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Vva
Subst({v/g}, a)

Vx King(x) A Greedy(x) = Evilx) :Jt

King(John) A Greedy(John) = EvilJohn)
King(Richard) n Greedy(Richard) = Evil Richard)

Sl

King(Father(John)) A Greed(Father(John)) = Evil( Father(John))
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Subst({v/k}, o)

dx Crown(x) A OnHead x,John) :Jt.
Crown(C)) A OnHead C,John)
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Vx King(x) A Greedy(x) = Evil(x)
King(John)

Greedy(John)
Brother(Richard,John)

:ﬁ)‘i(;&ﬁékrw“{dﬁ)rﬂé‘)‘ﬁdﬂ?é}tﬂ‘ﬁﬂ\{

King(John) A Greedy(John) = Evil(John)
King(Richard) A Greedy(Richard) = Evil(Richard)
King(John)

Greedy(John)

Brother(Richard,John)

S ke 6l oyl 8 ol J o cComl sl (g5l (6l 041 5 Lu- KB

King(John), Greedy(John), Evil(John), King(Richard), etc
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Father( Father( Father(John)))
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(asls)) ¢s) 0)1)0 AGEW) @ Juds 03083 (s)bw () 8)1)}9 SN
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ba..u‘_gl,w‘_g\a| ‘Jo&;b\éb}bué\.c}w Lbay e \a&;‘ L. . . .
JJ ? );w ’ 29 s g_,.:’;rbl.w\ ﬂ)uNLo- )‘dbd\jw@
o] vx King(x) A Greedy(x) = Evil(x)
For n=0to o do King(J ohn)
create a propositional KB by instantiating with depth-$n$ terms
see if o is entailed by this KB Vy Greedy(y)
_ Brother(Richard,John)
LBl o Calg (g il 55 Doy geat) b 3 S 58 WL 0L p sl KB ST S
ol Oy ol 40w FOL (sl pl 3kl :08Y9) 2 2 5 K05 55 (6555 B _
2SN I3 S o 5 1 el plikeal BB Al 8 6l 4 sls 3 gm s gl 0, S 6oL sl 055 il gl o)l 5 L Evil(John) « <. el
SIS ol L Ll BB S by 2 oS 2 Ail oo by el &S 08" e 5 Greedy(Richard) wte
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(Unification) ¢sylw olwsy

s King(John) t Greedy(x) 5 King(x) « ¢ 5k « =l 0 Ll il oS P 5.
AT o oy ooy izl o KT el 3s Greedy(y)
0 = {x/John,y/John}
¢ Unify(a,p) =0 if ad = pO

p q 0
Knows(John,x) Knows(John,Jane)
Knows(John,x) Knows(y,0J)
Knows(John,x) Knows(y,Mother(y))
Knows(John,x) Knows(x,0])
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(Unification) s)bw olbwsy

s King(John) t Greedy(x) 5 King(x) « b « e 0 Ll il S P 3.
AT o oy by izl o KT ey 35 Greedy(y)
0 = {x/John,y/John}
*  Unify(a,p) =0 if ad = fO

p q 0
Knows(John,x) Knows(John,Jane) {x/Jane} }
Knows(John,x) Knows(y,0J)
Knows(John,x) Knows(y,Mother(y))
Knows(John,x) Knows(x,0])
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(Unification) ¢sylw oylwsy

5 King(John) \, Greedy(x) 5 King(x) < 5k 4 o2l 0 tile st &K (il S1 ¢
AT o oy ooy ezl o KT el 3s Greedy(y)
0 = {x/John,y/John}
« Unify(a,p) = 0 if 06 = B0

p q 0
Knows(John,x) Knows(John,Jane) {x/Jane}}
Knows(John,x) Knows(y,0J) {x/0Ol,y/John}}
Knows(John,x) Knows(y,Mother(y))
Knows(John,x) Knows(x,0])
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(Unification) (s)bw olbwsy

5 King(John) , Greedy(x) 5 King(x) < 5k 4 puls 0 tile stilr &K oiln 51 ¢
AT o oty by iz o KT ey 35 Greedy(y)
0 = {x/John,y/John}
- Unify(a,p) =0 if 6 = B0

p q 0

Knows(John,x) Knows(John,Jane) {x/Jane}}
Knows(John,x) Knows(y,0J) {x/Ol,y/John}}
Knows(John,x) Knows(y,Mother(y)) {y/John,x/Mother(John)} }
Knows(John,x) Knows(x,0])
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(Unification) ¢sylw olwsy

s King(John) t Greedy(x) 5 King(x) « ¢ 5k « =l 0 Ll il oS P 5.
AT o oy ooy izl o KT el 3s Greedy(y)
0 = {x/John,y/John}

« Unify(a,p) = 0 if 00 = BO

p q 0
Knows(John,x) Knows(John,Jane) {x/Jane} }
Knows(John,x) Knows(y,0J) {x/0J,y/John}}
Knows(John,x) Knows(y,Mother(y)) {y/John,x/Mother(John)} }
Knows(John,x) Knows(x,0J]) {fail}
Knows(z, OJ) S :la ze (5500 55l
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Sw olwsy

3> Knows(y, z) 5 Knows(John, X) ¢ijlv L &, °
b oajls s oy (il

1) 6= {y/John, x/z }

2) 0= {y/John, x/John, z/John}

AL o 033 1 5 (o se e LSS sl 0
A{J..WSJJ‘:sﬁ}(MGU))'L»QL&d;@}J—&J@& .
AL 55
MGU = { y/John, x/z }
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function UNIFY(z, y, #) returns a substitution to make z and y identical
inputs: z, a variable, constant, list, or compound
y, a variable, constant, list, or compound
f, the substitution built up so far

if # = failure then return failure
else if r = y then return ¢
else if VARIABLE?(z) then return UNIFY-VAR(z, y,6)
else if VARIABLE?(y) then return UNIFY-VAR(y, z, )
else if CoMPouUND?(z) and CoMPoUND?(y) then
return UNIFY(ARGS[z], ARGS[y], UNIFY(OP|[z], OP[y], 8))
else if LisT?(z) and LisT?(y) then
return UNIFY(REST[2], REST[y], UNIFY(FIRST[2], FIRST[Y], 8))
else return failure
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S sy e33)e3))

function UNIFY-VAR(var, z,6) returns a substitution
inputs: var, a variable
I, any expression
f, the substitution built up so far

if {var/val} ¢ 6 then return Uniry(val, z, 9)
else if {z/val} € @ then return UNIFY(var, val, 4)
else if OCCUR-CHECK?(var, z) then return failure
else return add {var/z} to @
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Generalized Modus Ponens (GMP)

P15 P25 s P (PIADPLA < AP, =Q)

where p/'6 = p; 6 for all /

qf
p,' is King(John) p; is King(x)
p, is Greedw(y) p, is Greedy(x)
0 is {x/John,y/John} q is Evilx)
q 0 is EvilJohn)

It ¢ 1a3s) e slas S5 51 asls oL L GMP e
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GMP oo

:mmguu%g i
Pi's s Py (DL A oo AD, = q) QO

pi'9=pie :rt*f“liw‘-’l'ﬁé‘j“fdbﬁq
p |=p9 Iﬁ)bUIJa.w}?pwﬁé‘j:rj .

OAAP=9 FOA . AP, = Q0= (D0 A ... AP0 = q)

1
2.
2. p5\% .\, |=p,' Ao AD, |=p1'9 A..AD,O
3. From 1 and 2, g0 follows by ordinary Modus Ponens
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* The law says that it is a crime for an American
to sell weapons to hostile nations. The country
Nono, an enemy of America, has some
missiles, and all of its missiles were sold to it
by Colonel West, who is American.

* Prove that Colonel West is a criminal
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(olsl) Aigad guils o530

... it is a crime for an American to sell weapons to hostile nations:
American(x) A Weapon(y) n Sells(x,y,z) n Hostile(z) = Criminal(x)
Nono ... has some missiles, i.e., 3x Owns(Nono,x) A Missile(x):

Owns(Nono,M1) and Missile(M1)
... all of its missiles were sold to it by Colonel West
Missile(x) A Owns(Nono,x) = Sells(West,x, Nono)
Missiles are weapons:

Missile(x) = Weapon(x)
An enemy of America counts as "hostile®:
Enemy(x,America) = Hostile(x)
West, who is American ...

American(West)
The country Nono, an enemy\0R AWEECDurse - 2006 20




ola @ 9) 2055w E33)e3))

function FOL-FC-Ask(KB, a) returns a substitution or false

repeat until new is empty
new<—{ }
for each sentence rin KB do
(pyA... N py = g) ¢ STANDARDIZE-APART(r)
for each f such that (p1 A ... A pu)f = (p| A ... A p,)0
for some pi,...,p! in KB
q' + SuBsT(6, q)
if ¢’ is not a renaming of a sentence already in KB or new then do
add ¢’ to new
¢+ UNIFY(¢, a)
if @ is not fail then return ¢
add new to KB
return false

ols @ 9) 63w bawgd OL3)

American( West) | | Missile(M1) | IOn'm‘{Nano.MI,II IEnem_u’hbm.Amrim )
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ols 333 3 O30 Q 333 3 O30
A @ §) 035w bawgs O05) oo @ 9) aGENw] buwgs O0o)
Weapon(M1) | [ Sells( West.M1.Nano) @ WeaponM1) | [ Sellst West. M1 Nano) Hostilei Noro)
American( w'esr;| |Mr’s.s‘He{MH | |o;.-nsf.\fa.-za.m;| IEnfm_w;\bm.Awrr'mj Amevican( West) | | Missile(M1) | IOn'ns{Nana.MHI IEnfm_m\bm.Amrr'm )
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function FOL-BC-Ask(KB, goals, §) returns a set of substitutions ST
inputs: KB, a knowledge base
goals, a list of conjuncts forming a query
f, the current substitution, initially the empty substitution { }
local variables: ans, a set of substitutions, initially empty
if goals is empty then return {6}
¢+ SussT(f, FIrsT(goals))
for each rin KB where STANDARDIZE-APART(r) = (p; A ... A py = q)
and @' < UNIFY(q, ¢') succeeds
ans ¢+ FOL-BC-ASK(KB, [p1, . . ., pa|REST(goals)], CoMPOSE(6, #')) U ans
return ans
SUBST(COMPOSE(81, 62), p) = SUBST(62, SUBST(61, p))
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Qbe @ g) aG5w) JOs

{x/West]

Criminall West)

Americanx)

| Weapon(v) | |SEH.5‘{.\’.}‘.ZJ |

Qbe @ g) bW Jls

{x/West]

Criminali West)

| American Wesr) |

Ll

| Weapon( y) | ISEHS‘(.\’._F.ZJ
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Qde @ g) aG5w) JOs Qbe @ g) bW Jls
pomest —
IAmeric'ma{ Wesr) | | Weapon{ v) | |SeH.s\,f.\’,_1;,z,l |Am\err’cma{ Wesr) | | Weapon v) | ISeHst’.\:_v‘z)
L1 I}

Missile(v) Missile(v)
[ yoml}
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Qbe @ g) aG5w) JOs

{x/West, wMl, z/Nona

Criminall West)

[Americanywesr) | | Weaponiy) | [ seliswestmiz) |
L} | #Nono |

| Missile(v) ||Missifewr ) | IOu‘ns{;\‘ono.MUI

Qbe @ g) bW Jls

{x/West, wMI, zNona |

Criminali West)

[American(Wes) | | Weapon(y) | [ settsiwestmiz) | Hostile{ Noro )

Ll | #Nana |

| Missile(v) ||Missife{MU | |Ou‘ns(1'\'ono,MU| |Emm}‘{Nano,Americ‘n)

[ wMi} [ i} [} L} L}
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» Algorithm = Logic + Control

S ! c.)j'.“f sk 4 =0y s ST L bjiip ' 50!

(LAJSML{V.?Q:J«Jojjﬁ)b)@|cﬁoém~‘cﬁ:\jjb:})‘
las ST, 5 gl as gomma = aali

=>J§1J.é

head :- literal,, ... literal,

Jle @
criminal(X) :- american(X), weapon(Y), sells(X,Y,Z), hostile(2).
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Soelop Sluogns

@‘)Qﬁj\jd&&—d)‘c@et{j)cw.w‘
XisY *Z+3 3 ol Slabows gl ols Shas

(s 5 83955 V) Sl o)lse b pladis
(s Ol 6 a5 s Y) s G5 [ 5 @
O:..Z\:L::JL':A —

alive(X) :- not dead(X).
5,5 S not dead(Joe) $1s55 s 59 4e alive(Joe)
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A o G 5 (s Sos S (sl 4 e S 05 S LS
(Append J«s)

append([1.Y,Y).

append([X|L1,Y,[X]1Z]1) :- append(L,Y,Z).

S5 ®
append(A,B,[1,2]) ?
“La C"“L.'. P
A=[1 B=[1,2]
A=[1] B=[2]
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A=I1_21 B=I1l

ol :)u0elg))
ol 4 e shie 55 o 4des, @
liVVl];, mlvvmn

GV vilbyvE v v vym v m

oV e m)B

Unify(l;, —m;) = 6 5

S e Jols oS 6l 65 4 Ll e 3 Ikl 3 S5 534S 558 o S p
REET

:d\:; U

—Rich(x) v Unhappy(x)
Rich(Ken)
Unhappy( Ken)
with 0 = {X/Kel’l} N. Razavi- Al course - 2006 39
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CNF a3 Jass3

* Everyone who loves all animals is loved by someone:
VX [Vy Animaly) = Loves(x,y)] = [Jy Loves(y,x)]

1. Eliminate biconditionals and implications

VX [-Vy =mAnimaly) v Loves(x,y)] v [Jy Loves(y,x)]

* 2. Move — inwards: =VX p = 3x —p, — Ix p = VX
—p

Vx [y ~(=Animaly).y Lovesx )l v [Ty Loves(y,x)]
VX [y =—Animaly) A —~Loves(x,y)] v [y Loves(y,x)]




W

oW

(asls)) CNF a3 Jasss

Standardize variables: each quantifier should use a different one

Vx [3y Animaly) A —Loves(x,y)] v [3z Loves(zx)]

Skolemize: a more general form of existential instantiation.

Each existential variable is replaced by a Skolem function of the enclosing
universally quantified variables:

Vx [Animal K x)) A = Loves(x,F(x))] v Loves(((x),x)

Drop universal quantifiers:

[Animal K x)) A —Loves(x,Hx))] v Loves((Xx),x)
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Distribute v over A :

J0ls :0ig)g)) alawgy GG

S American(x) v - Weapon(yl v - Sellsix.v.z) v - Hostile(z) v Criminal{x) |

| American Wesr)

T Americani Wesr) v T Weapor| ) v 1 Sells(Westy.z)

| = Criminal{ West) ‘

v 71 Hosrile(z)

| — Missile(x) Wcuponr.w| | - Weaponiy) v - SellsiWesty.z) v — Hostileiz)

Missilel M1 ) — Missile(y) v - Sells{ Westv.z) v - Hestiledz)

- Missilefx) v — Owns{Nono,x) v SellsfWest.x, Nono) | - Sells{ West,M1,z) v - Hostile(z)

Y |

MissileiM1 ) = Missile{M1)} v — Owns{NonoMI) v - Hestile{Nono)

Ownsi Noro, M 1) — OwnsiNono,M1) v = Hestile(Noro)

‘ - Enemy{x.America) v Hostile(x) | =1 Hostile{ Noro ) |

Enemy(Nana, America)

Enemy Nono,America ) |
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