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A BRIEF HISTORY OF REASONING

450B.C. Stoics propositional logic, inference (maybe)
322B.C. Aristotle “syllogisms” (inference rules), quantifiers
1565 Cardano probability theory (propositional logic + uncertainty)
1847 Boole propositional logic (again)
1879 Frege first-order logic
. 1922 Wittgenstein  proof by truth tables
B 1930 Godel 4 complete algorithm for FOL
- 1930 Herbrand complete algorithm for FOL (reduce to propositional)
g 1931 Godel —d complete algorithm for arithmetic
8 1960 Davis/Putnam “practical” algorithm for propositional logic
E 1965 Robinson “practical” algorithm for FOL—resolution
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UNIVERSAL INSTANTIATION (UI)
- 3 - ~ -~ ~ ~ ww Gjudw.
g g al Sl O 516 o sae 5 gue (stlon S (55l g3 A Universal instantiation
(UI)

Vv «a
SuBsT({v/g}, )

for any variable v and ground term g
Eg., Vo King(x) A Greedy(x) = Fvil(x) yields

King(John) N\ Greedy(John) = FEwvil(John)
King(Richard) A Greedy(Richard) = FEwvil( Richard)
King(Father(John)) A Greedy(Father(John)) = FEuwvil(Father(John))
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GROUND FACT
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(w018 s maa Lacsl Lis) Ground Fact

King(John), Greedy(John), Evil(John), King(Richard)
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EXISTENTIAL INSTANTIATION (EI)

.J‘J J‘JB LSJLAA.:\‘ g:.\.:\lz JLQ:J 553 C)‘\ﬁw (5999 )9 :..”N; o (Sl%“-,‘ Gdﬁj (SJLU-“\;‘}QA

- Existential instantiation
(p9Suul eU5) (ED

For any sentence «, variable v, and constant symbol &
that does not appear elsewhere in the knowledge base:

dv «
SuBsT({v/k}, )

E.g., o Crown(xz) N OnHead(x, John) yields

Crown(Cy) N OnHead(Cy, John)

provided ('} is a new constant symbol, called a Skolem constant
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SKOLEMIZATION: SKOLEM CONSTANT

P e

oS0 U3 (s s e S slas S B
Skolem Constant

E.g., do Crown(xz) AN OnHead(xz, John) yields

Crown(Cy) AN OnHead(Cy, John)
provided (| is a new constant symbol, called a Skolem constant
Another example: from Ju d(2")/dy = " we obtain

d(e") /dy = e

provided ¢ is a new constant symbol
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SKOLEMIZATION: SKOLEM FUNCTION
S 0 OIB (53529 L Rt S glads € o Sl s
(9018 LIS (oo sae 5 guu sadie Ws (58595 L3 (5392 L eiie S (5l s0) Skolem Function

Jx Vy dz Vw Vo du ---

v/C 2/ F(y) u [ Gy, w,v)
Sl s al sl s Al sl ol
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INSTANTIATION
$992 9 Bolwds gan (50948 (§ jluwdd gad
Existential instantiation Universal instantiation
(EI) (UI)

o A8 KB 8k 5 laa was KB el L8 KB 8k 5 ,las was KB
Slew) pils ) was KB
sl pibs )l LS KB
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PROPOSITIONALIZATION

OSas slaol ) (sdad b oo gac 5 gun (sla juitie gdad (g Hlwds gad

s lugsle s
Propositionalization
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PROPOSITIONALIZATION

il o) oles syls bis KBS 0 (258

Vo King(z) A Greedy(x) = Ewvil(x)
King(John)

Greedy(John)

Brother(Richard, John)

:‘sf‘)b (SJL.H(S‘QJ‘JS)‘J&AA(_SL&Q‘J(S‘\-A.AL&‘J_AJA.C(S‘LLAA(SJLJJMJAJL

(
King(John) A Greedy(John) = FEwvil(John)
King(Richard) A Greedy(Richard) = FEvil(Richard)
King(John)
Greedy(John)
Brother(Richard, John)

5l aii s lae gl LlS slaokal fonal sudd (s jluslo I )8 wsaa KB
King(John), Greedy(John), Evil(John), King(Richard)
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PROPOSITIONALIZATION

3 oo ploliwl waa KB gabiw s (ground) Jue)y sides S5 ileul
S s g S

S 10 K 0 g (g5 lusle )18 Wl g3 oo J s 403 so 3haie KB ya :leyl

aslsusa g Sued a s culgs o ol slaslal s ga o bt dsiue
Father(John)

Father(Father(John))
Father(Father(Father(John)))
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Turing & Chruch (1936)
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PROPOSITIONALIZATION

S e 55 b g els (gtlens (50l Sl slasS (g jLugle 1 S

o) el @ lie Lo lus g Hluds gad alaad candily iy cnl olad 11 5 (B—K J gene P S

p-nF

tenl 3as Sl g Lo gl B slaslad s s 5 L
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PROPOSITIONALIZATION

S e 55 b g els (gtlens (50l Sl slasS (g jLugle 1 S

3 eJbie sl

Ve King(x) A Greedy(x) = FEvil(x)
King(John)

Vy Greedy(y)

Brother(Richard, John)

cEvil( John) « coul s
Greedy( Richard) suls cuasls ol shaw slaad g 5lals, K Ll
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S obwluss
UNIFICATION
S GOS0 oobe 5o slasuate gl sl S Sl lusss
5l s sl ga (] Unification

UNIFY(a, 3) = 0 if af =36

LS el i 1 s 5lusle 1S 6 Bl (s B Kl (g5l el

LSS Sl LaeuB L La yuite (Ses sla B «S el T (most general unifier) Jlapluuss O P (g0 9o
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UNIFICATION
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function UNIFY(z, y,0) returns a substitution to make = and y identical
inputs: z, a variable, constant, list, or compound expression
Yy, a variable, constant, list, or compound expression
0, the substitution built up so far (optional, defaults to empty)

if 0 = failure then return failure
else if x = y then return 0
else if VARIABLE?(z) then return UNIFY-VAR(z, y, /)
else if VARTABLE?(y) then return UNIFY-VAR(y, z,0)
else if COMPOUND?(z) and COMPOUND?(y) then
return UNIFY(z.ARGS, y.ARGS, UNIFY(z.0OP, y.OP, #))
else if LIST?(z) and L1ST?(y) then
return UNIFY(2.REST, y.REST, UNIFY(z.FIRST, y.FIRST, #))
else return failure

function UNIFY-VAR(var, z, @) returns a substitution

if {var/val} € 6 then return UNIFY(val, z,6)
else if {x/val} € 6 then return UNIFY (var, val,0)
else if OCCUR-CHECK?(var, r) then return failure
else return add {var/z} to ¢
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\ Jbise
UNIFICATION

We can get the inference immediately if we can find a substitution ¢
such that King(x) and Greedy(z) match King(John) and Greedy(y)

0 = {x/John,y/John} works
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UNIFICATION
p q 0
Knows(John, x)| Knows(John, Jane) |{z/Jane}
Knows(John, x)| Knows(y, OJ) {z/OJ,y/John}
Knows(John, x)| Knows(y, Mother(y))|{y/John, x/Mother(John)}
Knows(John, x)| Knows(x,O.J) fail

p—
’”’;ﬁb/

Standardizing apart eliminates overlap of variables, e.g., Knows(z7, O.J)
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UNIFICATION: FAILURE

‘SJLUJ‘)LU.&;S oo CaraS

o2aie G151 (B L site S (Sl b o Slug sy s oplie enlbl eulb S s5lup sy
{z ) F(z)} {C / D}
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STANDARDIZING APART

s bwlan b (5 3k yhuilisd

e sladalin b [ su 58 (sl ite (s IS0 >
Standardizing apart
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GENERALIZED MODUS PONENS (GMP)

pl, P, ., o), DIADRIA.. AP, =q)

where p;'0 = p;0 for all i
qt

(e 1o S 880 (e (5La ) 938 sLa KB L sulisal s

oo oo b Lasudie (sdan 1 (2 8 L
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GENERALIZED MODUS PONENS (GMP)

v, Do, ..., D, Apa A ... \p, = ,

s Py (PLAD i 9) where p;'0) = p,0 for all i
qt

pi’is King(John) p1is King(x)

P is Greedy(y) po is Greedy(x)

0 is {x/John,y/John} qis Evil(x)
q0 is Evil(John)
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Py P8y vovs Py LADIA ... ADy = 1)
qt

where p;'0 = p,0 for all i

“Generalized Modus Ponens (GMP)” «‘Cél:\HAﬂ ‘é_;il..\f\lw‘ oulad) zlhaiwl Jlgy sl

C.’.\:s.oLaS (8 92 e

Completeness Soundness
A3 guls (Fidie Caw ya (sladdan (sdan il S yo oads Gidis (sddan 42

(Definite Clause) (paao 55 a 38 4 o Mea (513 L33 .

-l palgasaaalidadt fuae sla) S Lallinl ©
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DEFINITE CLAUSE

Ladlid flad S 5 o suo 4 slalan

alas

Sentence

J9s

A

-AvBv(CV-D

calle JI0 SO SiSlaa b 6508 <
_ AV BV -C
E —AV-C
= cutie JIind Sl b 5508 <
§ AV BV -C
’ -~AV B
3 D
E
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Clause

g s

Horn Clause

Oz H9)s
Definite Clause
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DATALOG

(e S S m 1 3535) G058 5 9IS a5d 0 o Yea L KB

A

A

(e P T8 L 538) Crame 5 9US o 58 0 o Mea L KB

A

B8+ ere 59 a8 M L KB
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GENERALIZED MODUS PONENS (GMP)

Need to show that
P15 woes Prs D1 Bsss APr=> ) =4l
provided that p;/0 = p;0 for all i
Lemma: For any definite clause p, we have p = pf by Ul
L. (g Mo Bl = q) E [0 Aabopy =S gif=(pmB A ... Apsl =5 g
2. Pi's vy Pp BDL Bvre Al EPO N s ADnE

3. From 1 and 2, ¢0 follows by ordinary Modus Ponens
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Model Checking

gLl usl o8 (5 yuS ylsaa

Application of inference rules

Lo ol ) pamie wsua Sidlaa wal g5

o $5lwe yaa )y
HF =
n Forward Chaining
Gen, oo sl
11:/[ CaTs Backward Chaining
onens
CNF G939
Resolution
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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 Col. West is a criminal

145 W98 e odie WYL 63l
g, 7w o Bl (ol yguiS 4y aS ] ﬁ)-?':i’..(;-i‘ S50l S sl
co)lo u_iﬂ:yc Lgd‘d.su cli:;o' Wo «_i.: «Nono )9m5
ol 0l WSJB Q:A.AAJS &.Q).w h.cg.: UT LgLQ&S.wQA G2 g
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Jol 4850 Bl o 2 les a5 1B

g s £ oo (Lo y9tS a4 Sl o2 S ol (Sl Sl
American(z)A\Weapon(y)A\Sells(x,y, z)NHostile(z) = Criminal(x)
1,10 Sdge golasi o gigi . Fur Owns(Nono, x) A Missile(x):
Owns(Nono, M) and Missile( M)
ol 00l AB g 18 g Sty g )] sl Siige gden ...
Vo Missile(x) N Owns(Nono,x) = Sells(West,z, Nono)
Missiles are weapons: aiis =M o Siige
Missile(x) = Weapon(x)
An enemy of America counts as “hostile”: 5sd o 08 ol (peolBien 1S ol (pesd
Enemy(x, America) = Hostile(x)
West, who is American ... ... cool oSG 0l (g
American(West)
The country Nono, an enemy of America ... ... 0l ods S igigs HgiS
Enemy(Nono, America)

L/

2 }(i/
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FORWARD CHAINING

TN

° - Y .Lw AR
aiS l8 y cal oy Ls ) huslapads &5 KB o ossls a IV GORAOLT=Y
99 sy 929 (yu e Bud 4l 5 wais adldl KB as |y o (saaais g Forward Chaining
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FORWARD CHAINING ALGORITHM
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function FOL-FC-ASk(KB, ) returns a substitution or false

repeat until new is empty
new <« { }
for each sentence 7 in KB do
(p1A...A p, = q)< STANDARDIZE-APART(7)
for each 6 such that (p; A ... A p,)8 = (py A ... A pl)b
for some p!,...,p, in KB
q' — SuBsT(0, q)
if ¢ is not a renaming of a sentence already in KB or new then do
add ¢’ to new
¢ — UNIFY(¢', @)
if ¢ is not fail then return ¢
add new to KB

return false
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American(West)

Missile(M1)

(YY) JGe

| Owns(Nono,M1) |

| Enemy(Nono,America) |
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Weapon(M1) | Sells(West,M1,Nono) | Hostile(Nono)

American(West) Missile(M1) | Owns(Nono,M1 ) | | Enemy(Nono,America) |
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| Criminal(West) |

Weapon(M1) | Sells(West,M1,Nono) | Hostile(Nono)

American(West) Missile(M1) | Owns(Nono,M1 ) | | Enemy(Nono,America) |
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PROPERTIES OF FORWARD CHAINING

“\"l:'w 4ailA (5‘4.‘.4;..\.}% (SL&J‘JSS Slaas oo ‘SJMS:M (5‘)4
(paohs Dl p - F 3Slua & gilis )

b e 4SlA sl al il o S
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Soui solwe nally aeLlS
EFFICIENCY OF FORWARD CHAINING

Lol 5o 5o « g yuid ($ Hlwo yaad yy yu asl 68 (slasale b Galkal &ilulas

ol KIS o suell S il 4 (s3Ls
sl sads Lol B — 151 o pale 2,80k S S

caal sad GLal K564 JIil S s ola LT slapaio €€ puas o Gl | gael 53 La3s

LS oo aal )8 O(1) a1, polas slacaadly LG o<l (database indexing) salss Sk s 5lawla

S e b3 1y Missile( M) cuasls Missile(T) gsasouse e

-l (NP-hard) c.a NP (s glas slacuadl g b Adlac slasads iU

L3 s oo 3l 80108 shas (deductive databases) Jolaiiul (soals (slaslSuly ju g iy (s5lus )
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HARD MATCHING EXAMPLE

sl (NP-hard) i NP glas slacuadlg L gdlas slaasis Gl

O
@@'ea@

@

Difflwa, nt) A Difflwa, sa) A
Diffint, q) Diff(nt, sa) A
Difflq,nsw) A Diff(q, sa) A
Diffinsw,v) A Diff(nsw, sa) A
Difflv, sa) = Colorable()
Diff(Red, Blue) Diff{ Red, Green)
Diff(Green, Red) Diff(Green, Blue)
Diff( Blue, Red) Diff( Blue, Green)

C'olorable() is inferred iff the CSP has a solution
CSPs include 3SAT as a special case, hence matching is NP-hard
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BACKWARD CHAINING

TS o0 £ 9 9o )y 90 A (5 92 gk BB e Lo A
ol glas § g yo s ous BoRue =Y

(OB9) 5308 1) 94 Caald s wids o 4B |y G 4S el g8 (3 s slapla b Backward Chaining
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BACKWARD CHAINING ALGORITHM

function FOL-BC-ASK(KDB, goals, f) returns a set of substitutions
inputs: KB, a knowledge base
goals, a list of conjuncts forming a query
0, the current substitution, initially the empty substitution { }
local variables: ans, a set of substitutions, initially empty

if goals is empty then return {0}
q' «— SuBsT(#, FIRST(goals))
for each rin KB where STANDARDIZE-APART(7) = (p1 A ... A p, = q)
and 0’ < UNIFY(¢q, ¢') succeeds
ans«— FOL-BC-ASK(KB, [p1, . .., pa|REST(goals)|, COMPOSE(#', §)) U
ans
return ans

Prepared by Kazim Fouladi | Spring 2017 | 3 Edition
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| Criminal(West) |
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Qo Bobwe sy b ol
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| Criminal(West) | {x/West}

American(x) Weapon(y) | Sells(x,y,z) | Hostile(z)
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| Criminal(West) | {x/West}

American(West) Weapon(y) | Sells(x,y,z) | Hostile(z)

{)
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| Criminal(West) | {x/West}

American(West) Weapon(y) | Sells(x,y,z) | Hostile(z)

{)

Missile(y)
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Qo Bobwe sy b ol

(V3510) s
| Criminal(West) | {x/West, y/M1}
American(West) Weapon(y) | Sells(x,y,z) | Hostile(z)

{)

Missile(y)

{ ym1}
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(9o S5k yaadyy by sl

(V By f’) JBs
|Criminal( West) | {x/West, /M1, z/Nono}
American(West) Weapon(y) | Sells(West,M1,z) | Hostile(z)
{} { #/Nono }

| Missile(y) ||Missile(M]) | |Owns(N0n0,M])|
{yM1}
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(V 31V) b

|Criminal( West) | {x/West, /M1, z/Nono}

American(West) Weapon(y) | Sells(West,M1,z) | Hostile(Nono)
{} { /Nono }

| Missile(y) ||Missile(M]) | |Owns(N0n0,M])| |Enemy(N0n0,America) |

{omI} {) {) {)
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PROPERTIES OF BACKWARD CHAINING

o e yaaay
Jsl=Gae iS5k ol (5 palia
(QL;J 6°:)|'A:“ [EITE u.la; (_;La.s)

Soom (s 5bwe uasy (b g, ol gsle

1S3 s 3 alial @l 3 oliial
Avoid repeated work Avoid loops
() 5155 S18538 25 3 53 (12 3 S (ALl sladila i1 53 Coelasls
L JS o o L JS e o
#@&6‘)@5?4 J‘."J:’JJL;""&‘—.Q“\ALF“"JJ:'

L3 g oo 3Ll (18 gags G gs) 83308 glads (logic programming) Slaie cuws g3dols 13 50« g 50m s5lus i)

.0
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LOGIC PROGRAMMING

ujjauwbbcsubtgfte(sJJme‘QJyahabﬂmL;i.’a:\.agu.l:i‘s:iMuﬁ

(Shie (o gidali Hoare (un siteli
Logic programming Ordinary programming
1. ldentify problem |dentify problem
2. Assemble information Assemble information
3. Tea break Figure out solution
4. Encode information in KB Program solution
5. Encode problem instance as facts Encode problem instance as data
6. Ask queries Apply program to data
7. Find false facts Debug procedural errors

Should be easier to debug C'apital(NewY ork,US) than x == 2 + 2|
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PROLOG SYSTEM

ce T oA as Soum solwe ;ad
head :- literal;, ... literal,.
criminal(X) :- american(X), weapon(Y), sells(X,Y,Z), hostile(Z).
Jsl-@as Gl 4 gy oo uay
open coding Suss b usl,K (g jluyluss ©
direct linking Suss b suni€ gulls sla oIS w8 Lo o | OS5

X iS Y*Z+3J§.¢%;Lu43(5‘).}u_\5‘)d(5udw °
negation as failure :(Closed-world assumption) aiww glis a8 *

e.g., given alive(X) :- not dead(X).
alive(joe) succeeds if dead(joe) fails

(pade e 583502 s0k) oI5 5 Lol oo su3us (seuliiul
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PROLOG SYSTEM
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Depth-first search from a start state X: X st alla 51 Jgl-Gae s sl

dfs(X) :- goal(X).
dfs(X) :- successor(X,S),dfs(S).

No need to loop over S: successor succeeds for each

Appending two lists to produce a third: PPN | N e SURC R { N

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

query:  append(A,B,[1,2]) 7

answers: A=[] B=[1,2]
A=[1] B=[2]
A=[1,2] B=[]
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RESOLUTION

Full first-order version:
ARVEEERVE 4% myV---Vm,
iV - VEAVELEa Y VLV Y- Vm_ i Vm Vo Vg

where UNIFY ({;, -m;) =0.

(CNF) las Jlo y3 a8 5o sLaKBL soliil L5

oo oo b Lasudie (sdan 1 (2 8 L
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RESOLUTION

Full first-order version:
IARVERRRVE /N my V- Vm,
(V- -Vl NV - NVOENVmM V- Vmi 1 Vmi V- Vmy,)d

where UNIFY({;, ~m;) = 0.
For example,

= Rich(z) V Unhappy(x)
Rich(Ken)
Unhappy(Ken)

with 0 = {x/Ken}
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Full first-order version:
ZRVERERE IS myV---Vm,
L1V - VLAV LV VNV MV - -V m_ i Vm VeV ing)d

where UNIFY({;, ~m;)=0.

“Resolution” «(pugdg)y» glisiwl Jlgy sl m

Cusolal (8 92 e
Completeness Soundness
A3 guls (Fidie Caw ya (sladdan (sdan il S yo oads Gidis (sddan 42
(CNF) ciiran 1 5) 4550 3haie (5150 (CNF') ciran : J 5 4550 ke (5150
(pigppeatia

993 LS U1y 53 solitad L5
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RESOLUTION
:5-‘:" . :-3-| .
(Proof by contradiction) ,a3Us 3,k 5 @b o 399
ol plBls,l KB A nar s olis KB F o @bl gy Resolution

Apply resolution steps to C'NF'(K B N —«); complete for FOL
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CONJUNCTIVE NORMAL FORM (CNF)

FOLJJQ‘#J(&JA‘L}Q‘)“K

l

(Lacslonl) Lol i 5 La oo s g il ( )
v

O gea ael 8 LAl 4 La sl oS ja (Y
v
v

Daml sl sl (F

v
v
(L 30 9) sl 08B Jleel (£

l

FOL s CNF 4 i 4 1
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SKOLEMIZATION

oSl 1l S b (g5 g sadte 58

5 o o R ; . O 9wl yaad gSienl
il GRSl S s s Dy 3] Skolemization
(o5 solad sad 5l 58 J<a) izati

dox Vy dz Vw Vv Jdu ---

v/C 2/ F(y) u [ Gy, w,v)
Sl s al sl s Al sl ol
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(Y")| \)JL::LA: CNF € s )8 S (bass
CONJUNCTIVE NORMAL FORM (CNF)

.39,..;‘5@ asls Cowgd ‘.5.‘5 Jaa.uy ‘o)lo Cewgd ‘) ub‘}o (S4ed as ‘.5“5).@
Everyone who loves all animals is loved by someone:
Va [Vy Animal(y) = Loves(x,y)] = [Jy Loves(y,x)]

1. Eliminate biconditionals and implications (Laclal) a by g la o yd g B3 ()
Vo [-Vy —Animal(y)V Loves(z,y)| V [y Loves(y,x)]

2. Move —inwards: ~Va.p =dx —p, —do,p =V —pr daleolagad oS s (Y

S ge0 ael 3 L
Vo [y —(-Animal(y)V Loves(x,y))| V [y Loves(y,x)] 0.5 )

Vo [Jy ——Animal(y) A —~Loves(x,y)| V [3y Loves(y, x)]
Va [Qy Animal(y) A ~Loves(z,y)| V [3y Loves(y, x)]

-
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CONJUNCTIVE NORMAL FORM (CNF)

3. Standardize variables: each quantifier should use a different one La_siie o5luwa il (Y
Vo 3y Animal(y) A ~Loves(z,y)| V [3z Loves(z,x)]

4. Skolemize: a more general form of existential instantiation. Ozl el sl (¥
Each existential variable is replaced by a Skolem function
of the enclosing universally quantified variables:

Vo [Animal(F(x)) A ~Loves(x, F(x))| V Loves(G(x), x)

5. Drop universal quantifiers: oo sl s S3s (0
[Animal(F(xz)) A = Loves(x, F(x))] V Loves(G(z), z)

6. Distribute A over V: (L 595 9) s o8B Jlael (£

[Animal(F(x)) V Loves(G(x), x)] A [mLoves(x, F(x)) V Loves(G(x), x)]
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1 American(x) Vv 1 Weapon(y) Vv —1Sells(x,y,z) Vv —1Hostile(z) Vv Criminal(x) | | - Criminal(West)|
|American( West) | | =1 American(West) v =1 Weapon(y) V —1Sells(West,y,z) Vv —1 Hostile(z)
|—|Missile(x) \% Weapon(x)| | =1 Weapon(y) Vv 71 Sells(West,y,z) Vv —1 Hostile(z) |
Missile(M1) | =1 Missile(y) Vv 1 Sells(West,y,z) Vv —1Hostile(z) |
=1 Missile(x) Vv —10wns(Nono,x) V Sells(West,x,Nono) | | 1 Sells(West,M1,z) Vv 1 Hostile(z) |
Missile(M1) | =1 Missile(M1) v =1 Owns(Nono,M1) Vv =1 Hostile(Nono) |
| Owns(Nono,M1) | | =1 0Owns(Nono,M1) Vv —1 Hostile(Nono)
| -1 Enemy(x,America) V Hostile(x) | | =1 Hostile(Nono) |
| Enemy(Nono,America) | |—|Enemy(N0n0,America)|

—
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Everyone who loves all animals is loved by someone.
Anyone who kills an animal is loved by no one.

Jack loves all animals.

Either Jack or Curiosity killed the cat, who is named Tuna.

Did Curiosity kill the cat?

g oo ALLIS Cawgd (S Lasgh 00)ld Canga 1) Sllgu (gdod &5 (S,
D9l gad ALDIS Cawgd uS g Jawgh (AISS ) Glgm S A5 S e
.o)lo C,u...agd |) ub‘g..? st&

ol aLiS 1) Bgs pb a (glar,S (Swgs)ss L S> b
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Vo [Vy Animal(y) = Loves(z,y)] = [y Loves(y,x)]
Vo [3z Animal(z) A Kills(x, z)] = [Vy —Loves(y, )]
Vax Animal(x) = Loves(Jack,x)
Kills(Jack, Tuna) V Kills( Curiosity, Tuna)
Cat(Tuna)
Vz Cat(z) = Animal(z)
~Kills( Curiosity, Tuna)
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Vo [Vy Animal(y) = Loves(z,y)|] = [y Loves(y,x)]

Vo [3z Animal(z) A Kills(x, z)] = [Vy —Loves(y, x)]

Vx Animal(x) = Loves(Jack,x)

Kills(Jack, Tuna) vV Kills( Curiosity, Tuna)

Cat( Tuna)

Vz Cat(x) = Animal(x)

X | -G, Kills(Curiosity, Tuna)

Now we apply the conversion procedure to convert each sentence to CNF:
Al.  Animal(F(x))V Loves(G(z),z)
A2.  —Loves(xz, F(x)) V Loves(G(x), x)

—Loves(y,x) V = Animal(z) V = Kills(z, z)

—Animal(x) V Loves(Jack, x)

Kills(Jack, Tuna) vV Kills( Curiosity, Tuna)

Cat(Tuna)

—Cat(x) V Animal(x)

| -G,  ~Kills(Curiosity, Tuna)

mm™m O N w @

m MmO 0w
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| Cat(Tuna) | | =Cat(x) \/ Animal(x) | |Kills(Jack, Tuna) V Kills(Curiosity, Tuna)| ‘ =Kills(Curiosity, Tuna) ‘

| Animal(Tuna) | |-Loves(y, x)V ~Animal(z) v =Kills(x, 2)| | Kills(Jack, Tuna) | | ~Loves(x,F(x)) V Loves(G(x), »)| | ~Animal(x) v Loves(Jack, x) |

[ Loves(y, x) V =Kills(x, Tuna) | |-Animal(F (Jack)) V Loves(G(Jack), Jack)| |Animal(F(x)) V Loves(G(x), x) |

[EoesGchJack)]

L]

A resolution proof that Curiosity killed the cat.
* Notice the use of factoring in the derivation of the clause Loves( G(Jack), Jack).

 Notice also in the upper right, the unification of Loves(z,[(x)) and
Loves(Jack,z) can only succeed after the variables have been standardized apart.
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INFERENCE IN
FIRST-ORDER LOGIC

In which we define effective procedures for answering questions posed in first-
order logic.

Chapter 7 showed how sound and complete inference can be achieved for propositional logic.
In this chapter, we extend those results to obtain algorithms that can answer any answer-
able question stated in first-order logic. Section 9.1 introduces inference rules for quantifiers
and shows how to reduce first-order inference to propositional inference, albeit at potentially
great expense. Section 9.2 describes the idea of umification, showing how it can be used
to construct inference rules that work directly with first-order sentences. We then discuss
three major families of first-order inference algorithms. Forward chaining and its applica-
tions to deductive databases and production systems are covered in Section 9.3; hackward
chaining and logic programming systems are developed in Section 9.4. Forward and back-
ward chaining can be very efficient, but are applicable only to knowledge bases that can

r,\l‘flflflﬂl Il‘l l'enlgent'ﬁ be expressed as sets of Hom clauses. General first-order sentences require resolution-based

theorem proving, which is described in Section 9.5.

Stuart
Russell

t.‘.-L‘]l::'n r O: L‘.h

Third Edition 9.1 PROPOSITIONAL VS. FIRST-ORDER INFERENCE

This section and the next introduce the ideas underlying modem logical inference systems.
‘We begin with some simple inference rules that can be applied to sentences with quantifiers

Stuart RuSSCH and Peter N()I'Vig’ to obtain sentences without quantifiers. These rules lead naturally to the idea that first-order

. . . inference can be done by converting the knowledge base to propositional logic and using

Artificial Intelllgence: A Modern Approach, propositional inference. which we already know how to do. The next section points out an

3rd Edlthl‘l Prentice Hall 20 1 0 obvious shortcut, leading to inference methods that manipulate first-order sentences directly.
s s .

9.1.1 Inference rules for quantifiers

Let us begin with universal quantifiers. Suppose our knowledge base contains the standard
Chapter 9 folkloric axiom stating that all greedy kings are evil:

Yz King(z) A Greedy(z) = Ewl(z) .
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L aens b b a ) el s 23s s gl s ) pladdes ()
() ¥x(Bird(x) = Flies(z))

() Vodu(Person(r) = Mother(y,z))

(E] Jxvy( Personiz) A Mothe

u))
ol i Sy T g PerSon(T) 138 by T pw Flies() ol sdiy 2 pa Bird(T) G lades s
ol 9 jale 7 a Mother(z,y)
S saliid o s baal cslagl 32 Juis gl saspe Gl 43 Fhle ] g mnlEl s (Y
(&) All cats are mammals.
(<) No cat is a reptile.

([l All computer scientists like some operating system

Al ster (T
(A} There is a computer scientist who likes every operating system.
(B) Linux is an operating system.
(C) Someone likes Linux.
o e b sl Gl il el s
aale €5 BLA b LTy 28 5L | sadenls slacasily | S p o s o ol stie lata 3 b haei ()
22l Loy —C 3y B AL S b s |, aclause jl ghisyars ()
48 ol (False Jalas) o clatse & ampons g 51 Tesolution 51 ssliel L ()
S8 ehrind o el o el il s Tesolution o sas 2y ()

by sale py gl S s sl |y (most general unifier) jluplSy pu s (F

() Rel(z,C, P(x, F(z)), ) * Rel(P{y,u),v,2, D)
(<) P(A,B.B) " Plx.y.2)
((_) Older(Father({y),y) Older(Father(x), John)
) Qu.GA, B)) . Q(G(z,x).u)
(a) Knows(Father(y),v) Knows(z, r)

e ke e (0
Vevuvz[P(z) A Q(z,y) = R(z,,2)]
§3,5 ol |y )8 8 wyap mme 5 s e dblalw ol o Tesolution jl eslicl L 48 (F
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