,a)

6 = {y = f(a),z = a,z = a} is a unifier. But it is not an MGU.

P = P(F (090
Ply,a)5 = P(¥ (@) ron)
0= {y = f(x). = = a} is an MG.
rina0- Py, 05)
P(y,a)0 = P(ﬁ(%) > o)

6 = 60X, where A = {z =a}
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Computing MGUs: Intuition

* We line up the two formulas and find the first sub-expression where they disagree.

* The pair of sub-expressions where they first disagree is called the disagreement set.

« The algorithm works by successively fixing disagreement sets until the two formulas
become syntactically identical.
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Most General Unifier

To find the MGU of two formulas f and g.
1. k=0; do={} So={f g}
2. REPEAT UNTIL no more disagreement:
3. Find disagreement set Dy, = {e1,e2}.
4. IF e; =V, where V is a variable,
and es = t, where t is a term not containing V/,
or vice-versa then:
* 041 = 0{V =t} # Compose the additional substitution
* Sk+1 = Sk{V =t} # Apply the additional substitution
s k=k+1

5. ELSE unification is not possible.
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MGU - Example 1

Find the MGU of P(f(a),g(z)) and P(y,y):

o do = {}; S0 = {P(f(a),9(x)) , P(yy)}



MGU - Example 1

Find the MGU of P(f(a),g(z)) and P(y,y):

o do = {}; S0 = {P(f(a), g(z)) , P(yy)}
° Do ={f(a),y}



MGU - Example 1

Find the MGU of P(f(a),g(z)) and P(y,y):

o do = {}; S0 = {P(f(a),9(x)) , P(yy)}
° Do ={f(a),y}
o 51 ={y=fla)}; 5 ={P(f(a)g(x)), P(f(a),f(a))}



MGU - Example 1

Find the MGU of P(f(a),g(z)) and P(y,y):

o do = {}; S0 = {P(f(a), 9(z)) , P(yy)}

° Do ={f(a),y}

o 51 ={y=fla)}; 51 ={P(f(a)y(x)), P(f(a),f(a))}
o D1 ={g(x), fla)}



MGU - Example 1

Find the MGU of P(f(a),g(z)) and P(y,y):

o do = {}; S0 = {P(f(a), 9(z)) , P(yy)}

° Do ={f(a),y}

o 51 ={y=fla)}; 51 ={P(f(a)g(x)), P(f(a),f(a))}
o D1 ={g(x), fla)}

@ no unification possible!



MGU - Example 2

® §p = {}7 So = {P(a,x,h(g(z))) ) P(th(y)ah(y))}



MGU - Example 2

® §p = {}7 So = {P(avxv h(g(z))) ) P(Zv h(y)ah(y))}
4] D() = {a,z}



MGU - Example 2

® §p = {}7 So = {P(avxv h(g(z))) ) P(Zv h(y)ah(y))}
4] D() = {a,z}

e = {Z = a'}; S1 = {P(a,a;, h(g(a’))) ’ P(avh(y)v h(y))}



MGU - Example 2

o do={} So={Pla,z,h(g(2))), Pz h(y),h(y))}

e Dy ={a,z}

o 51 ={z=a}; Si={P(ar,h(g(a))), Plah(y),h(y))}
o Dy = {z,h(y)}



MGU - Example 2

o do={}; So={Pla,z,h(g(2))), Pz, h(y),h(y))}
e Dy ={a,z}
o 01 ={z=a}; S ={P(a,r,h(g(a))), Pla,h(y),h(y))}
o Dy ={z,h(y)}
o 0y ={z=ax="h(yh
Sy ={P(a,h(y),h(g(a))) ; Pla,h(y),h(y))}



MGU - Example 2

o do={}; So={Pla,z,h(g(2))), Pz, h(y),h(y))}
e Dy ={a,z}
o 01 ={z=a}; S1={P(az, h(g(a))), Pla,h(y),h(y))}
o Dy ={z,h(y)}
e fo={z=a,x=h(y)};
Sy ={P(a,h(y),h(g(a))) ; Pla,h(y),h(y))}
o Dy = {g(a),y}



MGU - Example 2

o do={}; So={Pla,z,h(g(2))), Pz, h(y),h(y))}
e Dy ={a,z}
o 01 ={z=a}; S1={P(az, h(g(a))), Pla,h(y),h(y))}
o Dy ={z,h(y)}
e fo={z=a,x=h(y)};

Sy ={P(a,h(y),h(g(a))) ; Pla,h(y),h(y))}
o Dy = {g(a),y}
o i3={z=a,2="h(y)Hy = gla)

={z=a,v=h(g(a)), y = g(a)
S3 ={P(a,h(g(a)),h(g(a))) ; Pla,h(g(a)),h(g(a)))}



MGU - Example 2

o do={}; So={Pla,z,h(g(2))), Pz, h(y),h(y))}

e Dy ={a,z}

o 01 ={z=a}; S1={P(az, h(g(a))), Pla,h(y),h(y))}

o Dy ={z,h(y)}

e fo={z=a,x=h(y)};

Sy ={P(a,h(y),h(g(a))) ; Pla,h(y),h(y))}

o Dy = {g(a),y}

e d3={z=a,z="h(y)Hy
={z=a,z = h(g(a)),
= {P(a,h(g(a)),h(g(a))) ; P(a,h(g(a)),h(g(a)))}

o No disagreement
=d={z=a,x=h(g(a)),y =g(a)} is MGU



MGU - Example 3

° SO = {P(:c,x) ) P(y,f(y))}



MGU - Example 3

° SO = {P(l,x) ) P(y,f(y))}
o DO = {a:,y}



MGU - Example 3

° SO = {P(l,l) ) P(y,f(y))}
] DO = {a:,y}
@ ) = {:L' = :l/}751 = {P(y,y) ) P(y,f(y))}



MGU - Example 3

o So={P(zz), Py, f(y)}

o Do ={z,y}

o 01 ={z =y} S ={Pyy) ., Ply.f(y)}
o D1 ={y, f(y)}



MGU - Example 3

o So={P(zz), Py, f(y)}

o Do ={z,y}

o 01 ={z =y}, S ={Pyy) ., Ply.f(y)}
o D1 ={y, f(y)}

@ no unification possible!



Resolution of Clauses with Variables

Consider two clauses: l—% = M%
(L, Q1,Q2, -, Q)
(—\]\[’lleRQ,A..,k}%n) L g "( M g

where there exists an MGU § for L and M.

We apply § to both clauses, resolve Lé and —M 4, and infer the new clause

(Q16,Q20, ..., Qr6, R16, R20, ..., Rnd)
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(P(x), Q(g(z)))

(R(a),Q(Z)wP(a)) P (n) % - P(a)

L = P(z), M = P(a) (o\ .
-loa) (R (o) 5= Q% ))
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Resolution of Clauses with Variables: Example

The notation is important. You will need to use this notation on the exam!
* R:resolution step.
» 1a: the first (a-th) literal in the first clause; i.e. P(z).

» 2c: the third (c-th) literal in the second clause; i.e., = P(a).
- 1aand 2c are the clashing literals.

* {z = a}: the substitution applied to make the clashing literals identical.
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Resolution Proof: Example

Some patients like all doctors.
No patient likes any quack.
Prove: No doctor is a quack.

Step 1: Pick a vocabulary for representing these assertions.
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Resolution Proof: Example

Some patients like all doctors.
No patient likes any quack.
Prove: No doctor is a quack.

Step 1: Pick a vocabulary for representing these assertions.

P(x): z is a patient.
D(z): x is a doctor.
Q(z): x is a quack.
L(z,y): = likes y.
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Resolution Proof: Example

Some patients like all doctors.
No patient likes any quack.
Prove: No doctor is a quack.

Step 2: Convert each assertion to a first-order formula.

CSC384 | University of Toronto 41



Resolution Proof: Example

Some patients like all doctors.
No patient likes any quack.
Prove: No doctor is a quack.

Step 2: Convert each assertion to a first-order formula.

Fy 2 3z[P(z) AVY[D(y) — L(z,y))]]
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Resolution Proof: Example

Some patients like all doctors.
No patient likes any quack.
Prove: No doctor is a quack.

Step 2: Convert each assertion to a first-order formula.

Fy : 3z[P(z) AVy[D(y) — L(z,y))]]

Fy : Vavy[(P(z) A Q(y)) = ~L(z,y)]
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Resolution Proof: Example

Some patients like all doctors.
No patient likes any quack.
Prove: No doctor is a quack.

Step 2: Convert each assertion to a first-order formula.
Fy 2 3z[P(z) AVyY[D(y) — L(z,y))]]

Fy : Vavy[(P(z) A Q(y)) — ~L(z,y)]

Query: Vz[D(z) — -Q(z)]

CSC384 | University of Toronto 41



Resolution Proof: Example

Step 3: Convert to Clausal form.

: 3x[P(2) AVY[D(y) = L(=z,y))]]

3‘*{ Playa V3 TP Y “”’“ﬂ

P A ¥y ) 1DV L (o +7p) [Fseminsi

o(ay A (1D(2)V L ()
. Pl)
2. D(x) V Llnsy)
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Resolution Proof: Example

Fy : Vavy[(P(z) A Q(y)) = —L(z,y)]

Vah4 T Pemy n Q) v 1L (91|
V"x‘JJXZ('TP (n) v TQCD) ) V WL(W?)]
GYIPGYV 1QLa) v TL )

Negation of Query:
=(Vz[D(z) = -Q(z)])

I 1?'1 Dy VT Q(‘;\)I
E%ID(*)\)/\ Q(-A)J o
O P~ Qo) gl
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Resolution Proof: Example

Step 4: Resolution Proof from the Clauses.
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Resolution Proof: Example

Step 4: Resolution Proof from the Clauses.
1. P(a)
2. (=D(y), L(a,y))

3. (=P(z),~Q(y), ~L(=,y))

6. R[3b,5]{y =b} (—P(z),-L(z,b))
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Resolution Proof: Example

Step 4: Resolution Proof from the Clauses.
1. P(a)
2. (=D(y), L(a,y))

3. (=P(=),~Q(y), ~L(z,y))

6. R[3b,5]{y =b} (—P(z),-L(x,b))

7. R[6a,1]{zx =a} -L(a,b)
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Resolution Proof: Example

Step 4: Resolution Proof from the Clauses.
1. P(a)
2. (=D(y), L(a,y))

3. (=P(2),~Q(y), ~L(z,y))

6. R[3b,5{y =b} (~P(x),~L(z,b))

7. Rl6a,1]{z =a} -L(a,b)

8. R[7,2b[{y =b} -D(b)
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Resolution Proof: Example

Step 4: Resolution Proof from the Clauses.
1. P(a)
2. (-D(y), L(a,y))
3. (=P(2),~Q(y), ~L(z,y))

4. D(b)

6. R[3b,5]{y =b} (~P(z),~L(z,b))
7. R[6a,1]{z =a} -L(a,b)

8. R[7,2b]{y =b} —D(b)

9. R[8,4] ()
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Answer Extraction

* The previous example shows how we can answer Yes-No questions.
» With a bit more effort we can also answer “fill-in-the-blanks” questions:
- Use free variables in the query where we want the fill in the blanks.

- Keep track of the binding that these variables received in proving the query.
parent(art, jon) — is art one of jon’s parents?
parent(x,jon) - who is one of jon's parents?

- A simple bookkeeping device is to use a predicate symbol answer(z,y,...) to
keep track of the bindings automatically.
Example: To answer parent(x,jon), construct the clause:

(—parent(x,jon), answer(x))

Then perform resolution until obtain a clause consisting of only answer literals
(previously we stopped at empty clauses).

or ] Palest (n, son) ~> ansuertn) |
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Answer Extraction: Example 1

1. father(art,jon)
2. father(bob, kim)
3. (= father(y, z), parent(y, z)) (all fathers are parents)

4. (—parent(x,jon),answer(x)) (who is parent of jon?)
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Answer Extraction: Example 1

1. father(art,jon)

2. father(bob, kim)

3. (=father(y, z), parent(y, z)) (all fathers are parents)

4. (—parent(z,jon),answer(x)) (who is parent of jon?)
Lo,

5. R[4,3b] {y = z,z =jon} (—father(z,jon),answer(x))

6. R[5,1] {z =art} answer(art)
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Answer Extraction: Exercise

Answer the following query (Sentence 4) using the information provided by Sentences 1-3.
1. Either bob or art is father of jon.
2. bob is father of kim.
3. All fathers are parents.

4. Who is parent of jon?
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Answer Extraction: Example 2

Answer the following query (Sentence 4) using the information provided by Sentences 1-3.

1. Whoever can read is literate.
2. Dolphins are not literate.
3. Flipper is an intelligent dolphin.

4. Who is intelligent but cannot read?
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Answer Extraction: Example 2

Whoever can read is literate. Vz[read(z) — lit(x)]
Dolphins are not literate. Vz[dolp(z) — —lit(z)]
Flipper is an intelligent dolphin. dolp(flip) A intell(flip)

Who is intelligent but cannot read?

CSC384 | University of Toronto 49



Answer Extraction: Example 2

Whoever can read is literate. Vz[read(z) — lit(x)]
Dolphins are not literate. Vz[dolp(z) — —lit(z)]
Flipper is an intelligent dolphin. dolp(flip) A intell(flip)

Who is intelligent but cannot read?

Whoever that is intelligent but cannot read is the answer
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Answer Extraction: Example 2

Whoever can read is literate. Va[read(xz) — lit(z)]
Dolphins are not literate. Va[dolp(xz) — —lit(x)]
Flipper is an intelligent dolphin. dolp(flip) A intell(flip)

Who is intelligent but cannot read?

Whoever that is intelligent but cannot read is the answer

Vz[(intell(z) A —read(x)) — answer(x)]
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Answer Extraction: Example 2

1. (-read(z), lit(z))
2. (~dolp(x), ~lit(z))
3. dolp(flip)
4. intell(flip)

5. (—intell(z), read(z), answer(zx))
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Answer Extraction: Example 2

1.

2.

3.

(—read(z), lit(z))
(—=dolp(x), —lit(x))
dolp(flip)

intell(flip)

. (mintell(z), read(z), answer(x))

R[5a,4] {x = flip} (read(flip), answer(flip))

. R[6,1a] {z = flip} (lit(flip), answer(flip))

R[7,2b] {z = flip} (—dolp(flip), answer(flip))

R[8,3] answer(flip)
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