
��
� �
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� �� �
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�
� �	� �
 �
��
�� ���
 � ���

�������
��

���
���

� �
�� �! "
#
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N

K
now

ledge
bases

N

W
um

pus
w

orld

N

Logic
in

general

N

P
ropositional(B

oolean)
logic

N

N
orm

alform
s

N

Inference
rules
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Inference engine

K
now

ledge base
dom

ain−specific content

dom
ain−independent algorithm

s

K
now

ledge
base

=
setofsentences

in
a

form
al

language

D
eclarative

approach
to

building
an

agent(or
other

system
):

RSTT

itw
hatitneeds

to
know

T
hen

itcanUV W

itselfw
hatto

do—
answ

ers
should

follow
from

the
K

B

A
gents

can
be

view
ed

atthe
kno

w
ledg

e
le

vel
i.e.,w

hatthey
know

,regardless
ofhow

im
plem

ented

O
r

atthe
im

plem
entation

le
vel

i.e.,data
structures

in
K

B
and

algorithm
s

thatm
anipulate

them
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]^ _`a bc _
de
fgh ij
k(lnmopmlnq

) rsa^ r_t

anupqvw
x

taya b` : z{
,a

know
ledge

base
q

,a
counter,initially

0,indicating
tim

e

|i}}

(z{

,~�
�i f�i�� i�
k f� ij
kij� i

(lnmopml q� q

))

upqvw
x�
g� �

(z{
,~�

�i fg� k�� j f�n� i� �

(q

))

|i}}

(z{

,~�
�i fg� k�� j f� ij
kij� i

(upqvw
x ,q

))

q�
q

+
1

rsa^ r_
upqvw
x

T
he

agentm
ustbe

able
to:

R
epresentstates,actions,etc.

Incorporate
new

percepts
U

pdate
internalrepresentations

ofthe
w

orld
D

educe
hidden

properties
ofthe

w
orld

D
educe

appropriate
actions

,-./0
1 23
453
6 780/. 9: 6 ;< =../ 77- 20
>;?
1 @A 8B C DEEF

G H-I J/ @K
L M�



�
Y �Q

� ���

��Q� ��Y � �� �

P
ercepts

B
reeze,G

litter,S
m

ell

A
ctions

Leftturn,R
ightturn,

F
orw

ard,G
rab,R

elease,S
hoot

G
oals

G
etgold

back
to

start
w

ithoutentering
pitor

w
um

pus
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

E
nvironm

ent
S

quares
adjacentto

w
um

pus
are

sm
elly

S
quares

adjacentto
pitare

breezy
G

litter
ifand

only
ifgold

is
in

the
sam

e
square

S
hooting

kills
the

w
um

pus
ifyou

are
facing

it
S

hooting
uses

up
the

only
arrow

G
rabbing

picks
up

the
gold

ifin
the

sam
e

square
R

eleasing
drops

the
gold

in
the

sam
e

square
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Is
the

w
orld

determ
inistic

??

Is
the

w
orld

fully
accessib

le
??

Is
the

w
orld

static
??

Is
the

w
orld

discrete
??
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Is
the

w
orld

determ
inistic

??
Yes—

outcom
es

exactly
specified

Is
the

w
orld

fully
accessib

le
??

N
o—

only
local

perception

Is
the

w
orld

static
??

Yes—
W

um
pus

and
P

its
do

notm
ove

Is
the

w
orld

discrete
??

Yes
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A

O
K

O
K

O
K
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O
K

AA

B
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O
K

O
K

O
K

AA

B

P
?

P
?
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O
K

O
K

O
K

AA

B

P
?

P
?

A

S
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O
K

O
K

AA

B

P
?

P
?

A

S

O
K

P

W
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O
K

O
K

AA

B

P
?

P
?

A

S

O
K

P

W

A
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O
K

O
K

AA

B

P
?

P
?

A

S

O
K

P

W

A

O
K

O
K
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O
K

O
K

AA

B

P
?

P
?

A

S

O
K

P

W

A

O
K

O
K

A

B
G

S
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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)

is
m

ostlikely
to

have
a

pit

A

S

S
m

ellin
(1,1)

�
cannotm

ove
C

an
use

a
strategy

ofcoercion
:

shootstraightahead
w

um
pus

w
as

there�

dead�

safe
w

um
pus

w
asn’tthere�

safe
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Logics
are

form
allanguages

for
representing

inform
ation

such
thatconclusions

can
be

draw
n

S
yntax

defines
the

sentences
in

the
language

S
em

antics
define

the
“m

eaning”
ofsentences;

i.e.,define
truth

ofa
sentence

in
a

w
orld

E
.g.,the

language
ofarithm

etic

�� �
��

is
a

sentence

� �
��n�

is
nota

sentence

�� �
��

is
true

iffthe
num

ber�� �

is
no

less
than

the
num

ber�

�� �
��

is
true

in
a

w
orld

w
here���

� � �
¡

�� �
��

is
false

in
a

w
orld

w
here���

¢ � �
£
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Logics
are

characterized
by

w
hatthey

com
m

itto
as

“prim
itives”

O
ntologicalcom

m
itm

ent:
w

hatexists—
facts?

objects?
tim

e?
beliefs?

E
pistem

ologicalcom
m

itm
ent:

w
hatstates

ofknow
ledge?

¦§ ¨©«ª§©«¬

­ ¨®¯ °¯©²±³§ °´ ¯ µµ±® µ¬ ¨®

¶· ±¸®¬ µ
¯ °¯©²±³§ °´ ¯ µµ±® µ¬ ¨®

P
ropositionallogic

facts
true/false/unknow

n
F

irst-order
logic

facts,objects,relations
true/false/unknow

n
Tem

porallogic
facts,objects,relations,tim

es
true/false/unknow

n
P

robability
theory

facts
degree

ofbelief0...1
F

uzzy
logic

degree
oftruth

degree
ofbelief0...1
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¹º
» �
¼

K
now

ledge
base ¹º

entails
sentence¼

ifand
only

if

¼

is
true

in
allw

orlds
w

here¹º

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”
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Logicians
typically

think
in

term
s

ofm
odels

,w
hich

are
form

ally
structured

w
orlds

w
ith

respectto
w

hich
truth

can
be

evaluated

W
e

say½

is
a

m
odel

ofa
sentence¼

if¼

is
true

in½

¾¿ ¼À

is
the

setofallm
odels

of¼
T

hen ¹º
» �
¼

ifand
only

if ¾¿ ¹º
À Á
¾¿ ¼À

E
.g.¹º

=
G

iants
w

on
and

R
eds

w
on

¼

=
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
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¹º
ÂÃ ¼

=
sentence¼

can
be

derived
from¹º

by
procedureÄ

S
oundness

:Ä
is

sound
if

w
henever¹º

ÂÃ ¼

,itis
also

true
that¹º

» �
¼

C
om

pleteness
:Ä

is
com

plete
if

w
henever ¹º

» �
¼

,itis
also

true
that ¹º

ÂÃ ¼

P
review

:
w

e
w

ill
define

a
logic

(first-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
hatis

know
n

by
the¹º

.
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P
ropositionallogic

is
the

sim
plestlogic—

illustrates
basic

ideas

T
he

proposition
sym

bols ÇÈ , ÇÉ

etc
are

sentences

IfÊ

is
a

sentence, Ë
Ê

is
a

sentence

IfÊÈ

andÊÉ

is
a

sentence,ÊÈÍÌ
ÊÉ

is
a

sentence

IfÊÈ

andÊÉ

is
a

sentence,ÊÈÏÎ
ÊÉ

is
a

sentence

IfÊÈ

andÊÉ

is
a

sentence,ÊÈ �
ÊÉ

is
a

sentence

IfÊÈ

andÊÉ

is
a

sentence,ÊÈÍÐ
ÊÉ

is
a

sentence
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E
ach

m
odelspecifies

true/false
for

each
proposition

sym
bol

E
.g.

Ñ
º

Ò

ÓÔÕÖ
ÓÔÕÖ
×ØÙÚÖ

R
ules

for
evaluating

truth
w

ith
respectto

a
m

odel½

:

Ë
Ê

is
true

iff
Ê

is
false

ÊÈÏÌ
ÊÉ

is
true

iff
ÊÈ

is
true

and

ÊÉ

is
true

ÊÈÍÎ
ÊÉ

is
true

iff

ÊÈ
is

true
or

ÊÉ

is
true

ÊÈ �
ÊÉ

is
true

iff

ÊÈ
is

false
or

ÊÉ

is
true

i.e.,
is

false
iff

ÊÈ

is
true

and

ÊÉ

is
false

ÊÈ Ð
ÊÉ

is
true

iff

ÊÈ �
ÊÉ

is
true

and

ÊÉ �
ÊÈ

is
true
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Å
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� �� �
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� ���

Let¼ �
ÑÎ º

and¹º
�

¿ ÑÎ
ÒÀ Ì

¿ ºÎ Ë
ÒÀ

Is
itthe

case
that ¹º

» �
¼

?
C

heck
allpossible

m
odels—¼

m
ustbe

true
w

herever¹º

is
true

Ñ
º

Ò

ÑÎ
Ò º
Î Ë
Ò
¹º

¼

×ØÙÚÖ
×ØÙÚÖ
×ØÙÚÖ

×ØÙÚÖ
×ØÙÚÖ
ÓÔÕÖ

×ØÙÚÖ
ÓÔÕÖ
×ØÙÚÖ

×ØÙÚÖ
ÓÔÕÖ

ÓÔÕÖ

ÓÔÕÖ
×ØÙÚÖ
×ØÙÚÖ

ÓÔÕÖ
×ØÙÚÖ
ÓÔÕÖ

ÓÔÕÖ

ÓÔÕÖ
×ØÙÚÖ

ÓÔÕÖ

ÓÔÕÖ

ÓÔÕÖ
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Ñ
º

Ò

ÑÎ
Ò º
Î Ë
Ò
¹º

¼

×ØÙÚÖ
×ØÙÚÖ
×ØÙÚÖ

×ØÙÚÖ

ÓÔÕÖ

×ØÙÚÖ

×ØÙÚÖ

×ØÙÚÖ
×ØÙÚÖ
ÓÔÕÖ

ÓÔÕÖ

×ØÙÚÖ

×ØÙÚÖ

×ØÙÚÖ

×ØÙÚÖ
ÓÔÕÖ
×ØÙÚÖ

×ØÙÚÖ

ÓÔÕÖ

×ØÙÚÖ

ÓÔÕÖ

×ØÙÚÖ
ÓÔÕÖ

ÓÔÕÖ

ÓÔÕÖ

ÓÔÕÖ

ÓÔÕÖ

ÓÔÕÖ

ÓÔÕÖ
×ØÙÚÖ
×ØÙÚÖ

ÓÔÕÖ

ÓÔÕÖ

ÓÔÕÖ

ÓÔÕÖ

ÓÔÕÖ
×ØÙÚÖ
ÓÔÕÖ

ÓÔÕÖ

×ØÙÚÖ

×ØÙÚÖ

ÓÔÕÖ

ÓÔÕÖ

ÓÔÕÖ
×ØÙÚÖ

ÓÔÕÖ

ÓÔÕÖ

ÓÔÕÖ

ÓÔÕÖ

ÓÔÕÖ

ÓÔÕÖ

ÓÔÕÖ

ÓÔÕÖ

ÓÔÕÖ

ÓÔÕÖ

ÓÔÕÖ
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O
ther

approaches
to

inference
use

syntactic
operations

on
sentences,

often
expressed

in
standardized

form
s

C
onjunctive

N
orm

al
F

orm
(C

N
F

—
universal)

conjunction
ofdisjunctions

ofliterals

Û

ÜÝ

Þ

clauses
E

.g.,¿ ÑÎ Ëº
À Ì
¿ ºÎ Ë
ÒÎ Ë
ßÀ

D
isjunctive

N
orm

al
F

orm
(D

N
F

—
universal)

disjunction
ofconjunctions

ofliterals
Û

ÜÝ

Þ

term
s

E
.g.,¿ ÑÌ º

À Î
¿ ÑÌ Ë
ÒÀ Î

¿ ÑÌ Ë
ßÀ Î

¿ Ëº
Ì Ë
ÒÀ Î

¿ Ëº
Ì Ë
ßÀ

H
orn

F
orm

(restricted)
conjunction

ofH
orn

clauses
(clauses

w
ithà ¡

positive
literal)

E
.g.,¿ ÑÎ Ëº

À Ì
¿ ºÎ Ë
ÒÎ Ë
ßÀ

O
ften

w
ritten

as
setofim

plications:

º
�
Ñ

and¿ ÒÌ
ßÀ � º

,-./0
1 23
453
6 780/. 9: 6 ;< =../ 77- 20
>;?
1 @A 8B C DEEF

G H-I J/ @K
L MX�




 ��� ��¤

 ��
Æ 
� �Q
	
P ����¤

A
sentence

is
valid

ifitis
true

in
all

m
odels

e.g., ÑÎ Ë
Ñ

,

Ñ
�
Ñ

,

¿ ÑÌ
¿ Ñ
� º

ÀÀ � º

V
alidity

is
connected

to
inference

via
the

D
eduction

T
heorem

:

¹º
» �
¼

ifand
only

if¿ ¹º
�
¼À

is
valid

A
sentence

is
satisfiab

le
ifitis

true
in

som
e

m
odel

e.g.,ÑÎ º

,
Ò

A
sentence

is
unsatisfiab

le
ifitis

true
in

no
m

odels
e.g., ÑÌ Ë

Ñ

S
atisfiability

is
connected

to
inference

via
the

follow
ing:

¹º
» �
¼

ifand
only

if¿ ¹º
Ì Ë
¼À

is
unsatisfiable

i.e.,prove¼

by
reductio

ad
absurdum
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P
roofm

ethods
divide

into
(roughly)

tw
o

kinds:

M
odel

chec
king

truth
table

enum
eration

(sound
and

com
plete

for
propositional)

heuristic
search

in
m

odelspace
(sound

butincom
plete)

e.g.,the
G

S
AT

algorithm
(E

x.
6.15)

A
pplication

of
inference

rules
Legitim

ate
(sound)

generation
ofnew

sentences
from

old
P

roof
=

a
sequence

ofinference
rule

applications
C

an
use

inference
rules

as
operators

in
a

standard
search

alg.
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R
esolution

(for
C

N
F

):com
plete

for
propositionallogic

¼Î
á 
Ë

á Î
â

¼Î
â

M
odus

P
onens

(for
H

orn
F

orm
):

com
plete

for
H

orn
K

B
s

¼È ²ããã  ¼ä 
¼È Ì
åååÌ
¼ä �
á

á

C
an

be
used

w
ith

forw
ard

chaining
or

bac
kw

ard
chaining
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Logicalagents
apply

inference
to

a
kno

w
ledg

e
base

to
derive

new
inform

ation
and

m
ake

decisions

B
asic

concepts
oflogic:

–
syntax

:
form

alstructure
ofsentences

–
sem

antics
:

truth
ofsentences

w
rtm

odels
–

entailm
ent

:
necessary

truth
ofone

sentence
given

another
–

inference
:

deriving
sentences

from
other

sentences
–

soundess
:

derivations
produce

only
entailed

sentences
–

com
pleteness

:
derivations

can
produce

allentailed
sentences

W
um

pus
w

orld
requires

the
ability

to
represent

partial
and

negated
inform

a-
tion,reason

by
cases,etc.

P
ropositionallogic

suffices
for

som
e

ofthese
tasks

Truth
table

m
ethod

is
sound

and
com

plete
for

propositionallogic
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