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Chapter 9
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« —fif{bcn=BE X (Modus Ponens)

» BIMIEEGH

» BRAOMSEH

- A& (Resolution)
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¢« EMREFICEDXDAVAZ ZLIEILLT D EHEIZEKY
FESNTOWSREEDERVEERIAGITHLT

Vv a
Subst({v/g}, a)

« f5l: ¥x King(x) A Greedy(x) = EVvil(x) yields:
King(John) A Greedy(John) = Evil(John)
King(Richard) n Greedy(Richard) = Evil(Richard)
King(Father(John)) n Greedy(Father(John)) = Evil(Father(John))



FEREFDAREZRL

» For any sentence EE D Xal X HvERMBN—R
DECITHHENTNVEBRD L URILKIZH L T:

dva
Subst({v/k}, a)

* E.g., 3x Crown(x) A OnHead(x,John) yields:

Crown(C,) A OnHead(C,,John)
C, NHLLWEHDLURILELTEAZINDS, TN

[ZFRa—L L (Skolem) TE & LE

HEN S




HBAR—ZANRDOXEITEFH->TNDET S
Vx King(x) A Greedy(x) = Evil(x)
King(John)

Greedy(John)
Brother(Richard,John)

ETCOAREAETEMREFDAVARAZIVRALET HE:
King(John) A Greedy(John) = Evil(John)
King(Richard) A Greedy(Richard) = Evil(Richard)
King(John)
Greedy(John)
Brother(Richard,John)

o FLLRIEBAN—X(EamdEmELSNnT-: m@RETOIURILIE
King(John), Greedy(John), Evil(John), King(Richard), etc.



Af] LE_AI::/\O)EJTE

Ba J_nn ERIETOHMBEARN—XRIELFE N (entailment) dpRE
RIBICIZETTT A ENTES

 (EREATLOIEBA—RIZE>TEREEDNTNDE

L%?%:)’D%O)&%IZBE"L FTLDIBA—RI[ZE>THE=NT
\

« BAT: MBA—RALEMZomERELEL. REZIGHAL.

faRZEIRT

- [HRE: BB URILDEE | BRICI(SADERIBENTEFHE

EEC
— {5 : Father(Father(Father(John)))
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gﬁm

AN w

E: Herbrand (1930). Kab\—ﬁauanuﬂﬁifﬁwiﬂn’ﬂz’\—xl FOTHES
NTWSHEE, TN EREBIE SN THEBA—ADEEDEEIZELD
TEWEEDNS

#ZZH:Forn=0to oo do
create a propositional KB by instantiating with depth-n terms
see if a is entailed by this KB

RE: aNMFESNTHEEIIHAEET S, EOTRVNEZFIL—TE4ES

FE I Turing (1936), Church (1936) — &b R IE CDHEEILFRERT
%é(algorlthms exist that say yes to every entailed sentence, but no
algorithm exists that also says no to every nonentailed sentence. )
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ED[E =

ML I KCADBERGEVWXZERTHEIICRAS

E.g., from:
vx King(x) A Greedy(x) = Evil(x)
King(John)
vy Greedy(y)
Brother(Richard,John)

Ev:l John%liﬁﬁlﬁﬁf&’)é Z DN Aﬁ AR IRt (X Greedy(Richard) M
IR BRGEREF-(SAEAET

PEDKEBDBREBENERDIGEp N EDAREANEET S.
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« King(x)&Greedy(x)&King(John)&Greedy(y)IZ— 9 HELVSE RO
R e e e A

0 = {x/John,y/John} works

« Unify(a,p) =0 if a® = 6
p q 6
Knows(John,x) | Knows(John,Jane)
Knows(John,x)| Knows(y,OJ)
Knows(John,x) | Knows(y,Mother(y))
Knows(John,x) | Knows(x,0J)

BREASIN-AMEIEBDELZYZHETES, Hl: Knows(z,,,0J)
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« King(x)&Greedy(x)&King(John)&Greedy(y)IZ—E T S LI E O
RHEAG0ICICHERT HENTED

0 = {x/John,y/John} works

* Unify(a,)=0ifaB =30
p q S
Knows(John,x) | Knows(John,Jane) {x/Jane}}
Knows(John,x)| Knows(y,OJ)
Knows(John,x) | Knows(y,Mother(y))
Knows(John,x) | Knows(x,0J)

BREALSNT-AMEEBRDELGYZIEETES, fHl: Knows(z,,,0J)



« King(x)&Greedy(x)&King(John)&Greedy(y)IZ—E T S LI E O
RHEAGLTCICHRIT LN TED
0 = {x/John,y/John} works

. Unify(a,B) = 0 if ad = B8

P q S
Knows(John,x) | Knows(John,Jane) {x/Jane}}
Knows(John,x) | Knows(y,OJ) {x/OJ,y/John}}
Knows(John,x) | Knows(y,Mother(y))

Knows(John,x) | Knows(x,0J)

BREAESN=REIEBDOERYEFEETSES, Hl: Knows(z,,,0J)



«  King(x)&Greedy(x) & King(John)&Greedy(y)|Z2—E 9 5 LV E#ROM
REEAGLTCICHRT AENTED
0 = {x/John,y/John} works

. Unify(a,B) = 0 if ad = B8

P q 0

Knows(John,x) | Knows(John,Jane) {x/Jane}}
Knows(John,x) | Knows(y,OJ) {x/OJ,y/John}}
Knows(John,x) | Knows(y,Mother(y)) {y/John,x/Mother(John)}}
Knows(John,x) | Knows(x,0J)

o BREAINEANDEIEBDERYZEFETSES, Hl: Knows(z,,,0J)



«  King(x)&Greedy(x) & King(John)&Greedy(y)|Z2—E 9 5 LV E#ROM
REEAGLTCICHRT AENTED
0 = {x/John,y/John} works

. Unify(a,B) = 0 if ad = B8

P q 0

Knows(John,x) | Knows(John,Jane) {x/Jane}}
Knows(John,x) | Knows(y,OJ) {x/OJ,y/John}}
Knows(John,x) | Knows(y,Mother(y)) {y/John,x/Mother(John)}}
Knows(John,x) | Knows(x,0J) {fail}

o BREAINEANDEIEBDERYZEFETSES, Hl: Knows(z,,,0J)



H—1k

Knows(John,x)&EKnows(y,z) B —1it 3 5 &
8 = {y/John, x/z } &AL & 6 = {y/John, x/John, z/John}

UIDE—LF2HFB ELUARDELYNLHATHS
HONRAGE—ENHL. ENIETERDEBRIZTE

Z5LTC—BHTHS
MGU = {y/John, x/z }
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function UNIFY(z, y, #) returns a substitution to make x and y identical
inputs: z, a variable, constant, list, or compound
y, a variable, constant, list, or compound
A, the substitution built up so far

if f = failure then return failure
else if = y then return ¢
else if VARIABLE?(z) then return UNIFY-VAR(z, y, /)
else if VARIABLE?(y) then return UNiry-VaRr(y, z,6)
else if ComPouND?(z) and CoMPOUND?(y) then
return UNIFY(ARGS[z], ARGS[y], UNIFY(OP[z], OP[1], #))
else if LisT?(z) and LisT?(y) then
return UNIFY(REST[z], REST[y], UNIFY(FIRST[2], FIRST[Y], €))
else return failure




BH—{tO7)Ld)X L

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

if {var/val} € 6 then return UNIFY(val, z,6)
else if {z/val} € # then return UNIFY(var, val, 8)
else if OCCUR-CHECK?(var, z) then return failure
else return add {var/z} to




—fgie=n -5 F =X ( Modus

Ponens)
P1, P2y -y Py (P1AP2A - APy =0)  \yhere p'6 = p, 8 for all i
o[S]
P, is King(John) P, is King(x)
p,' is Greedy(y) p,is Greedy(x)

0 is {x/John,y/John} q is Evil(x)
q O is Evil(John)

HEEE(BEMNR)TIILIZVEDE T Y TREN-HMBRA—IXTEHLA
H—iBitEshi-8E& X

ETDEHIIEMREFESND



—fRIESN-EEADEEH

STDITHLTp'O = pOEd I, RAFEYT D EXEERT S
BENHS

Pty Pay (Pr A o AP, =Q) F OB

HWEHEE: FEOXPIHLTCTEMBEFDARAF RIS
KYUp | poTHS

1. (P1A AP, =0Q) F(P1A...AP,=Qq)0=(pOA ... APB=qB)

2. Py P FP{ A AP, FPOA ... AP,
3. 1&2h5, g0 [TBEEDEEXNLGENMNDS



{5 : ZNFEEASA—X

C FAUH NP BEICREEELCEFNRETHDE AR TH

TF N TS, BIENonoMI G AILEFHE >TSS, FDOET
MFZ AYHANTHABColonel WestlZE->THRLNF-EDTH
%,

e Col. WesthhMILFEBTHALH_LFIAE &



{5 - KNFEEAN—X

... itis a crime for an American to sell weapons to hostile nations:
American(x) n Weapon(y) A Sells(x,y,z) A Hostile(z) = Criminal(x)

Nono ... has some missiles, i.e., 3x Owns(Nono,x) A Missile(x):
Owns(Nono,M,) and Missile(M.)

... 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 of America ...
Enemy(Nono,America)



HIREEEDT7ILT) X L

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

repeat until new is empty
new <+ { }
for each sentence rin KB do
(pyA...A pp = ¢)4 STANDARDIZE-APART(T)
for each # such that (py A ... A p, )8 = (p1 A ... A p,)0
for some pi,...,p, in KB
q' + SuBsT(#, q)
if ¢’ is not a renaming of a sentence already in KB or new then do
add ¢' to new
¢+ UNIFY(q', @)
if ¢ is not fail then return ¢
add new to KB
return false
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¢ '/\

D,

American( Wesr) Missile(M 1) Owns{ Norno, M1 ) Enemw Nono. America )




HIE S &EH IEBA

¢ '/\

D,

WeaponM 1) Sells{ West,M I Nono) Hostile{ Nono )

American( Wesr) Missile(M 1) Owns{ Norno, M1 ) Enemw Nono. America )




v

BT F] & & 5H T ORIEEA

Criminali West)

WeaponM 1) Sells{ West,M I Nono) Hostile{ Nono )

American( Wesr) Missile(M 1) Owns{ Norno, M1 ) Enemw Nono. America )




HIEESEEHDER

— R EREDHEEES XEETREETHD

Datalog = —[&ahEE IR DFETE B+ B

AR = 1E EH (31

T9%

R D #2Y) R L TDatalogl =%t L TH#&

a MEESNTNENES—BIIISKR T LEL D E

L7y

NIEE T FESNTOEEERITFRE

HITH D




HIF S EHO 33

85y ORTEEEE: ATRARYIRLK-1TMA b
FTh(X. 2V RLKTIL—ILIZ—ET B EIL ALY
= BHRDF=I[CMAGN =B EDTIILEEATLINIE,

FNEFNDIL—ILIZ—ET 5

—BTnBEIEE<DK:
Database indexingT—2~N—XD ATy X 140
LN TLWAEEONDRERZTIMNELT S

— e.g., query Missile(x) retrieves Missile(M.,)

RIAEEHITEEN T —IN—ATL{EHLN TS




R 27— B DB

Diff(wa,nt) A Diff(wa,sa) A Diff(nt,q) ~
Diff(nt,sa) A Diff(q,nsw) A Diff(q,sa) ~
Diff(nsw,v) A Diff(nsw,sa) A Diff(v,sa) =

O—c
@" Colorable()

Diff(Red,Blue)  Diff (Red,Green)
Diff(Green,Red) Diff(Green,Blue)
Diff(Blue,Red) Diff(Blue,Green)

O,

. Colorable() XHESR SN DEEHDFDEZIZRYHI
FIFE R EIRE (j:ﬁq:é‘ﬁ?

« Hil#9FE 2 [ R85 Al 7515 5 3SAT (338 & Rl Re T F
ERIRE)ZzBATLAHNDT NPHEETHS
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function FOL-BC-ASk( KB, goals, f) returns a set of substitutions
inputs: KB, a knowledge base
goals, a list of conjuncts forming a query
6, the current substitution, initially the empty substitution { }
local variables: ans, a set of substitutions, initially empty

if goals is empty then return {6}
¢’ < SuBsT(6, FIRST(goals))
for each rin KB where STANDARDIZE-APART(r) = (py A ... A pp = q)
and 6’ <~ UNIFY(gq, ¢') succeeds
ans +— FOL-BC-ASK(KB, [p1, - - ., po|REST(g0als)], CoMPOSE(6, #')) U ans

returmn ans

SUBST(COMPOSE(8,, 8,), p) = SUBST(S,,
SUBST(8;, p))
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Criminalf West)



RIAIEEH

Criminalf Wesr)

D5

{xWest]

Americamn x)

Weapon v)

Sells(x,v.z)

Hostilel z)




RIAIEEH

Criminalf Wesr)

D5

{xWest]

American Wesr)

Weapon v)

Sells(x,v.z)

L

Hostilel z)




RIAIEEH

Criminalf Wesr)

D5

{xWest]

American Wesr)

Weapon v)

Sells(x,v.z)

L

Missile(v)

Hostilel z)




RIAIEEH

Criminalf Wesr)

D5

(x/West, wMl |

American Wesr)

Weapon v)

Sells(x,v.z)

Hostilel z)

L

Missile(v)

| wMl|
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Criminalf Wesr)

{x/West, wMI, z/Nono [

Hostilel z)

American West) Weapon( v) Sells{West M1 ,z)
¥ [ Nono |
Missile(v) || MissilefM1) | | Owns{Nono, M1 )

| wMl|




RIS EHD B

{x/West, wMI, z/Nono [

Criminalf Wesr)

American West) Weapon( v) Sells{West M1 ,z) Hostile{ Norno )
¥ [ Nono |
Missite(v) || MissilefM1) | | Owns{Nono, M1 ) | | EnentyNono, America)
| wMi} L] L) L)




RIS EHD B

{x/West, wMI, z/Nono [

Criminalf Wesr)

American West) Weapon( v) Sells{West M1 ,z) Hostile{ Norno )
¥ [ Nono |
Missite(v) || MissilefM1) | | Owns{Nono, M1 ) | | EnentyNono, America)
| wMi} L] L) L)




RESEHEDHEE

FSE S BIRIAAEER: ZEMILFERAD KESITHR

ﬁ/’c B

EEIL—TD-OFTE

— = AV EDETHOIT—ILIZHLTREDIT—ILEHA
ANIEZESTELLEDS

R)IREINDEHDT—ILDT=HIEZNE (both

success and failure)

— = HIDHEBRZZHBELTHRLIETEL TGS (R
Z°FA)

im0 S LTLL{EHLNTLS




RIEA T 05 5 L Prolog

« Algorithm = Logic + Control

« Basis: backward chaining with Horn clauses + bells & whistles
Widely used in Europe, Japan (basis of 5th Generation project)
Compilation techniques = 60 million LIPS

* Program = set of clauses = head :- literal,, .. literal,.
criminal (X) :- american(X), weapon(Y), sells(X,Y,Z), hostile(2).

» Depth-first, left-to-right backward chaining

« Built-in predicates for arithmetic etc., e.g., X is Y*Z+3

« Built-in predicates that have side effects (e.g., input and output
« predicates, assert/retract predicates)

* Closed-world assumption ("negation as failure")
— e.g., given alive (X) :- not dead(X).
— alive (joe) succeeds if dead (joe) fails



Prolog

* Appending two lists to produce a third:
append ([],Y,Y) .

append ([X|L],Y, [X|Z]) :- append(L,Y,Z).
* query: append (A,B, [1,2]) ?
* answers: A=1] B=[1, 2]
A=[1] B=[2]
A=[1,2] B=[]



RS EEEED

—FE R EE AR
A AV PRV WAV VR (RVELAVE PRV RV W -

ZZ T Uni fy(f, —m) = 6.

“ODEIFBEESNT=RET D, W-T BRITEALTLVEL
1
—Rich(x) v Unhappy(x)
Rich(Ken)
Unhappy(Ken)

0 = {x/Ken}T&HH

EE ERMKB A —0)ICREDRATYTZEIGT 5, — ik EamIE %
LTIEXZEETHD
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* Everyone who loves all animals is loved by
someone:

VX [Vy Animal(y) = Loves(x,y)] = [3y Loves(y,x)]

c 1. BAfESEEESTHET S
VX [-Vy —Animal(y) v Loves(x,y)] v [3y Loves(y,X)]

¢ 2. - FRIZHEEFT S —Vxp = Ix—p, - IXp =
VX —p
VX [3y —(—Animal(y) v Loves(x,y))] v [3y Loves(y,X)]
VX [3y ——Animal(y) n —Loves(x,y)] v [3y Loves(y,x)]
vx [y Animal(y) A —Loves(x,y)] v [3y Loves(y,X)]




3.

4.

EE IERREADRE L

ZELEINER TN TNDREEFIEIRGLHLDEFERT S
Vvx [3y Animal(y) A —Loves(x,y)] v [3z Loves(z,x)]

Aa—L Lt BFEREFDA R ZETO XY —iREILERH
é%ﬂ%%%%%%ﬁl'@i&é«hf:x:—pAI%EI%&l:otofﬁEBEE%OD%%ﬁz’éﬁ
A

VX [Animal(F(x)) n —Loves(x,F(x))] v Loves(G(x),x)

EMREFZEHET:
[Animal(F(x)) A —Loves(x,F(x))] v Loves(G(x),x)

v DRI A ZDELT B
[Animal(F(x)) v Loves(G(x),x)] A [-Loves(x,F(x)) v Loves(G(x),x)]



AR S ICkAELRA: MEEER

1 Americam x) v 0 Weapariy) v o Sellsix ey v o Hosrile(z) v Criminal(x) | |—| Criminalf Ir1r"f.5'f,.l|

— e P

American West) | 1 American( West) v 1 Weapon(v) v 1 Sells{Westy,z) v 7 Hostile(z)

—__-—\_\_-—_—__-—\_\—-__

-1 Missile(x) v Weapon(x) -1 Weapon(v) v SellsfWest.y,z) v — Hosrile(z)

__-—\_\_-—\_\_-—\_\—-——_

Missilae{ M1 ) - Missile(y) v - Sells{ West,v,z) v — Hostile(z)

1‘\—‘—‘—‘—_

— Missileix) v — Owns{Nomo.x) v Sells{West.x Nono ) -1 Sellsi West.M1,z) v — Hostile(z)

e M |

| Missile/M 1 ) | - Missile(M 1) v o OunsiNoro M) v — Hosnlei Noro)

4

l Chwis Momo, M1 ) = CwisiNomo M1) v — Hostilei Noro)

- 7

- Enemwx.America) W Hosrile(x) -1 Hostilel Noro ) |

Eremiw Nono, Arierica) TERemW Nono,America ) |

=] ==

E)TIIINELEIE—DETEH

il
=



