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O
u
tlin

e

♦
K

now
ledge-based

agents

♦
W

um
pus

w
orld

♦
L
ogic

in
general—

m
odels

and
entailm

ent

♦
P
rop

ositional
(B

oolean)
logic

♦
E
quivalence,

validity,
satisfi

ability

♦
Inference

rules
and

theorem
proving

–
forw

ard
chaining

–
backw

ard
chaining

–
resolution

C
h
a
p
te

r
7

2

K
n
o
w

le
d
g
e

b
a
s
e
s

In
feren

ce en
g

in
e

K
n

o
w

led
g

e b
ase

dom
ain−specific content

dom
ain−independent algorithm

s

K
now

ledge
base

=
set

of
sentences

in
a

fo
r
m

a
l

language

D
eclarative

approach
to

building
an

agent
(or

other
system

):
T

e
l
l

it
w

hat
it

needs
to

know

T
hen

it
can

A
s
k

itself
w

hat
to

do—
answ

ers
should

follow
from

the
K

B

A
gents

can
b
e

view
ed

at
the

know
ledge

level
i.e.,

w
h
a
t

th
e
y

k
n
o
w

,
regardless

of
how

im
plem

ented

O
r

at
the

im
plem

entation
level

i.e.,
data

structures
in

K
B

and
algorithm

s
that

m
anipulate

themC
h
a
p
te

r
7

3

A
s
im

p
le

k
n
o
w

le
d
g
e
-b

a
s
e
d

a
g
e
n
t

fu
n
c
tio

n
K

B
-A

g
e
n
t
(
percep

t)
r
e
tu

r
n
s

an
a
ctio

n

sta
tic

:
K

B
,
a

know
ledge

base

t,
a

counter,
initially

0,
indicating

tim
e

T
e
l
l
( K

B
,M

a
k
e
-P

e
r
c
e
p
t
-S

e
n
t
e
n
c
e
(
percep

t,t))

a
ctio

n
←

A
s
k

(K
B

,M
a
k
e
-A

c
t
io

n
-Q

u
e
r
y

(t))

T
e
l
l
(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

r
e
tu

r
n

a
ctio

n

T
he

agent
m

ust
b
e

able
to:

R
epresent

states,
actions,

etc.
Incorp

orate
new

p
ercepts

U
p
date

internal
representations

of
the

w
orld

D
educe

hidden
prop

erties
of

the
w
orld

D
educe

appropriate
actions

C
h
a
p
te

r
7
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W
u
m

p
u
s

W
o
r
ld

P
E
A

S
d
e
s
c
r
ip

tio
n

P
erform

ance
m

easure
gold

+
1000,

death
-1000

-1
p
er

step,
-10

for
using

the
arrow

E
nvironm

ent
S
quares

adjacent
to

w
um

pus
are

sm
elly

S
quares

adjacent
to

pit
are

breezy
G

litter
iff

gold
is

in
the

sam
e

square
S
hooting

kills
w

um
pus

if
you

are
facing

it
S
hooting

uses
up

the
only

arrow
G

rabbing
picks

up
gold

if
in

sam
e

square
R
eleasing

drops
the

gold
in

sam
e

square

B
reeze

B
reeze

B
reeze

B
reeze

B
reeze

S
tench

S
tench

B
reeze

P
IT

P
IT

P
IT

1
2

3
4

1 2 3 4

ST
A

R
T

G
old

S
tench

A
ctuators

L
eft

turn,
R
ight

turn,
F
orw

ard,
G

rab,
R
elease,

S
hoot

S
ensors

B
reeze,

G
litter,

S
m

ell

C
h
a
p
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r
7
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W
u
m

p
u
s

w
o
r
ld

c
h
a
r
a
c
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r
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a
tio

n

O
bservable??
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W
u
m

p
u
s

w
o
r
ld

c
h
a
r
a
c
te

r
iz

a
tio

n

O
bservable??

N
o—

only
local

p
erception

D
eterm

inistic??

C
h
a
p
te

r
7

7

W
u
m

p
u
s

w
o
r
ld

c
h
a
r
a
c
te

r
iz

a
tio

n

O
bservable??

N
o—

only
local

p
erception

D
eterm

inistic??
Y
es—

outcom
es

exactly
sp

ecifi
ed

E
pisodic??

C
h
a
p
te

r
7

8

W
u
m

p
u
s

w
o
r
ld

c
h
a
r
a
c
te

r
iz

a
tio

n

O
bservable??

N
o—

only
local

p
erception

D
eterm

inistic??
Y
es—

outcom
es

exactly
sp

ecifi
ed

E
pisodic??

N
o—

sequential
at

the
level

of
actions

S
tatic??
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h
a
p
te

r
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9

W
u
m

p
u
s

w
o
r
ld

c
h
a
r
a
c
te

r
iz

a
tio

n

O
bservable??

N
o—

only
local

p
erception

D
eterm

inistic??
Y
es—

outcom
es

exactly
sp

ecifi
ed

E
pisodic??

N
o—

sequential
at

the
level

of
actions

S
tatic??

Y
es—

W
um

pus
and

P
its

do
not

m
ove

D
iscrete??

C
h
a
p
te

r
7

1
0

W
u
m

p
u
s

w
o
r
ld

c
h
a
r
a
c
te

r
iz

a
tio

n

O
bservable??

N
o—

only
local

p
erception

D
eterm

inistic??
Y
es—

outcom
es

exactly
sp

ecifi
ed

E
pisodic??

N
o—

sequential
at

the
level

of
actions

S
tatic??

Y
es—

W
um

pus
and

P
its

do
not

m
ove

D
iscrete??

Y
es

S
ingle-agent??

C
h
a
p
te

r
7

1
1

W
u
m

p
u
s

w
o
r
ld

c
h
a
r
a
c
te

r
iz

a
tio

n

O
bservable??

N
o—

only
local

p
erception

D
eterm

inistic??
Y
es—

outcom
es

exactly
sp

ecifi
ed

E
pisodic??

N
o—

sequential
at

the
level

of
actions

S
tatic??

Y
es—

W
um

pus
and

P
its

do
not

m
ove

D
iscrete??

Y
es

S
ingle-agent??

Y
es—

W
um

pus
is

essentially
a

natural
feature

C
h
a
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r
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E
x
p
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r
in

g
a

w
u
m

p
u
s

w
o
r
ld

A

O
K

O
K

O
K

C
h
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p
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E
x
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r
in

g
a

w
u
m

p
u
s

w
o
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ld

O
K

O
K

O
K

AA

B
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p
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E
x
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r
in

g
a

w
u
m

p
u
s

w
o
r
ld

O
K

O
K

O
K

AA

B

P
?

P
?
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p
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r
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E
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r
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p
u
s
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O
K

O
K

O
K

AA
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P
?

P
?

A

S
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p
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p
u
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K
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K

O
K

AA
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P
?

P
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K

P

W
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p
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r
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g
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w
u
m

p
u
s

w
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O
K
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E
x
p
lo

r
in

g
a

w
u
m

p
u
s

w
o
r
ld

O
K

O
K

O
K

AA

B

P
?

P
?

A

S

O
K

P

W

A

O
K

O
K

C
h
a
p
te

r
7

1
9

E
x
p
lo

r
in

g
a

w
u
m

p
u
s

w
o
r
ld

O
K

O
K

O
K

AA

B

P
?

P
?

A

S

O
K

P

W

A

O
K

O
K

A

B
G

S

C
h
a
p
te

r
7

2
0

O
th

e
r

tig
h
t

s
p
o
ts

A

B
O

K

O
K

O
K

A

B

A

P
?

P
?

P
?

P
?

B
reeze

in
(1,2)

and
(2,1)

⇒
no

safe
actions

A
ssum

ing
pits

uniform
ly

distributed,
(2,2)

has
pit

w
/

prob
0.86,

vs.
0.31

A

S

S
m

ell
in

(1,1)
⇒

cannot
m

ove
C
an

use
a

strategy
of

coercion:
shoot

straight
ahead

w
um

pus
w
as

there
⇒

dead
⇒

safe
w

um
pus

w
asn’t

there
⇒

safe

C
h
a
p
te

r
7

2
1

L
o
g
ic

in
g
e
n
e
r
a
l

L
ogics

are
form

al
languages

for
representing

inform
ation

such
that

conclusions
can

b
e

draw
n

S
yntax

defi
nes

the
sentences

in
the

language

S
em

antics
defi

ne
the

“m
eaning”

of
sentences;

i.e.,
defi

ne
truth

of
a

sentence
in

a
w
orld

E
.g.,

the
language

of
arithm

etic

x
+

2
≥

y
is

a
sentence;

x
2

+
y

>
is

not
a

sentence

x
+

2
≥

y
is

true
iff

the
num

b
er

x
+

2
is

no
less

than
the

num
b
er

y

x
+

2
≥

y
is

true
in

a
w
orld

w
here

x
=

7,
y

=
1

x
+

2
≥

y
is

false
in

a
w
orld

w
here

x
=

0,
y

=
6

C
h
a
p
te

r
7

2
2

E
n
ta

ilm
e
n
t

E
ntailm

ent
m

eans
that

one
thing

fo
llo

w
s

fr
o
m

another:

K
B
|=

α

K
now

ledge
base

K
B

entails
sentence

α

if
and

only
if

α
is

true
in

all
w
orlds

w
here

K
B

is
true

E
.g.,

the
K

B
containing

“the
G

iants
w
on”

and
“the

R
eds

w
on”

entails
“E

ither
the

G
iants

w
on

or
the

R
eds

w
on”

E
.g.,

x
+

y
=

4
entails

4
=

x
+

y

E
ntailm

ent
is

a
relationship

b
etw

een
sentences

(i.e.,
sy

n
ta

x
)

that
is

based
on

se
m

a
n
tic

s

N
ote:

brains
process

sy
n
ta

x
(of

som
e

sort)

C
h
a
p
te

r
7

2
3

M
o
d
e
ls

L
ogicians

typically
think

in
term

s
of

m
odels,

w
hich

are
form

ally
structured

w
orlds

w
ith

resp
ect

to
w

hich
truth

can
b
e

evaluated

W
e

say
m

is
a

m
odel

of
a

sentence
α

if
α

is
true

in
m

M
(α

)
is

the
set

of
all

m
odels

of
α

T
hen

K
B
|=

α
if

and
only

if
M

(K
B

)
⊆

M
(α

)

E
.g.

K
B

=
G

iants
w
on

and
R
eds

w
on

α
=

G
iants

w
on

M
(    )

M
(K

B
) x

x

x

x

x

x

x
x x

xx
x

x
x x

x
x

x

xx
xx

x

x
x

xx

xx
x

x

x
x

x
x

x

x

xxx

x

xxx

xx

x

C
h
a
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E
n
ta

ilm
e
n
t

in
th

e
w

u
m

p
u
s

w
o
r
ld

S
ituation

after
detecting

nothing
in

[1,1],
m

oving
right,

breeze
in

[2,1]

C
onsider

p
ossible

m
odels

for
?s

assum
ing

only
pits

A
A

B

?
?

?

3
B

oolean
choices

⇒
8

p
ossible

m
odels

C
h
a
p
te

r
7

2
5

W
u
m

p
u
s

m
o
d
e
ls

1
2

3

1 2

B
reeze

P
IT

1
2

3

1 2

B
reeze

P
IT

1
2

3

1 2

B
reeze

P
IT

P
IT

P
IT

1
2

3

1 2

B
reeze

P
IT

P
IT

1
2

3

1 2

B
reeze

P
IT

1
2

3

1 2

B
reeze

P
IT

P
IT

1
2

3

1 2

B
reeze

P
IT

P
IT

1
2

3

1 2

B
reeze

C
h
a
p
te

r
7

2
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W
u
m

p
u
s

m
o
d
e
ls

1
2

3

1 2

B
reeze

P
IT

1
2

3

1 2

B
reeze

P
IT

1
2

3

1 2

B
reeze

P
IT

P
IT

P
IT

1
2

3

1 2

B
reeze

P
IT

P
IT

1
2

3

1 2

B
reeze

P
IT

1
2

3

1 2

B
reeze

P
IT

P
IT

1
2

3

1 2

B
reeze

P
IT

P
IT

1
2

3

1 2

B
reeze

K
B

K
B

=
w

um
pus-w

orld
rules

+
observations

C
h
a
p
te

r
7

2
7

W
u
m

p
u
s

m
o
d
e
ls

1
2

3

1 2

B
reeze

P
IT

1
2

3

1 2

B
reeze

P
IT

1
2

3

1 2

B
reeze

P
IT

P
IT

P
IT

1
2

3

1 2

B
reeze

P
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P
IT

1
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3

1 2

B
reeze

P
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1
2

3

1 2

B
reeze

P
IT

P
IT

1
2

3

1 2

B
reeze

P
IT

P
IT

1
2

3

1 2

B
reeze

K
B

1

K
B

=
w

um
pus-w

orld
rules

+
observations

α
1

=
“[1,2]

is
safe”,

K
B
|=

α
1 ,

proved
by

m
odel

checking

C
h
a
p
te

r
7

2
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p
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P
IT

1
2

3

1 2

B
reeze

P
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P
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P
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1
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3
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B
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P
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P
IT

1
2
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1 2

B
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K
B

K
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=
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pus-w
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+
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u
m

p
u
s

m
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d
e
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1
2

3
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B
reeze

P
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1
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P
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P
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P
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IT

1
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P
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P
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1
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B
reeze

P
IT

P
IT

1
2
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B
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P
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P
IT

1
2

3

1 2

B
reeze

K
B
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K
B

=
w

um
pus-w

orld
rules

+
observations

α
2

=
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is
safe”,

K
B
6|=

α
2
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In
fe

r
e
n
c
e

K
B
`

i
α

=
sentence

α
can

b
e

derived
from

K
B

by
procedure

i

C
onsequences

of
K

B
are

a
haystack;

α
is

a
needle.

E
ntailm

ent
=

needle
in

haystack;
inference

=
fi
nding

it

S
oundness:

i
is

sound
if

w
henever

K
B
`

i
α

,
it

is
also

true
that

K
B
|=

α

C
om

pleteness:
i

is
com

plete
if

w
henever

K
B
|=

α
,
it

is
also

true
that

K
B
`

i
α

P
review

:
w
e

w
ill

defi
ne

a
logic

(fi
rst-order

logic)
w

hich
is

expressive
enough

to
say

alm
ost

anything
of

interest,
and

for
w

hich
there

exists
a

sound
and

com
plete

inference
procedure.

T
hat

is,
the

procedure
w

ill
answ

er
any

question
w

hose
answ

er
follow

s
from

w
hat

is
know

n
by

the
K

B
.

C
h
a
p
te

r
7

3
1

P
r
o
p
o
s
itio

n
a
l
lo

g
ic

:
S
y
n
ta

x

P
rop

ositional
logic

is
the

sim
plest

logic—
illustrates

basic
ideas

T
he

prop
osition

sym
b
ols

P
1 ,

P
2

etc
are

sentences

If
S

is
a

sentence,
¬

S
is

a
sentence

(negation)

If
S

1
and

S
2

are
sentences,

S
1
∧

S
2

is
a

sentence
(conjunction)

If
S

1
and

S
2

are
sentences,

S
1
∨

S
2

is
a

sentence
(disjunction)

If
S

1
and

S
2

are
sentences,

S
1
⇒

S
2

is
a

sentence
(im

plication)

If
S

1
and

S
2

are
sentences,

S
1
⇔

S
2

is
a

sentence
(biconditional)

C
h
a
p
te

r
7

3
2

P
r
o
p
o
s
itio

n
a
l
lo

g
ic

:
S
e
m

a
n
tic

s

E
ach

m
odel

sp
ecifi

es
true/false

for
each

prop
osition

sym
b
ol

E
.g.

P
1
,2

P
2
,2

P
3
,1

tr
u
e

tr
u
e

f
a
lse

(W
ith

these
sym

b
ols,

8
p
ossible

m
odels,

can
b
e

enum
erated

autom
atically.)

R
ules

for
evaluating

truth
w

ith
resp

ect
to

a
m

odel
m

:

¬
S

is
true

iff
S

is
false

S
1
∧

S
2

is
true

iff
S

1
is

true
a
n
d

S
2

is
true

S
1
∨

S
2

is
true

iff
S

1
is

true
o
r

S
2

is
true

S
1
⇒

S
2

is
true

iff
S

1
is

false
o
r

S
2

is
true

i.e.,
is

false
iff

S
1

is
true

a
n
d

S
2

is
false

S
1
⇔

S
2

is
true

iff
S

1
⇒

S
2

is
true

a
n
d

S
2
⇒

S
1

is
true

S
im

ple
recursive

process
evaluates

an
arbitrary

sentence,
e.g.,

¬
P

1
,2
∧

(P
2
,2
∨

P
3
,1 )

=
tr

u
e
∧

(f
a
lse
∨

tr
u
e)

=
tr

u
e
∧

tr
u
e

=
tr

u
eC
h
a
p
te

r
7

3
3

T
r
u
th

ta
b
le

s
fo

r
c
o
n
n
e
c
tiv

e
s

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

fa
lse

fa
lse

tru
e

tru
e

fa
lse

tru
e

tru
e

tru
e

tru
e

C
h
a
p
te

r
7

3
4

W
u
m

p
u
s

w
o
r
ld

s
e
n
te

n
c
e
s

L
et

P
i,j

b
e

true
if

there
is

a
pit

in
[i,j].

L
et

B
i,j

b
e

true
if

there
is

a
breeze

in
[i,j].

¬
P

1
,1

¬
B

1
,1

B
2
,1

“P
its

cause
breezes

in
adjacent

squares”

C
h
a
p
te

r
7

3
5

W
u
m

p
u
s

w
o
r
ld

s
e
n
te

n
c
e
s

L
et

P
i,j

b
e

true
if

there
is

a
pit

in
[i,j].

L
et

B
i,j

b
e

true
if

there
is

a
breeze

in
[i,j].

¬
P

1
,1

¬
B

1
,1

B
2
,1

“P
its

cause
breezes

in
adjacent

squares”

B
1
,1
⇔

(P
1
,2
∨

P
2
,1 )

B
2
,1
⇔

(P
1
,1
∨

P
2
,2
∨

P
3
,1 )

“A
square

is
breezy

if
a
n
d

o
n
ly

if
there

is
an

adjacent
pit”

C
h
a
p
te

r
7

3
6
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b
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c
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tru
e

tru
e

fa
lse

tru
e

fa
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E
num

erate
row

s
(diff

erent
assignm

ents
to

sym
b
ols),

if
K

B
is

true
in

row
,
check

that
α

is
too

C
h
a
p
te

r
7

3
7

In
fe

r
e
n
c
e

b
y

e
n
u
m

e
r
a
tio

n

D
epth-fi

rst
enum

eration
of

all
m

odels
is

sound
and

com
plete

fu
n
c
tio

n
T

T
-E

n
t
a
il

s
?
(K

B
,α

)
r
e
tu

r
n
s

tru
e

or
fa

lse

in
p
u
ts:

K
B

,
the

know
ledge

base,
a

sentence
in

prop
ositional

logic

α
,
the

query,
a

sentence
in

prop
ositional

logic

sy
m

bo
ls
←

a
list

of
the

prop
osition

sym
b
ols

in
K

B
and

α

r
e
tu

r
n

T
T

-C
h
e
c
k
-A

l
l
(K

B
,α

,sy
m

bo
ls,[])

fu
n
c
tio

n
T

T
-C

h
e
c
k
-A

l
l
(K

B
,α

,sy
m

bo
ls,m

od
el)

r
e
tu

r
n
s

tru
e

or
fa

lse

if
E
m
p
t
y
?
(sy

m
bo

ls)
th

e
n

if
P
L
-T

r
u
e
?
(K

B
,m

od
el)

th
e
n

r
e
tu

r
n

P
L
-T

r
u
e
?
(α

,m
od

el)

e
lse

r
e
tu

r
n

tru
e

e
lse

d
o

P
←

F
ir

s
t
(sy

m
bo

ls);
rest←

R
e
s
t
(sy

m
bo

ls)

r
e
tu

r
n

T
T

-C
h
e
c
k
-A

l
l
(K

B
,α

,rest,E
x
t
e
n
d

(P
,tru

e
,m

od
el))

a
n
d

T
T

-C
h
e
c
k
-A

l
l
(K

B
,α

,rest,E
x
t
e
n
d

(P
,fa

lse
,m

od
el))

O
(2

n)
for

n
sym

b
ols;

problem
is

c
o
-N

P
-c

o
m

p
le

te

C
h
a
p
te

r
7

3
8

L
o
g
ic

a
l
e
q
u
iv

a
le

n
c
e

T
w
o

sentences
are

logically
equivalent

iff
true

in
sam

e
m

odels:
α
≡

β
if

and
only

if
α
|=

β
and

β
|=

α

(α
∧

β
)
≡

(β
∧

α
)

com
m

utativity
of
∧

(α
∨

β
)
≡

(β
∨

α
)

com
m

utativity
of
∨

((α
∧

β
)
∧

γ
)
≡

(α
∧

(β
∧

γ
))

associativity
of
∧

((α
∨

β
)
∨

γ
)
≡

(α
∨

(β
∨

γ
))

associativity
of
∨

¬
(¬

α
)
≡

α
double-negation

elim
ination

(α
⇒

β
)
≡

(¬
β
⇒
¬

α
)

contrap
osition

(α
⇒

β
)
≡

(¬
α
∨

β
)

im
plication

elim
ination

(α
⇔

β
)
≡

((α
⇒

β
)
∧

(β
⇒

α
))

biconditional
elim

ination
¬

(α
∧

β
)
≡

(¬
α
∨
¬

β
)

D
e

M
organ

¬
(α
∨

β
)
≡

(¬
α
∧
¬

β
)

D
e

M
organ

(α
∧

(β
∨

γ
))
≡

((α
∧

β
)
∨

(α
∧

γ
))

distributivity
of
∧

over
∨

(α
∨

(β
∧

γ
))
≡

((α
∨

β
)
∧

(α
∨

γ
))

distributivity
of
∨

over
∧

C
h
a
p
te

r
7

3
9

V
a
lid

ity
a
n
d

s
a
tis

fi
a
b
ility

A
sentence

is
valid

if
it

is
true

in
a
ll

m
odels,

e.g.,
T

r
u
e,

A
∨
¬

A
,

A
⇒

A
,

(A
∧

(A
⇒

B
))
⇒

B

V
alidity

is
connected

to
inference

via
the

D
eduction

T
heorem

:
K

B
|=

α
if

and
only

if
(K

B
⇒

α
)

is
valid

A
sentence

is
satisfi

able
if

it
is

true
in

so
m

e
m

odel
e.g.,

A
∨

B
,

C

A
sentence

is
unsatisfi

able
if

it
is

true
in

n
o

m
odels

e.g.,
A
∧
¬

A

S
atisfi

ability
is

connected
to

inference
via

the
follow

ing:
K

B
|=

α
if

and
only

if
(K

B
∧
¬

α
)

is
unsatisfi

able
i.e.,

prove
α

by
red

u
ctio

a
d

a
bsu

rd
u
m

C
h
a
p
te

r
7

4
0

P
r
o
o
f
m

e
th

o
d
s

P
roof

m
ethods

divide
into

(roughly)
tw

o
kinds:

A
pplication

of
inference

rules
–

L
egitim

ate
(sound)

generation
of

new
sentences

from
old

–
P
roof

=
a

sequence
of

inference
rule

applications
C
an

use
inference

rules
as

op
erators

in
a

standard
search

alg.
–

T
ypically

require
translation

of
sentences

into
a

norm
al

form

M
odel

checking
truth

table
enum

eration
(alw

ays
exp

onential
in

n
)

im
proved

backtracking,
e.g.,

D
avis–P

utnam
–L

ogem
ann–L

oveland
heuristic

search
in

m
odel

space
(sound

but
incom

plete)
e.g.,

m
in-confl

icts-like
hill-clim

bing
algorithm

s

C
h
a
p
te

r
7

4
1

F
o
r
w

a
r
d

a
n
d

b
a
c
k
w

a
r
d

c
h
a
in

in
g

H
orn

F
orm

(restricted)
K

B
=

c
o
n
ju

n
c
tio

n
of

H
o
r
n

c
la

u
se

s

H
orn

clause
=

♦
prop

osition
sym

b
ol;

or
♦

(conjunction
of

sym
b
ols)

⇒
sym

b
ol

E
.g.,

C
∧

(B
⇒

A
)
∧

(C
∧

D
⇒

B
)

M
odus

P
onens

(for
H

orn
F
orm

):
com

plete
for

H
orn

K
B

s

α
1 ,...,α

n ,
α

1
∧
···∧

α
n
⇒

β

β

C
an

b
e

used
w

ith
forw

ard
chaining

or
backw

ard
chaining.

T
hese

algorithm
s

are
very

natural
and

run
in

lin
e
a
r

tim
e

C
h
a
p
te

r
7

4
2



F
o
r
w

a
r
d

c
h
a
in

in
g

Idea:
fi
re

any
rule

w
hose

prem
ises

are
satisfi

ed
in

the
K

B
,

add
its

conclusion
to

the
K

B
,
until

query
is

found

P
⇒

Q

L
∧

M
⇒

P

B
∧

L
⇒

M

A
∧

P
⇒

L

A
∧

B
⇒

L

AB

QP

M

L

B
A

C
h
a
p
te

r
7

4
3

F
o
r
w

a
r
d

c
h
a
in

in
g

a
lg

o
r
ith

m

fu
n
c
tio

n
P
L
-F

C
-E

n
t
a
il

s
?
(K

B
,q)

r
e
tu

r
n
s

tru
e

or
fa

lse

in
p
u
ts:

K
B

,
the

know
ledge

base,
a

set
of

prop
ositional

H
orn

clauses

q,
the

query,
a

prop
osition

sym
b
ol

lo
c
a
l
v
a
r
ia

b
le

s:
co

u
n
t,

a
table,indexed

by
clause,initially

the
num

b
er

of
prem

ises

in
ferred

,
a

table,
indexed

by
sym

b
ol,

each
entry

initially
fa

lse

a
gen

d
a
,
a

list
of

sym
b
ols,

initially
the

sym
b
ols

know
n

in
K

B

w
h
ile

a
gen

d
a

is
not

em
pty

d
o

p
←

P
o
p
(a

gen
d
a
)

u
n
le
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in

ferred
[p

]
d
o

in
ferred

[p
]←

tru
e

fo
r

e
a
c
h

H
orn
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c
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w
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prem

ise
p

app
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d
o
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u
n
t[c]
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u
n
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=
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th
e
n

d
o
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H

e
a
d
[c]

=
q
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e
n

r
e
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r
n

tru
e

P
u
s
h
(H

e
a
d
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gen

d
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)
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p
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x
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p
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p
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p
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p
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p
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p
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p
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e
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p
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L
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P

C
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a
p
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r
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4
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F
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c
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p
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L
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p
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p
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p
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e
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p
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Q

C
h
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p
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r
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5
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P
r
o
o
f
o
f
c
o
m

p
le

te
n
e
s
s

F
C

derives
every

atom
ic

sentence
that

is
entailed

by
K

B

1.
F
C

reaches
a

fi
xed

p
oint

w
here

no
new

atom
ic

sentences
are

derived

2.
C
onsider

the
fi
nal

state
as

a
m

odel
m

,
assigning

true/false
to

sym
b
ols

3.
E
very

clause
in

the
original

K
B

is
true

in
m

P
r
o
o
f:

S
upp

ose
a

clause
a

1
∧

...∧
a

k
⇒

b
is

false
in

m

T
hen

a
1
∧

...∧
a

k
is

true
in

m
and

b
is

false
in

m

T
herefore

the
algorithm

has
not

reached
a

fi
xed

p
oint!

4.
H

ence
m

is
a

m
odel

of
K

B

5.
If

K
B
|=

q,
q

is
true

in
e
v
e
r
y

m
odel

of
K

B
,
including

m

G
eneral

idea:
construct
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m

odel
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K
B
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sound
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check

α

C
h
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p
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B
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a
r
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c
h
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in
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g
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w
ork

backw
ards
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query
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to
prove

q
by

B
C
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check
if

q
is

know
n

already,
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prove
by

B
C

all
prem

ises
of

som
e

rule
concluding

q

A
void

loops:
check

if
new

subgoal
is

already
on

the
goal

stack

A
void

rep
eated

w
ork:

check
if

new
subgoal

1)
has

already
b
een

proved
true,

or
2)

has
already

failed

C
h
a
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te

r
7

5
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A QP

L

B

M

C
h
a
p
te

r
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6
4

B
a
c
k
w

a
r
d

c
h
a
in

in
g

e
x
a
m

p
le

A QP

L

B

M

C
h
a
p
te

r
7

6
5

F
o
r
w

a
r
d

v
s
.
b
a
c
k
w

a
r
d

c
h
a
in

in
g

F
C

is
data-driven,

cf.
autom

atic,
unconscious

processing,
e.g.,

object
recognition,

routine
decisions

M
ay

do
lots

of
w
ork

that
is

irrelevant
to

the
goal

B
C

is
goal-driven,

appropriate
for

problem
-solving,

e.g.,
W

here
are

m
y

keys?
H

ow
do

I
get

into
a

P
hD

program
?

C
om

plexity
of

B
C

can
b
e
m

u
c
h

le
ss

than
linear

in
size

of
K

B

C
h
a
p
te

r
7

6
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R
e
s
o
lu

tio
n

C
onjunctive

N
orm

al
F
orm

(C
N

F
—

universal)
c
o
n
ju

n
c
tio

n
of

d
isju

n
c
tio

n
s

of
lite

r
a
ls

︸
︷
︷

︸

c
la

u
se

s

E
.g.,

(A
∨
¬

B
)
∧

(B
∨
¬

C
∨
¬

D
)

R
esolution

inference
rule

(for
C
N

F
):

com
plete

for
prop

ositional
logic

`
1
∨
···∨

`
k ,

m
1
∨
···∨

m
n

`
1
∨
···∨

`
i−

1
∨

`
i+

1
∨
···∨

`
k
∨

m
1
∨
···∨

m
j−

1
∨

m
j
+

1
∨
···∨

m
n

w
here

`
i
and

m
j

are
com

plem
entary

literals.
E
.g.,

O
K

O
K

O
K

AA

B

P
?

P
?

A

S

O
K

P

W

A

P
1
,3
∨

P
2
,2 ,

¬
P

2
,2

P
1
,3

R
esolution

is
sound

and
com

plete
for

prop
ositional

logic

C
h
a
p
te

r
7

6
7

C
o
n
v
e
r
s
io

n
to

C
N

F

B
1
,1
⇔

(P
1
,2
∨

P
2
,1 )

1.
E
lim

inate
⇔

,
replacing

α
⇔

β
w

ith
(α
⇒

β
)
∧

(β
⇒

α
).

(B
1
,1
⇒

(P
1
,2
∨

P
2
,1 ))
∧

((P
1
,2
∨

P
2
,1 )
⇒

B
1
,1 )

2.
E
lim

inate
⇒

,
replacing

α
⇒

β
w

ith
¬

α
∨

β
.

(¬
B

1
,1
∨

P
1
,2
∨

P
2
,1 )
∧

(¬
(P

1
,2
∨

P
2
,1 )
∨

B
1
,1 )

3.
M

ove
¬

inw
ards

using
de

M
organ’s

rules
and

double-negation:

(¬
B

1
,1
∨

P
1
,2
∨

P
2
,1 )
∧

((¬
P

1
,2
∧
¬

P
2
,1 )
∨

B
1
,1 )

4.
A

pply
distributivity

law
(∨

over
∧

)
and

fl
atten:

(¬
B

1
,1
∨

P
1
,2
∨

P
2
,1 )
∧

(¬
P

1
,2
∨

B
1
,1 )
∧

(¬
P

2
,1
∨

B
1
,1 )

C
h
a
p
te

r
7

6
8

R
e
s
o
lu

tio
n

a
lg

o
r
ith

m

P
roof

by
contradiction,

i.e.,
show

K
B
∧
¬

α
unsatisfi

able

fu
n
c
tio

n
P
L
-R

e
s
o
l
u
t
io

n
(K

B
,α

)
r
e
tu

r
n
s

tru
e

or
fa

lse

in
p
u
ts:

K
B

,
the

know
ledge

base,
a

sentence
in

prop
ositional

logic

α
,
the

query,
a

sentence
in

prop
ositional

logic

cla
u
ses
←

the
set

of
clauses

in
the

C
N

F
representation

of
K

B
∧
¬

α

n
ew
←
{
}

lo
o
p

d
o

fo
r

e
a
c
h

C
i ,

C
j
in

cla
u
ses

d
o

reso
lven

ts
←

P
L
-R

e
s
o
lv

e
(C

i ,C
j )

if
reso

lven
ts

contains
the

em
pty

clause
th

e
n

r
e
tu

r
n

tru
e

n
ew
←

n
ew
∪

reso
lven

ts

if
n
ew
⊆

cla
u
ses

th
e
n

r
e
tu

r
n

fa
lse

cla
u
ses
←

cla
u
ses
∪

n
ew

C
h
a
p
te

r
7

6
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R
e
s
o
lu

tio
n

e
x
a
m

p
le

K
B

=
(B

1
,1
⇔

(P
1
,2
∨

P
2
,1 ))
∧
¬

B
1
,1

α
=
¬

P
1
,2

P
1,2

P
1,2

P
2,1

P
1,2

B
1,1

B
1,1

P
2,1

B
1,1P

1,2
P

2,1
P

2,1
P

1,2
B

1,1
B

1,1

P
1,2

B
1,1

P
2,1

B
1,1

P
2,1

B
1,1

P
1,2

P
2,1

P
1,2

C
h
a
p
te

r
7

7
0

S
u
m

m
a
r
y

L
ogical

agents
apply

inference
to

a
know

ledge
base

to
derive

new
inform

ation
and

m
ake

decisions

B
asic

concepts
of

logic:
–

syntax:
form

al
structure

of
sentences

–
sem

antics:
truth

of
sentences

w
rt

m
odels

–
entailm

ent:
necessary

truth
of

one
sentence

given
another

–
inference:

deriving
sentences

from
other

sentences
–

soundess:
derivations

produce
only

entailed
sentences

–
com

pleteness:
derivations

can
produce

all
entailed

sentences

W
um

pus
w
orld

requires
the

ability
to

represent
partial

and
negated

inform
a-

tion,
reason

by
cases,

etc.

F
orw

ard,
backw

ard
chaining

are
linear-tim

e,
com

plete
for

H
orn

clauses
R
esolution

is
com

plete
for

prop
ositional

logic

P
rop

ositional
logic

lacks
expressive

p
ow

er

C
h
a
p
te

r
7

7
1


