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• W h a t i f w e w a n t t o u s e m o d u s p o n e n s ?P r o p o s i t i o n a l L o g i c :a
∧ b , a

∧ b ⇒

cc• I n F i r s t � O r d e r L o g i c ?M o n k e y ( x )
⇒

C u r i o u s ( x )M o n k e y ( G e o r g e )? ? ? ?• M u s t “ unify ” x w i t h G e o r g e :N e e d t o s u b s t i t u t e { x / G e o r g e } i n M o n k e y ( x )
⇒ C u r i o u s ( x )t o i n f e r C u r i o u s ( G e o r g e )

4Not this kind of unification…
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• M a t c h u p e x p r e s s i o n s b y f i n d i n g v a r i a b l ev a l u e s t h a t m a k e t h e e x p r e s s i o n s i d e n t i c a l• U n i f y ( x , y ) r e t u r n s m o s t g e n e r a l u n i f i e r( M G U ) . E x a m p l e s :U n i f y ( c i t y ( x ) , c i t y ( k e n t ) ) r e t u r n s { x / k e n t }U n i f y ( P o k e s I n T h e E y e s ( M o e , x ) , P o k e s I n T h e E y e s ( y , z ) )r e t u r n s { y / M o e , x / z }• { y / M o e , x / M o e , z / M o e } p o s s i b l e b u t n o t M G U• M G U p l a c e s f e w e s t r e s t r i c t i o n s o n v a l u e s o fv a r i a b l e s

6

U n i f i c a t i o n p r o d u c e s a m a p p i n g f r o mv a r i a b l e s t o v a l u e s ( e . g . , { x / k e n t , y / s e a t t l e } )S u b s t i t u t i o n : S u b s t ( m a p p i n g , s e n t e n c e )r e t u r n s n e w s e n t e n c e w i t h v a r i a b l e sr e p l a c e d b y v a l u e sS u b s t ( { x / k e n t , y / s e a t t l e } , c o n n e c t e d ( x , y ) )r e t u r n s c o n n e c t e d ( k e n t , s e a t t l e )
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• U n i f y ( r o a d ( x , k e n t ) , r o a d ( s e a t t l e , y ) )R e t u r n s { x / s e a t t l e , y / k e n t }W h e n s u b s t i t u t e d i n b o t h e x p r e s s i o n s , t h er e s u l t i n g e x p r e s s i o n s m a t c h :E a c h i s
(road(seattle, kent))• U n i f y ( r o a d ( x , x ) , r o a d ( s e a t t l e , k e n t ) )N o t p o s s i b l e – F a i l s !x c a n ’ t b e s e a t t l e a n d k e n t a t t h e s a m e t i m e !
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• U n i f y ( f ( g ( x , d o g ) , y ) ) , f ( g ( c a t , y ) , d o g ){ x / c a t , y / d o g }• U n i f y ( f ( g ( x ) ) , f ( x ) )F a i l s : n o s u b s t i t u t i o n m a k e s t h e m i d e n t i c a l .E . g . { x / g ( x ) } y i e l d s f ( g ( g ( x ) ) ) a n d f ( g ( x ) )w h i c h a r e n o t i d e n t i c a l !• T h u s : A v a r i a b l e v a l u e m a y n o t containi t s e l f i n a s u b s t i t u t i o nD i r e c t l y o r i n d i r e c t l y
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• U n i f y ( f ( g ( c a t , y ) , y ) , f ( x , d o g ) ){ x / g ( c a t , d o g ) , y / d o g }• U n i f y ( f ( g ( y ) ) , f ( x ) ){ x / g ( y ) }• B a c k t o c u r i o u s m o n k e y s :
U n i f y a n d t h e n u s e m o d u s p o n e n s =g e n e r a l i z e d m o d u s p o n e n s( “ L i f t e d ” v e r s i o n o f m o d u s p o n e n s )

M o n k e y ( x )
à C u r i o u s ( x )M o n k e y ( G e o r g e )C u r i o u s ( G e o r g e )

1 0

• T h e a l g o r i t h m :S t a r t w i t h t h e K BA d d a n y f a c t y o u c a n g e n e r a t e w i t h G M P ( i . e . ,u n i f y e x p r e s s i o n s a n d u s e m o d u s p o n e n s )R e p e a t u n t i l : g o a l r e a c h e d o r g e n e r a t i o n h a l t s .• S o u n d ? C o m p l e t e ? D e c i d a b l e ?• S p e e d c o n c e r n s ? I n e f f i c i e n c i e s d u e t o :U n i f i c a t i o n v i a e x h a u s t i v e p a t t e r n m a t c h i n g ; p r e m i s er e c h e c k i n g ; i r r e l e v a n t f a c t g e n e r a t i o n .( s e e p . 2 8 3 % 2 8 7 f o r s t r a t e g i e s t o i n c r e a s e s p e e d )
Yes; yes for definite KB; no (see p. 283 in text)
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1 1

• T h e a l g o r i t h m :S t a r t w i t h K B a n d g o a l .F i n d a l l r u l e s w h o s e r e s u l t s u n i f y w i t h g o a l :A d d t h e p r e m i s e s o f t h e s e r u l e s t o t h e g o a l l i s tR e m o v e t h e c o r r e s p o n d i n g r e s u l t f r o m t h e g o a l l i s tS t o p w h e n :G o a l l i s t i s e m p t y ( S U C C E E D ) o rP r o g r e s s h a l t s ( F A I L )

1 2

I n f e r e n c e I I I : R e s o l u t i o n[ R o b i n s o n 1 9 6 5 ]
{ ( p ∨ q ) , ( ¬¬¬¬ p ∨ r ∨ s ) } |

R
( q ∨ r ∨ s )

Recall Propositional Case: • Literal in one clause• Its negation in the other• Result is disjunction of other literals
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1 3

F i r s t � O r d e r R e s o l u t i o n[ R o b i n s o n 1 9 6 5 ]{ ( p ( x ) ∨ q ( A ) , ( ¬¬¬¬ p ( B ) ∨ r ( x ) ∨ s ( y ) ) }|
R( q ( A ) ∨ r ( B ) ∨ s ( y ) )• Literal in one clause• Negation of something which unifies in other• Result is disjunction of all other literals with 

substitution based on MGU

Substitute
MGU {x/B} 
in all 
literals

1 4

I n f e r e n c e u s i n g F i r s t � O r d e rR e s o l u t i o n• A s b e f o r e , u s e “ p r o o f b y c o n t r a d i c t i o n ”T o s h o w K B α , s h o w K B
∧ ¬

α u n s a t i s f i a b l e• M e t h o dL e t S = K B
∧ ¬

g o a lC o n v e r t S t o c l a u s a l f o r m• S t a n d a r d i z e a p a r t v a r i a b l e s• M o v e q u a n t i f i e r s t o f r o n t , s k o l e m i z e t o r e m o v e
∃• R e p l a c e

⇒
w i t h

∨
a n d

¬• D e m o r g a n ’ s l a w s t o g e t C N F ( a n d s % o f % o r s )R e s o l v e c l a u s e s i n S u n t i l e m p t y c l a u s e( u n s a t i s f i a b l e ) o r n o n e w c l a u s e s a d d e d
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• G i v e n
∀∀∀∀

x m a n ( x )
⇒

h u m a n ( x )
∀∀∀∀

x w o m a n ( x )
⇒

h u m a n ( x )
∀∀∀∀

x s i n g e r ( x )
⇒

m a n ( x )
∨

w o m a n ( x )s i n g e r ( D i d d y )• P r o v eh u m a n ( D i d d y )
CNF representation (list of clauses):

[¬m(x),h(x)]  [¬w(y), h(y)]  [¬s(z),m(z),w(z)] [s(D)] [¬h(D)] 

1 6

[¬¬¬¬m(x),h(x)]  [¬¬¬¬w(y), h(y)]  [¬¬¬¬s(z),m(z),w(z)]         [s(D)]   [¬¬¬¬h(D)] 

[m(D),w(D)]

[w(D), h(D)]

[]

[h(D)]

E h y o h o m i e s , d i s p r o v e s h u m a n ( D i d d y )
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1 7

What about me?

• M u c h M o r e D i f f i c u l t E x e r c i s e :P r o v e h u m a n ( M J )

1 8

∀∀∀∀x ∃∃∃∃y Twin(x) ⇒⇒⇒⇒ Twin(y)
Twin(Ashley)

[ (¬¬¬¬T(x), T(F(x)))   (T(A))   (¬¬¬¬T(D)) ]

Twin(Diddy)
Given Prove

(T(F(A)))

(T(F(F(A))))

(T(F(F(F(A)))))

…

∀∀∀∀x Twin(x) ⇒⇒⇒⇒ Twin(F(x)) Skolemization

May not terminate!
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1 9

• S e n t e n c e S :
∀∀∀∀ c i t y C o n n e c t e d ( a , b )• U n i v e r s eC i t i e s : s e a t t l e , t a c o m a , e n u m c l a w• E q u i v a l e n t p r o p o s i t i o n a l f o r m u l a ?
Cst ∧∧∧∧ Cse ∧∧∧∧ Cts ∧∧∧∧ Cte ∧∧∧∧ Ces ∧∧∧∧ Cet

2 0

• S e n t e n c e S :
∃c i t y B i g g e s t ( c )• U n i v e r s eC i t i e s : s e a t t l e , t a c o m a , e n u m c l a w• E q u i v a l e n t p r o p o s i t i o n a l f o r m u l a ?

Bs ∨∨∨∨ Bt ∨∨∨∨ Be
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• U n i v e r s e• C i t i e s : s e a t t l e , t a c o m a , e n u m c l a w• F i r m s : I B M , M i c r o s o f t , B o e i n g• F i r s t � O r d e r f o r m u l a
∀∀∀∀ f i r m ∃∃∃∃ c i t y H e a d Q u a r t e r s ( f , c )• E q u i v a l e n t p r o p o s i t i o n a l f o r m u l a

[ (HQis ∨∨∨∨ HQit ∨∨∨∨ HQie) ∧∧∧∧
(HQms ∨∨∨∨ HQmt ∨∨∨∨ HQme) ∧∧∧∧
(HQbs ∨∨∨∨ HQbt ∨∨∨∨ HQbe) ]

2 2

• Y o u s a i d F O I n f e r e n c e i s s e m i � d e c i d a b l e• B u t y o u c o m p i l e d i t t o S A TW h i c h i s N P C o m p l e t e• S o n o w w e c a n a l w a y s d o t h e i n f e r e n c e ? ! ?( m i g h t t a k e e x p o n e n t i a l t i m e b u t s t i l l d e c i d a b l e ? )
• S o m e t h i n g s e e m s w r o n g h e r e … . ? ? ? ?S o m e t h i n g t o p o n d e r o v e r t h e w e e k e n d …


