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K
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R
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�

A
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I.
A

gents
T

hat
R

easonLogically

�

A
K

now
ledge-B
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gent

�

R
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Logic

�
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A
ge

n
tsT

h
a

tR
e

a
so

nL
og

ica
lly

A
K

no
w

ledge-B
asedA

gent

function
K

B
-A

G
E

N
T(p

e
rce

p
t)returns

an
a

ctio
n

static:
K

B
,a

know
ledgebase

t,a
counter,initially

0,indicating
tim

e

T
E

LL(K
B

,M
A

K
E

-P
E

R
C

E
P

T-S
E

N
T

E
N

C
E(p

e
rce

p
t,t))

a
ctio

n�

A
S

K(K
B

,M
A

K
E

-A
C

T
IO

N-Q
U

E
RY

(t))
T

E
LL(K

B
,M

A
K

E
-A

C
T

IO
N-S

E
N

T
E

N
C

E(a
ctio

n,t))
t�

t+
1

return
a

ctio
n

�

K
no

w
ledge

base(K
B

):
setofrepresentationsoffacts.E

ach

individualrepresentationid
called

a
sentenceofa

know
ledge

representationlanguage.

A
dd

new
sentences,queryknow

ledge:functionsA
S

K
and

T
E

L
L.

�

Inferencem
echanism

:determ
inew

hatfollo
w

s
from

the
sentences

thathave
beenaddedto

the
K

B
.
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A
ge

n
tsT

h
a

tR
e

a
so

nL
og

ica
lly

A
K

no
w

ledge-B
asedA

gent(cont’d)
�

D
escriptionofknow

ledge-basedagentsin
threelevels:

1.
know

ledge
levelorepistem

ologicallevel:
m

ostabstract,describeagent

by
sayingw

hatit
know

s.E
.g.“A

n
autom

atedtaxiknow
s

thatthe
G

olden

G
ateB

ridge
links

S
anF

ranciscow
ith

M
arin

C
ounty”.

2.
logicallevel:

know
ledgeis

encodedinto
(form

al)sentences.E.g.

Links(GGBridge,
SF,

Marin)

3.
im

plem
entation

level:
levelthatrunson

the
agentarchitecture;physical

representationofsentenceson
logicallevel.E

.g.string,objectsw
ith

pointers,orentry
in

3-dim
.table

indexed
by

road
links

and
location

pairs.

�

R
epresentationofknow

ledgein
sentencessim

plifiesthe
design�

declarative
approachto

system
building.

�

Im
plem

entationoflearning
m

echanism
sthatproducegeneralknow

ledge

given
a

seriesofpercepts.
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A
ge

n
tsT

h
a

tR
e

a
so

nL
og

ica
lly

R
epresentation,R

easoning,and
Logic

F
o

llo
w

s

S
en

ten
ces

F
acts

S
en

ten
ce

F
act

E
n

tails

Semantics

Semantics

R
e

p
re

se
n

ta
tio

n

W
o

rld

�

S
yntax:

ofa
languagedescribesthe

possibleconfigurationsthatcan

constitutea
sentence.E

achsentenceis
im

plem
entedby

a
physical

configurationorphysicalpropertyofsom
epartofthe

agent.

�

S
em

antics:
determ

inesthe
factsin

the
w

orld
to

w
hich

the
sentence

refer.
A

gentsbelievesa
sentenceit

the
correspondingconfiguration

exists.
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A
ge

n
tsT

h
a

tR
e

a
so

nL
og

ica
lly

R
epresentation,R

easoning,and
Logic

(cont’d)
�

InferenceprocedureK
B���

i α
1.

produceα
for

given
K

B

2.
reportw

hetherornotα
is

entailedby
K

B
.

A
n

inferenceprocedurethatgeneratesonly
entailedsentencesis

called
sound

ortruth-pr
eserving.

�

P
roofT

heory
ofa

language:reasoningstepsthatare
sound.

�

Logics
consistofthe

follo
w

ing:

1.
A

form
alsystem

for
describingstatesofaffairs,consistingof

(a)
the

syntax
ofthe

language(how
to

m
ake

sentences),and
(b)

the
sem

anticsofthe
language(how

sentencerelatesto
statesof

affairs).

2.
T

he
proof-theory�

a
setofrulesfor

deducingthe
entailm

ents
ofa

setofsentences.
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A
ge

n
tsT

h
a

tR
e

a
so

nL
og

ica
lly

R
epresentation,R

easoning,and
Logic

(cont’d)

Language
O

ntologicalC
om

m
itm

ent
E

pistem
ologicalC

om
m

itm
ent

(W
hatexists

in
the

w
orld)

(W
hatan

agentbelievesaboutfacts)

P
ropositionallogic

facts
true/false/unknow

n
F

irst-orderlogic
facts,objects,relations

true/false/unknow
n

Tem
porallogic

facts,objects,relations,tim
es

true/false/unknow
n

P
robabilitytheory

facts
degreeofbelief0…

1
F

uzzylogic
degreeoftruth

degreeofbelief0…
1

O
ntology,branchofm

etaphysicsthatdealsw
ith

the
natureofbeing.

E
pistem

ology,the
theoryofknow

ledge,esp.the
criticalstudyofits

validity,m
ethods,and

scope.

C
IS

6
7

5
c�

P
é
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A
ge

n
tsT

h
a

tR
e

a
so

nL
og

ica
lly

P
ropositionalLogic

�

S
ym

bols:logicalconstantsT
ru

e
and

F
a

lse,propositionalsym
bolsP

and
Q

,logicalconnectives	

,


,�

,�

, 


,parentheses,().

�

G
ram

m
arin

B
N

F
(B

ackus-N
aurForm

)

Se
nte

n
ce

�
A

to
m

icSe
nte

n
ce�

C
o

m
p

lexSe
nte

n
ce

A
to

m
icSe

nte
n

ce
�

T
rue

�

F
alse

C
o

m
p

lexSe
nte

n
ce

�
� Se

nte
n

ce�

�

Se
nte

n
ce

C
o

n
n

e
ctive

Se
nte

n
ce

�
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A
ge

n
tsT

h
a

tR
e

a
so

nL
og

ica
lly

P
ropositionalLogic

(cont’d)

S
em

antics

�

P
ropositionsym

bolscan
carry

any
m

eaning,interpretationis
an

arbitraryfact.

�

Logicalconstants:T
ru

e
m

eansthe
factis

alw
aystrue,underany

interpretation,F
a

lse
m

eansthe
factis

false.

�

C
onnectivescan

be
definedby

a
truth

table:
P

Q

�

P
P�

Q
P�

Q
P�

Q
P�

Q

Fa
lse

Fa
lse

Tru
e

Fa
lse

Fa
lse

Tru
e

Tru
e

Fa
lse

Tru
e

Tru
e

Fa
lse

Tru
e

Tru
e

Fa
lse

Tru
e

Fa
lse

Fa
lse

Fa
lse

Tru
e
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lse
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Tru
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Tru
e
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Tru
e

Tru
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Tru
e

Tru
e
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A
ge

n
tsT

h
a

tR
e

a
so

nL
og

ica
lly

P
ropositionalLogic

(cont’d)

InferenceR
ules

�

M
odus

P
onens:

from
an

im
plication

and
the

prem
iseofthe

im
plication,you

can
inferthe

conclusion.

α

�

β� α
β

�

A
nd-E

lim
ination

:
from

a
conjunction,you

can
inferany

ofthe

conjuncts.
α

1 	
α

2 	 ���
	

α
n

α
i

�

A
nd-Intr

oduction:
from

a
sequenceofsentences,you

can
infertheir

conjunctions.
α

1� α
2� ���

� α
n

α
1 	

α
2 	 ���

	

α
n
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A
ge

n
tsT

h
a

tR
e

a
so

nL
og

ica
lly

P
ropositionalLogic

(cont’d)

M
ore

InferenceR
ules

�

O
r-Intr

oduction:
from

a
sentence,you

can
inferits

disjunctionw
ith

anything.
α

i

α
1 


α
2 
 ���




α
n

�

D
ouble-N

egationE
lim

ination
:



α
α

�

U
nit

R
esolution:

α

β� 


β
α

�

R
esolution:α


β� 


β


γ
α


γ
orequivalently

α
�

β� 

β�

γ
α

�
γ
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II.
F

irst-O
rder

Logic
�

O
ntologicalcom

m
itm

ent:w
orld

consistsofobjects,i.e.,thingsw
ith

individualidentitiesand
properties

thatdistinguishthem
from

other

objects.A
m

ong
the

objects,variousrelations
hold.S

om
eofthe

relationsare
functions

–
relationsin

w
hich

thereis
only

one
value

for
a

given
input.

�

E
xam

ples:

–
“O

ne
plus

tw
o

equalsthree”O
bjects:one,tw

o,three,one
plus

tw
o;R

elations:equals;F
unction:plus.

–
“S

quaresneighboringthe
w

um
pusare

sm
elly”O

bjects:w
um

pus,

square;P
roperty:sm

elly;R
elation:neighboring.

�

also
called

F
irst-O

rd
e

rP
re

d
ica

teC
a

lcu
lu

s.
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F
irst-O

rder
Logic

�

S
yntaxand

S
em

antics

�

(E
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N
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�

U
sing

F
irst-O

rderLogic

�

P
rolog

E
xam
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F
irst-O

rd
e

rL
og

ic

S
yntax

and
S

em
antics

Se
nte

n
ce

�

A
to

m
icSe

nte
n

ce

�

Se
nte

n
ceC

o
n

n
e

ctive
Se

nte
n

ce

�

Q
u

a
ntifie

rV
a

ria
b

le� ���

Se
nte

n
ce

�



Se
nte

n
ce

�
� Se

nte
n

ce�

A
to

m
icSe

nte
n

ce

�

P
re

dicate� T
e

rm� ���
�� T

e
rm �

T
e

rm

T
e

rm

�

F
u

n
ctio

n� T
e

rm� ���
�

�

C
o

n
sta

nt

�

V
a

ria
b

le
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F
irst-O

rd
e

rL
og

ic

S
yntax

and
S

em
antics(cont’d)

C
o

n
n

e
ctive

�
�
� 	
� 

� �

Q
u

a
ntifie

r
�
�
���

C
o

n
sta

nt
�

a� x
1� jo

h
n� ���

V
a

ria
b

le

�

A
� X
� N

a
m

e� ���

P
re

dicate

�

b
efo

re� h
a

sC
o

lo
r� ra

in
in

g� ���

F
u

n
ctio

n

�

m
oth

e
r� le

ftL
eg

O
f� ���
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F
irst-O

rd
e

rL
og

ic

S
yntax

and
S

em
antics(cont’d)

�

Term
:

logicalexpressionthatrefersto
an

object.

�

A
tom

ic
sentence:

term
s�

objects,predicatesym
bols�

relations

�
�

statefacts.

b
roth

e
r� rich

a
rd� jo

h
n�

m
a

rrie
d� fath

e
rO

f� rich
a

rd� � m
oth

e
rO

f� jo
h

n��

�

C
om

plex
S

entence:
using

logicalconnectives.

�

Q
uantifiers:

allow
s

to
expresspropertiesofentire

collectionsof

objects,ratherthan
having

to
enum

eratethe
objectsby

nam
e.

C
IS

6
7

5
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P
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F
irst-O

rd
e

rL
og

ic

S
yntax

and
S

em
antics:Q

uantifiers
�

S
ubstitutingthe

nam
e

jo
h

nofan
objectfor

a
variableP

E
R

SO
N

,

binding
variables�

jo
h

n� P
E

R
SO

N� .

�

U
niversalquantification

� ��

�

A
N

IM
A

L
cat� A

N
IM

A
L� �

m
a

m
m

a
l� A

N
IM

A
L�

“F
orallanim

alsthatare
catsw

e
can

im
ply

they
are

m
am

m
als”is

true

for
allpossiblevaluesofA

N
IM

A
L.

�

E
xistentialquantification

� �
�

�

A
N

IM
A

L
siste

r� A
N

IM
A

L� sp
ot� 	

cat� A
N

IM
A

L�

“T
here

exists
an

anim
althatis

the
sisterofS

potand
it

is
also

a
cat”is

true
for

atleastone
value.
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F
irst-O

rd
e

rL
og

ic

U
sing

F
irst-O

rder
Logic

�

D
om

ain:
a

sectionofthe
w

orld
aboutw

hich
w

e
w

ish
to

express

som
eknow

ledge;useofaxiom
s,and

definitions
to

capturebasic

factsofthe
dom

ain.

�

E
xam

ple:

�

M

� C
m

oth
e

r� M
� C� �

fe
m

a
le� M

� 	

p
a

re
nt� M

� C�

�

W

� H
h

u
sb

a
n

d� H� W
� �

m
a

le� H� 	

sp
o

u
se� H� W

�

�

X
m

a
le� X� � 


fe
m

a
le� X�

�

P� C
p

a
re

nt� P� C� �
ch

ild� C� P�

�

G� C
g

ra
n

dp
a

re
nt� G� C� � �

P
p

a
re

nt� G� P� 	

p
a

re
nt� P� C�

�

X� Y
sib

lin
g� X� Y� �

X

� �

Y

	 �

P
p

a
re

nt� P� X� 	

p
a

re
nt� P� Y�
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é

te
rM

o
lná
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F
irst-O

rd
e

rL
og

ic

P
rolog

E
xam

ples �

�

S
yntax:sim

ilarto
first-orderlogic

(predicatecalculus).

�

E
xceptions:

α

�

β
 �

beta
:-

alpha.

α	

β

 �
alpha,

beta.

α


β

 �

alpha;
beta

�

alpha.
beta.

�

N
o

equivalence�

.

C
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6
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5
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P
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0
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III.
Inferencein

F
irst-O

rder
Logic

�

InferenceR
ulesInvolving

Q
uantifiers

�

G
eneralizedM

odusP
onens

�

Forw
ard

and
B

ackward
C

haining

�

C
om

pletenessand
R

esolution

C
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6
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5
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P
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In
fe

re
n

cein
F

irst-O
rd

e
rL

og
ic

InferenceR
ules

In
volving

Q
uantifiers

N
otationS

U
B

S
T�� x� Sa

m� y� Pa
m� � L

ike
s� x� y�� �

L
ike

s� Sa
m� Pa

m�

�

U
niversalE

lim
ination

:
Forany

sentenceα
,variableν,and

ground

term
a

g:

�
ν

α
S

U
B

S
T�� ν� g� � α�

Forexam
ple,from

�

x
L

ike
s� x� IceC

re
a

m� ,w
e

can
usesubstitution

� x� B
e

n�

and
inferL

ike
s� B

e
n� IceC

re
a

m� .
agroundterm

doesnotinclude
variables

C
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5
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In
fe

re
n

cein
F

irst-O
rd

e
rL

og
ic

�
E

xistentialE
lim

ination
:

Forany
sentenceα

,variableν,and
constantsym

bolk
thatdoesnotappearelsew

herein
the

know
ledge

base:

�

ν
α

S
U

B
S

T�� ν� k� � α�

Forexam
ple:from �

x
K

ill� x� V
ictim� ,w

e
can

infer

K
ill� M

u
rd

e
re

r� V
ictim� ,aslong

asM
u

rd
e

re
rdoesnotappear

elsew
here.

�

E
xistentialIntr

oduction:
Forany

sentenceα
,variableν

thatdoes

notoccurin
α

,and
groundterm

g
thatdoesoccurin

α
:

α

�

ν
S

U
B

S
T�� g� ν� � α�

Forexam
ple:from

L
ike

s� Je
rry� IceC

re
a

m�
w

e
can

infer

�

x
L

ike
s� x� IceC

re
a

m� .
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é

te
rM

o
lná
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In
fe

re
n

cein
F

irst-O
rd

e
rL

og
ic

U
sing

InferenceR
ules

“T
he

law
saysthatit

is
a

crim
e

for
an

A
m

ericanto
sellw

eaponsto
hostile

N
ations.T

he
countryN

ono,an
enem

yofA
m

erica,hassom
em

issiles,and
allof

its
m

issilesw
ere

sold
to

it
by

C
olonelW

est,w
ho

is
A

m
erican.”

!

x" y" z
A

m
e

rica
n# x$&%

W
e

ap
o

n# y$&%

N
atio

n# z$&%

H
o

stile# z$

(1)

%
Se

lls# x" y" z$('

C
rim

in
a

l# x$

)
x

O
w

n
s# N

o
n

o" x$ %

M
issile# x$

(2)

!

x
O

w
n

s# N
o

n
o" x$&%

M
issile# x$ '

Se
lls# W

e
st" N

o
n

o" x$

(3)

!

x
M

issile# x$ '
W

e
ap

o
n# x$

(4)

!

x
E

n
e

m
y# x" A

m
e

rica$ '
H

o
stile# x$

(5)

A
m

e
rica

n# W
e

st$
(6)

N
atio

n# N
o

n
o$

(7)

E
n

e
m

y# N
o

n
o" A

m
e

rica$
(8)

N
atio

n# A
m

e
rica$

(9)

C
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In
fe

re
n

cein
F

irst-O
rd

e
rL

og
ic

U
sing

InferenceR
ules

(cont’d)

�

P
rocessoffinding

proofcan
be

form
ulatedasassearchprocess:Initialstate

=
K

B
(sentences1–9)

O
perators=

applicableinferencerules

G
oalTest=

K
B

containingC
rim

in
a

l# W
e

st$

�

Im
portantcharacteristics

–
T

he
proofis

14
stepslong.

–
T

he
branchingfactorincreasesasthe

know
ledgebasegrow

s
(because

som
einferencerulescom

bineexisting
facts).

–
U

niversalE
lim

ination
can

have
an

enorm
ousbranchingfactor(because

w
e

can
replacethe

variableby
any

groundterm
).

–
M

ostcom
m

onstep:com
biningatom

icsentencesinto
conjunctions,

instantiatinguniversalrulesto
m

atch,and
then

apply
M

odusP
onens.
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In
fe

re
n

cein
F

irst-O
rd

e
rL

og
ic

G
eneralized

M
odus

P
onens

�

C
om

bineA
nd-Introduction,U

niversalE
lim

ination,and
M

odus
P

onens:

M
issile� M

1�

O
w

n
s� N

o
n

o� M
1�

�

x
M

issile� x� 	
O

w
n

s� N
o

n
o� x� �

Se
lls� W

e
st� N

o
n

o� x�

inferin
one

step

Se
lls� W

e
st� N

o
n

o� M
1�

�

F
ind

som
ex

in
the

know
ledgebasesuchthatx

is
a

m
issile

and
N

ono
ow

ns
x,and

then
inferthatW

estsellsthe
m

issile
to

N
ono.

�

E
ven

if
w

e
knew

�

y
O

w
n

s� y� M
1�

(m
ore

generalassertion),w
e

can
find

the
substitutions� x� M

1�

and� y� N
o

n
o� .

C
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In
fe

re
n

cein
F

irst-O
rd

e
rL

og
ic

G
eneralized

M
odus

P
onens(cont’d)

�

G
eneralized

M
odus

P
onens:

Foratom
icsentencesp

i ,
p *

i and
q,

w
herethereis

a
substitutionθ

suchthat

S
U

B
S

T� θ� p *

i � �

S
U

B
S

T�� θ� p
i� ,for

alli:

p *

1 � p *
2 � ���

p *
n �� p

1 	

p
2 	 ���

	

p
n �

q�

S
U

B
S

T� θ� q�

p *

1
is

M
issile� M

1� ,
p *

2
is

O
w

n
s� y� M

1� ,θ
is� x� M

1� y� N
o

n
o� ,

p
1

is

M
issile� x� ,

p
2

is
O

w
n

s� N
o

n
o� x� ,q

is
Se

lls� W
e

st� N
o

n
o� x� ,and

S
U

B
S

T� θ� q�

is
Se

lls� W
e

st� N
o

n
o� M

1� .

C
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In
fe

re
n

cein
F

irst-O
rd

e
rL

og
ic

G
eneralized

M
odus

P
onens–

C
anonicalF

orm
�

A
ttem

ptto
build

an
inferencem

echanismw
ith

one
inferencerule�

G
eneralizedM

odusP
onens;a

sentenceis
eitheran

atom
icsentence

oran
im

plication
w

ith
a

conjunctionofatom
icsentenceson

the
left

(prem
ise)and

a
single

atom
icsentenceon

the
right.(H

orn
sentences,H

orn
N

orm
alF

orm

�

O
ne

can
convertsentencesinto

H
orn

sentencesw
hen

they
are

entered

into
the

K
B

,
using

E
xistentialE

lim
ination

and
A

nd-E
lim

ination:e.g.

�

x
O

w
n

s� N
o

n
o� x� 	

M
issile� x�

is
convertedinto

tw
o

atom
icH

orn

sentences� O
w

n
s� N

o
n

o� M
1�

and
M

issile� M
1�� .

�

T
he

universalquantifieris
droppedsincethe

existentialquantifieris

elim
inated.
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In
fe

re
n

cein
F

irst-O
rd

e
rL

og
ic

G
eneralized

M
odus

P
onens–

U
nification

�

T
he

unification
routine

U
N

IF
Y

takestw
o

atom
icsentencesp

and
q

and
returnsa

substitutionthatw
ould

m
ake

p
and

q
look

the
sam

e.If

thereis
no

suchsubstitution,then
U

N
IF

Y
returns

fa
il.

U
N

IF
Y� p� q� �

θ
w

here
S

U
B

S
T� θ� p� �

S
U

B
S

T� θ� q�

θ
is

called
the

unifier
ofthe

tw
o

sentences.

C
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In
fe

re
n

cein
F

irst-O
rd

e
rL

og
ic

U
nification

E
xam

ple
�

A
ssertion:

K
n

o
w

s� Jo
h

n� x� �

H
ate

s� Jo
h

n� x�

U
se

M
odusP

onensto
find

outw
ho

he
hates.

�

K
now

ledgebase:

K
n

o
w

s� Jo
h

n� Ja
n

e�

K
n

o
w

s� y� L
e

o
n�

K
n

o
w

s� y� M
oth

e
r� y��

K
n

o
w

s� x� E
lisa

b
eth�

x
and

y
are

im
plicitly

universallyquantified.
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é

te
rM

o
lná
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In
fe

re
n

cein
F

irst-O
rd

e
rL

og
ic

�
U

nification

U
N

IF
Y# K

n
o

w
s# Jo

h
n" x$ "

K
n

o
w

s# Jo
h

n" Ja
n

e$$
+

, x- Ja
n

e.

U
N

IF
Y# K

n
o

w
s# Jo

h
n" x$ "

K
n

o
w

s# y" L
e

o
n$$

+
, x- L

e
o

n" y- Jo
h

n.

U
N

IF
Y# K

n
o

w
s# Jo

h
n" x$ "

K
n

o
w

s# y" M
oth

e
r# y$$$

+
, y- Jo

h
n" x- M

oth
e

r# Jo
h

n$.

U
N

IF
Y# K

n
o

w
s# Jo

h
n" x$ "

K
n

o
w

s# x" E
lisa

b
eth$$

+

fa
il

�

T
he

lastunification
fails

becausex
cannottake

the
value

Jo
h

n
and

E
lisa

b
eth

atthe
sam

etim
e.A

w
ay

to
solve

this
problem

is
to

standardize
apart

the
tw

o
sentencesbeing

unified:renam
evariables

to
avoid

the
conflict.

�

M
ostgeneralunifier

m
akesthe

leastcom
m

itm
entaboutbinding

of

variables.

U
N

IF
Y� K

n
o

w
s� Jo

h
n� x� � K

n
o

w
s� y� z��

�

� y� Jo
h

n� x� z�

or
� y� Jo

h
n� x� z� � w� F

ritz�

etc.
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é

te
rM

o
lná
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In
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cein
F

irst-O
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e
rL

og
ic

P
roof:W

estis
a

crim
inal.
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In
fe

re
n

cein
F

irst-O
rd

e
rL

og
ic

F
orw

ard
and

B
ackw

ard
C

haining

procedure
F

O
RW

A
R

D
-C

H
A

IN
(K

B
,p)

if
thereis

a
sentencein

K
B

thatis
a

renam
ingofp

then
return

A
dd

p
to

K
B

for
each

(p
1 /

.../
p

n 0
q)

in
K

B
suchthatforsom

ei,U
N

IF
Y(p

i ,p)
=1

succeedsdo
F

IN
D

-A
N

D
-IN

F
E

R(K
B

,[p
1 ,

...,p
i 2

1 ,p
i+

1 ,...,p
n ],q, 1)

end

procedure
F

IN
D

-A
N

D
-IN

F
E

R(K
B

,p
re

m
ise

s,con
clu

sio
n

, 1)
if

p
re

m
ise

s=
[]

then
F

O
RW

A
R

D
-C

H
A

IN
(K

B
,S

U
B

S
T( 1,co

n
clu

sio
n))

elsefor
each

p 3

in
K

B
suchthatU

N
IF

Y
(p 3

,S
U

B
S

T(1 ,F
IR

S
T(p

re
m

ise
s)))

=1

2
do

F
IN

D
-A

N
D

-IN
F

E
R(K

B
,R

E
S

T(p
re

m
ise

s),co
n

clu
sio

n,C
O

M
PO

SE( 1, 1

2 ))
end
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In
fe

re
n

cein
F

irst-O
rd

e
rL

og
ic

F
orw

ard
and

B
ackw

ard
C

haining
(cont’d)

function
B

A
C

K-C
H

A
IN

(K
B

,q)
returns

a
setofsubstitutions

B
A

C
K-C

H
A

IN
-L

IS
T(K

B
,[q],45

)

function
B

A
C

K-C
H

A
IN

-L
IS

T(K
B

,q
list, 6)

returns
a

setofsubstitutions
inputs:

K
B

,a
know

ledgebase
q

list,a
listofconjunctsform

ing
a

query(6

alreadyapplied)

6,the
currentsubstitution

static:
a

n
sw

e
rs,a

setofsubstitutions,initially
em

pty

if
q

listis
em

ptythen
return4 65

q7

F
IR

S
T(q

list)
for

each
q 8

i in
K

B
suchthat 6

i 7
U

N
IF

Y(q,q 8
i )

succeedsdo
A

dd
C

O
M

P
O

S
E( 6, 6

i )
to

a
n

sw
e

rs
end
for

each
sentence(p

1 9

... 9

p
n :

q 8
i )

in
K

B
suchthat 6

i 7

U
N

IF
Y

(q,q 8

i )
succeedsdo

a
n

sw
e

rs7

B
A

C
K-C

H
A

IN
-L

IS
T(K

B
,S

U
B

S
T( 6

i ,[p
1

...p
n ]),C

O
M

P
O

S
E( 6, 6

i )) ;

a
n

sw
e

rs
end

return
the

union
ofB

A
C

K-C
H

A
IN

-L
IS

T(K
B

,R
E

S
T(q

list), 6)
for

each 6<
a

n
sw

e
rs
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r,2
0

0
1

S
lid

e
3

4



In
fe

re
n

cein
F

irst-O
rd

e
rL

og
ic

F
orw

ard
and

B
ackw

ard
C

haining
(cont’d)

Y
e

s, {y/M
1

}
Y

e
s, {z/N

o
n

o
}

C
rim

in
a

l(x)

H
ig

h
T

e
ch

(y)
W

e
a

p
o

n
(M

1
)

N
a

tio
n

(z)
H

o
stile

(N
o

n
o

)

Y
e

s, {}

M
issile

(M
1

)

Y
e

s, {}

E
n

e
m

y(N
o

n
o

,A
m

e
rica

)

Y
e

s, {}
Y

e
s, {}

O
w

n
s(N

o
n

o
,M

1
)

M
issile

(M
1

)

A
m

e
rica

n
(x)

=Y
e

s, {x/W
e

st}

S
e

lls(W
e

st,N
o

n
o

,M
1

)

P
rooftree

to
inferthatW

estis
a

crim
inal.B

ackward-chaining:startw
ith

goalatthe
root;forw

ard-chaining:add
know

ledgeasleafs,and
com

bine.
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In
fe

re
n

cein
F

irst-O
rd

e
rL

og
ic

F
orw

ard
and

B
ackw

ard
C

haining
(cont’d)

C
rim

in
a

l(x)

W
e

a
p

o
n

(y)
N

a
tio

n
(z)

 {z/A
m

e
rica

}

H
o

stile
(A

m
e

rica
)

M
issile

(y)

 {y/M
1

}

S
e

lls(W
e

st,A
m

e
rica

,M
1

)
A

m
e

rica
n

(x)

>

{x/W
e

st}
 F

a
il

If
the

w
rong

substitutionis
m

adethe
inferenceprocessfails.B

acktrack!
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r,2
0

0
1

S
lid

e
3

6



In
fe

re
n

cein
F

irst-O
rd

e
rL

og
ic

C
om

pleteness
�

G
iven

the
know

ledgebase�

x
P� x� �

Q� x�

�

x 


P� x� �

R� x�

�

x
Q� x� �

S� x�

�

x
R� x� �

S� x�

one
shouldconcludeS� A� ;S

(A
)is

true
if

Q� A�

orR� A�

are
true,one

ofthosem
ustbe

true
becauseeitherP� A�

or 


P� A�

is
true.

�

C
hainingw

ith
M

odusP
onenscannotderive

S� A� ,because

�

x 


P� x� �

R� x�

cannotbe
convertedto

H
orn

form
.

�

T
he

proofprocedureusing
M

odusP
onensis

incom
plete.

A
com

plete
proofprocedurefor

first-orderlogic
w

ould
enablea

m
achineto

solve
any

problem
thatcan

be
statedin

thatlanguage.
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r,2
0

0
1

S
lid

e
3

7



In
fe

re
n

cein
F

irst-O
rd

e
rL

og
ic

C
om

pleteness–
R

em
edy

�

K
urtG

ödelshow
ed

thatfor
first-orderlogic,any

sentencethatis

entailedby
anothersetofsentencescan

be
proved

from
the

set.

(1930–31).T
he

com
pletenesstheorem

saysthereis
a

solution,buy

doesn’tsayhow
to

getit.

�

J.A
.R

obinsonpublishedresolution
algorithm

(1965).

α


β� 


β


γ
α


γ
orequivalently 


α

�

β�

β�

γ




α

�

γ
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