
F
ir

s
t
-
o
r
d
e
r

l
o
g
ic

C
h
a
p
t
e
r

8

C
h
a
p
te

r
8

1

O
u
tlin

e

♦
W

hy
F
O

L
?

♦
S
yntax

and
sem

antics
of

F
O

L

♦
F
un

w
ith

sentences

♦
W

um
pus

w
orld

in
F
O

L

C
h
a
p
te

r
8

2

P
r
o
s

a
n
d

c
o
n
s

o
f
p
r
o
p
o
sitio

n
a
l
lo

g
ic

P
rop

ositional
logic

is
d
e
c
la

r
a
tiv

e
:

pieces
of

syntax
corresp

ond
to

facts

P
rop

ositional
logic

allow
s

partial/disjunctive/negated
inform

ation
(unlike

m
ost

data
structures

and
databases)

P
rop

ositional
logic

is
c
o
m

p
o
sitio

n
a
l:

m
eaning

of
B

1,1
∧

P
1,2

is
derived

from
m

eaning
of

B
1,1

and
of

P
1,2

M
eaning

in
prop

ositional
logic

is
c
o
n
te

x
t-in

d
e
p
e
n
d
e
n
t

(unlike
natural

language,
w

here
m

eaning
dep

ends
on

context)

P
rop

ositional
logic

has
very

lim
ited

expressive
p
ow

er
(unlike

natural
language)

E
.g.,

cannot
say

“pits
cause

breezes
in

adjacent
squares”

except
by

w
riting

one
sentence

for
each

square

C
h
a
p
te

r
8

3

F
ir

st-o
r
d
e
r

lo
g
ic

W
hereas

prop
ositional

logic
assum

es
w
orld

contains
fa

c
ts,

fi
rst-order

logic
(like

natural
language)

assum
es

the
w
orld

contains

•
O

bjects:
p
eople,

houses,
num

b
ers,

theories,
R
onald

M
cD

onald,
colors,

baseball
gam

es,
w
ars,

centuries
...

•
R
elations:

red,
round,

b
ogus,

prim
e,

m
ultistoried

...,
brother

of,
bigger

than,
inside,

part
of,

has
color,

occurred
after,

ow
ns,

com
es

b
etw

een,
...

•
F
unctions:

father
of,

b
est

friend,
third

inning
of,

one
m

ore
than,

end
of

...

C
h
a
p
te

r
8

4

L
o
g
ic

s
in

g
e
n
e
r
a
l

L
anguage

O
ntological

E
pistem

ological
C
om

m
itm

ent
C
om

m
itm

ent

P
rop

ositional
logic

facts
true/false/unknow

n
F
irst-order

logic
facts,

objects,
relations

true/false/unknow
n

T
em

p
oral

logic
facts,

objects,
relations,

tim
es

true/false/unknow
n

P
robability

theory
facts

degree
of

b
elief

F
uzzy

logic
facts

+
degree

of
truth

know
n

interval
value

C
h
a
p
te

r
8

5

S
y
n
ta

x
o
f
F
O

L
:
B

a
sic

e
le

m
e
n
ts

C
onstants

K
in

g
J
oh

n
,

2,
U

C
B

,...
P
redicates

B
roth

er,
>

,...
F
unctions

S
qrt,

L
ef

tL
eg

O
f
,...

V
ariables

x
,

y
,

a
,

b,...
C
onnectives

∧
∨
¬
⇒

⇔
E
quality

=
Q

uantifi
ers

∀
∃

C
h
a
p
te

r
8

6



A
to

m
ic

se
n
te

n
c
e
s

A
tom

ic
sentence

=
pred

ica
te(term

1 ,...,term
n )

or
term

1
=

term
2

T
erm

=
f
u
n
ction

(term
1 ,...,term

n )
or

con
sta

n
t

or
v
a
ria

ble

E
.g.,

B
roth

er(K
in

g
J
oh

n
,R

ich
a
rd

T
h
eL

ion
h
ea

rt)
>

(L
en

g
th

(L
ef

tL
eg

O
f
(R

ich
a
rd

)),L
en

g
th

(L
ef

tL
eg

O
f
(K

in
g
J
oh

n
)))

C
h
a
p
te

r
8

7

C
o
m

p
le

x
se

n
te

n
c
e
s

C
om

plex
sentences

are
m

ade
from

atom
ic

sentences
using

connectives

¬
S
,

S
1
∧

S
2 ,

S
1
∨

S
2 ,

S
1
⇒

S
2 ,

S
1
⇔

S
2

E
.g.

S
iblin

g
(K

in
g
J
oh

n
,R

ich
a
rd

)
⇒

S
iblin

g
(R

ich
a
rd

,K
in

g
J
oh

n
)

>
(1,2)

∨
≤

(1,2)
>

(1,2)
∧
¬

>
(1,2)

C
h
a
p
te

r
8

8

T
r
u
th

in
fi
r
st-o

r
d
e
r

lo
g
ic

S
entences

are
true

w
ith

resp
ect

to
a

m
odel

and
an

interpretation

M
odel

contains
≥

1
objects

(dom
ain

elem
ents)

and
relations

am
ong

them

Interpretation
sp

ecifi
es

referents
for

constant
sym

b
ols
→

objects
predicate

sym
b
ols
→

relations
function

sym
b
ols
→

functional
relations

A
n

atom
ic

sentence
pred

ica
te(term

1 ,...,term
n )

is
true

iff
the

objects
referred

to
by

term
1 ,...,term

n

are
in

the
relation

referred
to

by
pred

ica
te

C
h
a
p
te

r
8

9

M
o
d
e
ls

fo
r

F
O

L
:
E
x
a
m

p
le

R
J

$

left leg
left leg

o
n

 h
ead

b
ro

th
er

b
ro

th
er

p
erso

n
p

erso
n

kin
g

cro
w

n

C
h
a
p
te

r
8

1
0

T
r
u
th

e
x
a
m

p
le

C
onsider

the
interpretation

in
w

hich
R

ich
a
rd
→

R
ichard

the
L
ionheart

J
oh

n
→

the
evil

K
ing

John
B

roth
er
→

the
brotherhood

relation

U
nder

this
interpretation,

B
roth

er(R
ich

a
rd

,J
oh

n
)

is
true

just
in

case
R
ichard

the
L
ionheart

and
the

evil
K

ing
John

are
in

the
brotherhood

relation
in

the
m

odel

C
h
a
p
te

r
8

1
1

M
o
d
e
ls

fo
r

F
O

L
:
L
o
ts!

E
ntailm

ent
in

prop
ositional

logic
can

b
e

com
puted

by
enum

erating
m

odels

W
e
c
a
n

enum
erate

the
F
O

L
m

odels
for

a
given

K
B

vocabulary:

F
or

each
num

b
er

of
dom

ain
elem

ents
n

from
1

to
∞

F
or

each
k
-ary

predicate
P

k
in

the
vocabulary

F
or

each
p
ossible

k
-ary

relation
on

n
objects

F
or

each
constant

sym
b
ol

C
in

the
vocabulary

F
or

each
choice

of
referent

for
C

from
n

objects
...

C
om

puting
entailm

ent
by

enum
erating

F
O

L
m

odels
is

not
easy!

C
h
a
p
te

r
8

1
2



U
n
iv

e
r
sa

l
q
u
a
n
tifi

c
a
tio

n

∀
〈v

a
ria

bles〉
〈sen

ten
ce〉

E
veryone

at
B

erkeley
is

sm
art:

∀
x

A
t(x

,B
erk

eley
)
⇒

S
m

a
rt(x

)

∀
x

P
is

true
in

a
m

odel
m

iff
P

is
true

w
ith

x
b
eing

e
a
c
h

p
ossible

object
in

the
m

odel

R
o
u
g
h
ly

sp
eaking,

equivalent
to

the
conjunction

of
instantiations

of
P

(A
t(K

in
g
J
oh

n
,B

erk
eley

)
⇒

S
m

a
rt(K

in
g
J
oh

n
))

∧
(A

t(R
ich

a
rd

,B
erk

eley
)
⇒

S
m

a
rt(R

ich
a
rd

))
∧

(A
t(B

erk
eley

,B
erk

eley
)
⇒

S
m

a
rt(B

erk
eley

))
∧

...

C
h
a
p
te

r
8

1
3

A
c
o
m

m
o
n

m
ista

k
e

to
a
v
o
id

T
ypically,

⇒
is

the
m

ain
connective

w
ith
∀

C
om

m
on

m
istake:

using
∧

as
the

m
ain

connective
w

ith
∀
:

∀
x

A
t(x

,B
erk

eley
)
∧

S
m

a
rt(x

)

m
eans

“E
veryone

is
at

B
erkeley

and
everyone

is
sm

art”

C
h
a
p
te

r
8

1
4

E
x
iste

n
tia

l
q
u
a
n
tifi

c
a
tio

n

∃
〈v

a
ria

bles〉
〈sen

ten
ce〉

S
om

eone
at

S
tanford

is
sm

art:
∃

x
A

t(x
,S

ta
n
f
ord

)
∧

S
m

a
rt(x

)

∃
x

P
is

true
in

a
m

odel
m

iff
P

is
true

w
ith

x
b
eing

so
m

e
p
ossible

object
in

the
m

odel

R
o
u
g
h
ly

sp
eaking,

equivalent
to

the
disjunction

of
instantiations

of
P

(A
t(K

in
g
J
oh

n
,S

ta
n
f
ord

)
∧

S
m

a
rt(K

in
g
J
oh

n
))

∨
(A

t(R
ich

a
rd

,S
ta

n
f
ord

)
∧

S
m

a
rt(R

ich
a
rd

))
∨

(A
t(S

ta
n
f
ord

,S
ta

n
f
ord

)
∧

S
m

a
rt(S

ta
n
f
ord

))
∨

...

C
h
a
p
te

r
8

1
5

A
n
o
th

e
r

c
o
m

m
o
n

m
ista

k
e

to
a
v
o
id

T
ypically,

∧
is

the
m

ain
connective

w
ith
∃

C
om

m
on

m
istake:

using
⇒

as
the

m
ain

connective
w

ith
∃
:

∃
x

A
t(x

,S
ta

n
f
ord

)
⇒

S
m

a
rt(x

)

is
true

if
there

is
anyone

w
ho

is
not

at
S
tanford!

C
h
a
p
te

r
8

1
6

P
r
o
p
e
r
tie

s
o
f
q
u
a
n
tifi

e
r
s

∀
x
∀

y
is

the
sam

e
as
∀

y
∀

x
(w

hy??)

∃
x
∃

y
is

the
sam

e
as
∃

y
∃

x
(w

hy??)

∃
x
∀

y
is

n
o
t

the
sam

e
as
∀

y
∃

x

∃
x
∀

y
L

ov
es(x

,y
)

“T
here

is
a

p
erson

w
ho

loves
everyone

in
the

w
orld”

∀
y
∃

x
L

ov
es(x

,y
)

“E
veryone

in
the

w
orld

is
loved

by
at

least
one

p
erson”

Q
uantifi

er
duality:

each
can

b
e

expressed
using

the
other

∀
x

L
ik

es(x
,I

ceC
rea

m
)

¬
∃

x
¬

L
ik

es(x
,I

ceC
rea

m
)

∃
x

L
ik

es(x
,B

roccoli)
¬
∀

x
¬

L
ik

es(x
,B

roccoli)

C
h
a
p
te

r
8

1
7

F
u
n

w
ith

se
n
te

n
c
e
s

B
rothers

are
siblings

C
h
a
p
te

r
8

1
8



F
u
n

w
ith

se
n
te

n
c
e
s

B
rothers

are
siblings

∀
x
,y

B
roth

er(x
,y

)
⇒

S
iblin

g
(x

,y
).

“S
ibling”

is
sym

m
etric

C
h
a
p
te

r
8

1
9

F
u
n

w
ith

se
n
te

n
c
e
s

B
rothers

are
siblings

∀
x
,y

B
roth

er(x
,y

)
⇒

S
iblin

g
(x

,y
).

“S
ibling”

is
sym

m
etric

∀
x
,y

S
iblin

g
(x

,y
)
⇔

S
iblin

g
(y

,x
).

O
ne’s

m
other

is
one’s

fem
ale

parent

C
h
a
p
te

r
8

2
0

F
u
n

w
ith

se
n
te

n
c
e
s

B
rothers

are
siblings

∀
x
,y

B
roth

er(x
,y

)
⇒

S
iblin

g
(x

,y
).

“S
ibling”

is
sym

m
etric

∀
x
,y

S
iblin

g
(x

,y
)
⇔

S
iblin

g
(y

,x
).

O
ne’s

m
other

is
one’s

fem
ale

parent

∀
x
,y

M
oth

er(x
,y

)
⇔

(F
em

a
le(x

)
∧

P
a
ren

t(x
,y

)).

A
fi
rst

cousin
is

a
child

of
a

parent’s
sibling

C
h
a
p
te

r
8

2
1

F
u
n

w
ith

se
n
te

n
c
e
s

B
rothers

are
siblings

∀
x
,y

B
roth

er(x
,y

)
⇒

S
iblin

g
(x

,y
).

“S
ibling”

is
sym

m
etric

∀
x
,y

S
iblin

g
(x

,y
)
⇔

S
iblin

g
(y

,x
).

O
ne’s

m
other

is
one’s

fem
ale

parent

∀
x
,y

M
oth

er(x
,y

)
⇔

(F
em

a
le(x

)
∧

P
a
ren

t(x
,y

)).

A
fi
rst

cousin
is

a
child

of
a

parent’s
sibling

∀
x
,y

F
irstC

ou
sin

(x
,y

)
⇔
∃

p,ps
P

a
ren

t(p,x
)
∧

S
iblin

g
(ps,p)

∧
P

a
ren

t(ps,y
)

C
h
a
p
te

r
8

2
2

E
q
u
a
lity

term
1

=
term

2
is

true
under

a
given

interpretation
if

and
only

if
term

1
and

term
2

refer
to

the
sam

e
object

E
.g.,

1
=

2
and
∀

x
×

(S
qrt(x

),S
qrt(x

))
=

x
are

satisfi
able

2
=

2
is

valid

E
.g.,

defi
nition

of
(full)

S
iblin

g
in

term
s

of
P

a
ren

t:
∀

x
,y

S
iblin

g
(x

,y
)
⇔

[¬
(x

=
y
)
∧
∃

m
,f
¬

(m
=

f
)
∧

P
a
ren

t(m
,x

)
∧

P
a
ren

t(f
,x

)
∧

P
a
ren

t(m
,y

)
∧

P
a
ren

t(f
,y

)]

C
h
a
p
te

r
8

2
3

In
te

r
a
c
tin

g
w

ith
F
O

L
K

B
s

S
upp

ose
a

w
um

pus-w
orld

agent
is

using
an

F
O

L
K

B
and

p
erceives

a
sm

ell
and

a
breeze

(but
no

glitter)
at

t
=

5:

T
ell(K

B
,P

ercept([S
m

ell,B
reeze,N

on
e],5))

A
sk

(K
B

,∃
a

A
ction

(a
,5))

I.e.,
does

K
B

entail
any

particular
actions

at
t

=
5?

A
nsw

er:
Y

es,
{a

/S
h
oot}

←
substitution

(binding
list)

G
iven

a
sentence

S
and

a
substitution

σ
,

S
σ

denotes
the

result
of

plugging
σ

into
S

;
e.g.,

S
=

S
m

a
rter(x

,y
)

σ
=
{x

/H
illa

ry
,y

/B
ill}

S
σ

=
S
m

a
rter(H

illa
ry

,B
ill)

A
sk

(K
B

,S
)

returns
som

e/all
σ

such
that

K
B
|=

S
σ

C
h
a
p
te

r
8

2
4



K
n
o
w

le
d
g
e

b
a
se

fo
r

th
e

w
u
m

p
u
s

w
o
r
ld

“P
erception”

∀
b,g

,t
P

ercept([S
m

ell,b,g
],t)
⇒

S
m

elt(t)
∀

s,b,t
P

ercept([s,b,G
litter],t)

⇒
A

tG
old

(t)

R
efl

ex:
∀

t
A

tG
old

(t)
⇒

A
ction

(G
ra

b,t)

R
efl

ex
w

ith
internal

state:
do

w
e

have
the

gold
already?

∀
t

A
tG

old
(t)
∧
¬

H
old

in
g
(G

old
,t)
⇒

A
ction

(G
ra

b,t)

H
old

in
g
(G

old
,t)

cannot
b
e

observed
⇒

keeping
track

of
change

is
essential

C
h
a
p
te

r
8

2
5

D
e
d
u
c
in

g
h
id

d
e
n

p
r
o
p
e
r
tie

s

P
rop

erties
of

locations:
∀

x
,t

A
t(A

g
en

t,x
,t)
∧

S
m

elt(t)
⇒

S
m

elly
(x

)
∀

x
,t

A
t(A

g
en

t,x
,t)
∧

B
reeze(t)

⇒
B

reezy
(x

)

S
quares

are
breezy

near
a

pit:

D
iagnostic

rule—
infer

cause
from

eff
ect

∀
y

B
reezy

(y
)
⇒
∃

x
P

it(x
)
∧

A
dja

cen
t(x

,y
)

C
ausal

rule—
infer

eff
ect

from
cause

∀
x
,y

P
it(x

)
∧

A
dja

cen
t(x

,y
)
⇒

B
reezy

(y
)

N
either

of
these

is
com

plete—
e.g.,

the
causal

rule
doesn’t

say
w

hether
squares

far
aw

ay
from

pits
can

b
e

breezy

D
efi

nition
for

the
B

reezy
predicate:

∀
y

B
reezy

(y
)
⇔

[∃
x

P
it(x

)
∧

A
dja

cen
t(x

,y
)]

C
h
a
p
te

r
8

2
6

K
e
e
p
in

g
tr

a
c
k

o
f
c
h
a
n
g
e

F
acts

hold
in

situations,
rather

than
eternally

E
.g.,

H
old

in
g
(G

old
,N

ow
)

rather
than

just
H

old
in

g
(G

old
)

S
ituation

calculus
is

one
w
ay

to
represent

change
in

F
O

L
:

A
dds

a
situation

argum
ent

to
each

non-eternal
predicate

E
.g.,

N
ow

in
H

old
in

g
(G

old
,N

ow
)

denotes
a

situation

S
ituations

are
connected

by
the

R
esu

lt
function

R
esu

lt(a
,s)

is
the

situation
that

results
from

doing
a

in
s

PIT

PIT

PIT

G
old

PIT

PIT

PIT

G
old

S
0

F
orw

ard

S
1

C
h
a
p
te

r
8

2
7

D
e
sc

r
ib

in
g

a
c
tio

n
s

I

“E
ff
ect”

axiom
—

describ
e

changes
due

to
action

∀
s

A
tG

old
(s)
⇒

H
old

in
g
(G

old
,R

esu
lt(G

ra
b,s))

“F
ram

e”
axiom

—
describ

e
n
o
n
-c

h
a
n
g
e
s

due
to

action
∀

s
H

a
v
eA

rrow
(s)
⇒

H
a
v
eA

rrow
(R

esu
lt(G

ra
b,s))

F
ram

e
problem

:
fi
nd

an
elegant

w
ay

to
handle

non-change
(a)

representation—
avoid

fram
e

axiom
s

(b)
inference—

avoid
rep

eated
“copy-overs”

to
keep

track
of

state

Q
ualifi

cation
problem

:
true

descriptions
ofrealactions

require
endless

caveats—
w

hat
if

gold
is

slipp
ery

or
nailed

dow
n

or
...

R
am

ifi
cation

problem
:

real
actions

have
m

any
secondary

consequences—
w

hat
ab

out
the

dust
on

the
gold,

w
ear

and
tear

on
gloves,

...

C
h
a
p
te

r
8

2
8

D
e
sc

r
ib

in
g

a
c
tio

n
s

I
I

S
uccessor-state

axiom
s

solve
the

representational
fram

e
problem

E
ach

axiom
is

“ab
out”

a
p
r
e
d
ic

a
te

(not
an

action
p
er

se):

P
true

afterw
ards

⇔
[an

action
m

ade
P

true

∨
P

true
already

and
no

action
m

ade
P

false]

F
or

holding
the

gold:
∀

a
,s

H
old

in
g
(G

old
,R

esu
lt(a

,s))
⇔

[(a
=

G
ra

b
∧

A
tG

old
(s))

∨
(H

old
in

g
(G

old
,s)
∧

a
6=

R
elea

se)]

C
h
a
p
te

r
8

2
9

M
a
k
in

g
p
la

n
s

Initial
condition

in
K

B
:

A
t(A

g
en

t,[1,1],S
0 )

A
t(G

old
,[1,2],S

0 )

Q
uery:

A
sk

(K
B

,∃
s

H
old

in
g
(G

old
,s))

i.e.,
in

w
hat

situation
w

ill
I
b
e

holding
the

gold?

A
nsw

er:
{s/R

esu
lt(G

ra
b,R

esu
lt(F

orw
a
rd

,S
0 ))}

i.e.,
go

forw
ard

and
then

grab
the

gold

T
his

assum
es

that
the

agent
is

interested
in

plans
starting

at
S

0
and

that
S

0

is
the

only
situation

describ
ed

in
the

K
B

C
h
a
p
te

r
8

3
0



M
a
k
in

g
p
la

n
s:

A
b
e
tte

r
w

a
y

R
epresent

plans
as

action
sequences

[a
1 ,a

2 ,...,a
n ]

P
la

n
R

esu
lt(p,s)

is
the

result
of

executing
p

in
s

T
hen

the
query

A
sk

(K
B

,∃
p

H
old

in
g
(G

old
,P

la
n
R

esu
lt(p,S

0 )))
has

the
solution

{p/[F
orw

a
rd

,G
ra

b]}

D
efi

nition
of

P
la

n
R

esu
lt

in
term

s
of

R
esu

lt:
∀

s
P

la
n
R

esu
lt([],s)

=
s

∀
a
,p,s

P
la

n
R

esu
lt([a
|p],s)

=
P

la
n
R

esu
lt(p,R

esu
lt(a

,s))

P
lanning

system
s

are
sp

ecial-purp
ose

reasoners
designed

to
do

this
typ

e
of

inference
m

ore
effi

ciently
than

a
general-purp

ose
reasoner

C
h
a
p
te

r
8

3
1

S
u
m

m
a
r
y

F
irst-order

logic:
–

objects
and

relations
are

sem
antic

prim
itives

–
syntax:

constants,
functions,

predicates,
equality,

quantifi
ers

Increased
expressive

p
ow

er:
suffi

cient
to

defi
ne

w
um

pus
w
orld

S
ituation

calculus:
–

conventions
for

describing
actions

and
change

in
F
O

L
–

can
form

ulate
planning

as
inference

on
a

situation
calculus

K
B

C
h
a
p
te

r
8

3
2


