
For Monday

• Read Chapter 10, sections 3-5

• Chapter 9, exercise 18



Program 2

• Any questions?



Resolution

• Propositional version. 

{a  b, ¬b c} |- a c OR {¬a b, b c} |- ¬a  c

Reasoning by cases      OR   transitivity of implication

• First­order form 

– For two literals pj and qk in two clauses 

• p1  ... pj ...  pm

• q1  ... qk ...  qn

such that q=UNIFY(pj , ¬qk), derive 

SUBST(q, p1...pj­1pj+1...pmq1...qk­1 qk+1...qn)



Implication form

• Can also be viewed in implicational form 

where all negated literals are in a 

conjunctive antecedent and all positive 

literals in a disjunctive conclusion. 

¬p1...¬pmq1...qn 

p1...  pm  q1 ... qn



Conjunctive Normal Form (CNF)

• For resolution to apply, all sentences must be 

in conjunctive normal form, a conjunction of 

disjunctions of literals

(a1  ... am) 

(b1  ...  bn) 

..... 

(x1  ...  xv)

• Representable by a set of clauses (disjunctions 

of literals) 

• Also representable as a set of implications 

(INF).



Example

Initial CNF INF 

P(x)  Q(x) ¬P(x)  Q(x) P(x)  Q(x) 

¬P(x)  R(x) P(x)  R(x) True  P(x)  R(x) 

Q(x)  S(x) ¬Q(x)  S(x) Q(x)  S(x) 

R(x)  S(x) ¬R(x)  S(x) R(x)  S(x)



Resolution Proofs

• INF (CNF) is more expressive than Horn 

clauses. 

• Resolution is simply a generalization of 

modus ponens. 

• As with modus ponens, chains of resolution 

steps can be used to construct proofs. 

• Factoring removes redundant literals from 

clauses 

– S(A)  S(A) -> S(A) 



Sample Proof

P(w)  Q(w) Q(y)  S(y) 

{y/w}

P(w)  S(w) True  P(x)  R(x) 

{w/x}

True  S(x)  R(x)    R(z)  S(z) 

{x/A, z/A}

True  S(A)



Refutation Proofs

• Unfortunately, resolution proofs in this form 

are still incomplete. 

• For example, it cannot prove any tautology 

(e.g. P¬P) from the empty KB since there 

are no clauses to resolve. 

• Therefore, use proof by contradiction

(refutation, reductio ad absurdum). Assume 

the negation of the theorem P and try to 

derive a contradiction (False, the empty 

clause). 

– (KB  ¬P  False)  KB  P



Sample Proof

P(w)  Q(w) Q(y)  S(y) 

{y/w}

P(w)  S(w) True  P(x)  R(x) 

{w/x}

True  S(x)  R(x)    R(z)  S(z) 

{z/x}

S(A)  False True  S(x)

{x/A}

False



Resolution Theorem Proving

• Convert sentences in the KB to CNF 

(clausal form) 

• Take the negation of the proposed theorem 

(query), convert it to CNF, and add it to the 

KB. 

• Repeatedly apply the resolution rule to 

derive new clauses. 

• If the empty clause (False) is eventually 

derived, stop and conclude that the 
proposed theorem is true.



Conversion to Clausal Form

• Eliminate implications and biconditionals by 

rewriting them. 

p  q -> ¬p  q 

p  q ­> (¬p  q)  (p  ¬q)

• Move ¬ inward to only be a part of literals by 

using deMorgan's laws and quantifier rules. 

¬(p  q) -> ¬p  ¬q 

¬(p  q) -> ¬p ¬q 

¬"x p -> $x ¬p 

¬$x p  -> "x ¬p 

¬¬p -> p



Conversion continued

• Standardize variables to avoid use of the 

same variable name by two different 

quantifiers. 

"x P(x)  $x P(x) -> "x1 P(x1) $x2 P(x2)

• Move quantifiers left while maintaining 

order. Renaming above guarantees this is a 

truth­preserving transformation. 

"x1 P(x1) $x2 P(x2) -> "x1 $x2 (P(x1)  P(x2))



Conversion continued
• Skolemize: Remove existential quantifiers by replacing 

each existentially quantified variable with a Skolem 

constant or Skolem function as appropriate. 

– If an existential variable is not within the scope of any universally 

quantified variable, then replace every instance of the variable with 

the same unique constant that does not appear anywhere else. 

$x (P(x)  Q(x)) -> P(C1)  Q(C1)

– If it is within the scope of n universally quantified variables, then 

replace it with a unique n­ary function over these universally 

quantified variables. 

"x1$x2(P(x1)  P(x2)) -> "x1 (P(x1)  P(f1(x1)))

"x(Person(x)  $y(Heart(y)  Has(x,y))) -> 

"x(Person(x)  Heart(HeartOf(x))  Has(x,HeartOf(x)))

– Afterwards, all variables can be assumed to be universally 

quantified, so remove all quantifiers.



Conversion continued

• Distribute  over  to convert to conjunctions of 

clauses 

(ab)  c -> (ac)  (bc) 

(ab)  (cd) -> (ac)  (bc)  (ad)  (bd)

– Can exponentially expand size of sentence. 

• Flatten nested conjunctions and disjunctions to get 

final CNF 

(a  b)  c -> (a  b  c) 

(a  b)  c -> (a  b  c)

• Convert clauses to implications if desired for 

readability 

(¬a  ¬b  c  d) -> a  b  c  d



Sample Clause Conversion

"x((Prof(x)  Student(x))  ($y(Class(y)  Has(x,y)) 

$y(Book(y)  Has(x,y)))) 

"x(¬(Prof(x)  Student(x))  ($y(Class(y)  Has(x,y)) 

$y(Book(y)  Has(x,y))))

"x((¬Prof(x)  ¬Student(x))  ($y(Class(y)  Has(x,y)) 

$y(Book(y)  Has(x,y)))) 

"x((¬Prof(x)  ¬Student(x))  ($y(Class(y)  Has(x,y)) 

$z(Book(z)  Has(x,z))))

"x$y$z((¬Prof(x)¬Student(x)) ((Class(y)  Has(x,y)) 

(Book(z)  Has(x,z)))) 

(¬Prof(x)¬Student(x)) (Class(f(x))  Has(x,f(x)) 

Book(g(x))  Has(x,g(x))))



Clause Conversion

(¬Prof(x)¬Student(x)) (Class(f(x))  Has(x,f(x)) 

Book(g(x))  Has(x,g(x))))

(¬Prof(x)  Class(f(x))) 

(¬Prof(x)  Has(x,f(x))) 

(¬Prof(x)  Book(g(x))) 

(¬Prof(x)  Has(x,g(x))) 

(¬Student(x)  Class(f(x))) 

(¬Student(x)  Has(x,f(x))) 

(¬Student(x)  Book(g(x))) 

(¬Student(x)  Has(x,g(x))))



Sample Resolution Problem

• Jack owns a dog. 

• Every dog owner is an animal lover. 

• No animal lover kills an animal. 

• Either Jack or Curiosity killed Tuna the cat. 

• Did Curiosity kill the cat?



In Logic Form

A) $x Dog(x)  Owns(Jack,x) 

B) "x ($y Dog(y)  Owns(x,y)) 

AnimalLover(x)) 

C) "x AnimalLover(x)  ("y Animal(y) 

¬Kills(x,y)) 

D) Kills(Jack,Tuna)  Kills(Cursiosity,Tuna) 

E) Cat(Tuna) 

F) "x(Cat(x)  Animal(x)) 

Query: Kills(Curiosity,Tuna)



In Normal Form

A1) Dog(D) 

A2) Owns(Jack,D) 

B) Dog(y)  Owns(x,y)  AnimalLover(x) 

C) AnimalLover(x)  Animal(y)  Kills(x,y) 

 False 

D) Kills(Jack,Tuna)  Kills(Curiosity,Tuna) 

E) Cat(Tuna) 

F) Cat(x)  Animal(x) 

Query: Kills(Curiosity,Tuna)  False



Resolution Proof



Knowledge Representation

• Issue of what to put in to the knowledge 

base.

• What does an agent need to know?

• How should that content be stored?



Knowledge Representation

• NOT a solved problem

• We have partial answers



Question 1

• How do I organize the knowledge I have?



Ontology

• Basically a hierarchical organization of 

concepts.

• Can be general or domain-specific.



Question 2

• How do I handle categories?



Do I need to?

• What makes categories important?



Defining a category

• Necessary and sufficient conditions



Think-Pair-Share

• What is a chair?



Prototypes



In Logic

• Are categories predicates or objects?



Important Terms

• Inheritance

• Taxonomy



What does ISA mean?



Categories

• Membership

• Subset or subclass

• Disjoint categories

• Exhaustive Decomposition

• Partitions of categories



Other Issues

• Physical composition

• Measurement

• Individuation

– Count nouns vs. mass nouns

– Intrinsic properties vs. extrinsic properties



Question 3

• How do we talk about changes?



• When an agent performs actions, the 

situation the agent is in changes.

• Sometimes need to reason about the 

situation.

• Planning



Axioms for Actions

• Can we do the action?

• What changes?

• What stays the same?

– The frame problem



An Answer

• Identify changes to the situation and assume 

everything else remains the same.

• Effect axioms become lists of changes.



More than One Agent

• Keep track of events rather than situations.

• Have to deal with intervals of time.

• Have to deal with processes.  How do 

processes differ from discrete events?

• Objects and their relation to events.



Question 4

• How do we talk about belief?



Reification

• Turning propositions into objects.

• Why would we want (need?) to do this?



Consider the following:

• Jack thinks that the President is still George 

Bush.

• When I was in Washington, D.C. last 

month, I got to meet the President.



• This is the issue of referential 
transparency vs. referential opaqueness.



• Special rules for handling belief:

– If I believe something, I believe that I believe 
it.

– Need to still provide a way to indicate that two 
names refer to the same thing.



Knowledge and Belief

• How are they related?

• Knowing whether something is true

• Knowing what



And Besides Logic?

• Semantic networks

• Frames


