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M

S
yntax

and
sem

antics
ofF

O
L

M

F
un

w
ith

sentences

M

W
um

pus
w

orld
in

F
O

L
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�
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� Q
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T ��
� ��
� �
�T

C
onstants

UVWXZY
[\W]_^
]a`
b c
]_ddd

P
redicates

c
e[f\g
e]ih
]_ddd

F
unctions

jk ef]_lg
m f lg
XZn
m ]_ddd

V
ariables

o]p ]Zq
]Zr] ddd

C
onnectives

st u
v
w

E
quality

x

Q
uantifiers

y z
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A
tom

ic
sentence

=

| eg}V~qfg
� fge�
�]_ddd] fg
e�
��

orfg
e�
� xfg
e�
�

Term
=

m��W~fV[W� fge�
�] ddd] fg
e�
��

or~[W�fqWf

or�qeVqr�g

E
.g., c

e[f\g
e� UVWX Y
[\W]a� V~\q
e} �\g l
V[W\gq
ef�

h
� lgWX f\� lg
m f lg
X n
m� � V~\q
e}�� ] lgWX f\� lg
m f lg
XZn
m� UVWX Y
[\W���

+,-./
0 12
342
5 67/.- 89 5 :; <--. 66, 1/
=:>
0 ?@ 7A B CDDE

F G,H I. ?J
K L�



�
� �� P
T� �
�� ���T

C
om

plex
sentences

are
m

ade
from

atom
ic

sentences
using

connectives
uj]
j� sj�]
j� tj�]
j� v
j�]
j� w
j�

E
.g.

j Vr�VWX� UVWX Y
[\W]a� V~\q
e}� v
j Vr�VWX� � V~\q
e}] UVWX Y
[\W�

h
���] ^�
t
�� �] ^�

h
���] ^�
s
uh

� �] ^�

+,-./
0 12
342
5 67/.- 89 5 :; <--. 66, 1/
=:>
0 ?@ 7A B CDDE

F G,H I. ?J
K L�



�
�� �
��
	�T
���
� ��� ��
� ��

S
entences

are
true

w
ith

respectto
a

m
odel

and
an

interpretation

M
odelcontains

objects
and

relations
am

ong
them

Interpretation
specifies

referents
for

constantsym
bols�

objects
predicate

sym
bols�

relations
function

sym
bols�

functional
relations

A
n

atom
ic

sentence| eg}V~qfg
� fge�
�]_ddd] fg
e�
��

is
true

iffthe
objects

referred
to

byfg
e�
�]_ddd] fg
e�
�

are
in

the
relation

referred
to

by| eg}V~qfg
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objects

relations: sets of tuples of objects

<
<<

<

{
,

,
,

,...

{

functional relations: all tuples of objects + "value" object

<
<<
<
{

,
,

,
,...

{
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� �� �

y� �qeVqr�g�
�� �gWfgW~g
�

E
veryone

atU
W

is
sm

art:

y o �
f� o] `
�� v
j �q
ef� o�

y o �

is
equivalentto

the
conjunction

ofinstantiations
of�

�
f� UVWX Y
[\W] `
�� v
j �q
ef� UVWX Y
[\W�

s �
f� � V~\q
e}] `
�� v
j �q
ef� � V~\q
e}�

s �
f� `�] `
�� v
j �q
ef� `��

s
ddd

Typically,v

is
the

m
ain

connective
w

ithy .
C

om
m

on
m

istake:
usings

as
the

m
ain

connective
w

ithy :

y o �
f� o] `
�� sj �q
ef� o�
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y� �qeVqr�g�
�� �gWfgW~g
�

E
veryone

atU
W

is
sm

art:

y o �
f� o] `
�� v
j �q
ef� o�

y o �

is
equivalentto

the
conjunction

ofinstantiations
of�

�
f� UVWX Y
[\W] `
�� v
j �q
ef� UVWX Y
[\W�

s �
f� � V~\q
e}] `
�� v
j �q
ef� � V~\q
e}�

s �
f� `�] `
�� v
j �q
ef� `��

s
ddd

Typically,v

is
the

m
ain

connective
w

ithy .
C

om
m

on
m

istake:
usings

as
the

m
ain

connective
w

ithy :

y o �
f� o] `
�� sj �q
ef� o�

m
eans

“E
veryone

is
atU

W
and

everyone
is

sm
art”
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� �� �

z
� �qeVqr�g�
�� �gWfgW~g
�

S
om

eone
atB

erkeley
is

sm
art:

z
o �
f� o] cg
e�g�g
p� sj �q
ef� o�

z
o �

is
equivalentto

the
disjunction

ofinstantiations
of�

�
f� UVWX Y
[\W] cg
e�g�g
p� sj �q
ef� UVWX Y
[\W�

t �
f� � V~\q
e}] cg
e�g�g
p� sj �q
ef� � V~\q
e}�

t �
f� cg
e�g�g
p ] cg
e�g�g
p� sj �q
ef� cg
e�g�g
p�

t
ddd

Typically,s

is
the

m
ain

connective
w

ithz
.

C
om

m
on

m
istake:

using

v

as
the

m
ain

connective
w

ithz

:

z
o �
f� o] cg
e�g�g
p� v
j �q
ef� o�
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z
� �qeVqr�g�
�� �gWfgW~g
�

S
om

eone
atB

erkeley
is

sm
art:

z
o �
f� o] cg
e�g�g
p� sj �q
ef� o�

z
o �

is
equivalentto

the
disjunction

ofinstantiations
of�

�
f� UVWX Y
[\W] cg
e�g�g
p� sj �q
ef� UVWX Y
[\W�

t �
f� � V~\q
e}] cg
e�g�g
p� sj �q
ef� � V~\q
e}�

t �
f� cg
e�g�g
p ] cg
e�g�g
p� sj �q
ef� cg
e�g�g
p�

t
ddd

Typically,s

is
the

m
ain

connective
w

ithz
.

C
om

m
on

m
istake:

using

v

as
the

m
ain

connective
w

ithz

:

z
o �
f� o] cg
e�g�g
p� v
j �q
ef� o�

is
true

ifthere
is

anyone
w

ho
is

notatB
erkeley!
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y oyp
is

the
sam

e
asyp y o

(w
h

y??)

z
o z
p

is
the

sam
e

asz
p z
o

(w
h

y??)

z
oyp

is
not

the
sam

e
asyp z

o

z
oyp l
[�g�

� o]p�

“T
here

is
a

person
w

ho
loves

everyone
in

the
w

orld”

yp z
o l
[�g�

� o]p�

“E
veryone

in
the

w
orld

is
loved

by
atleastone

person”

Q
uantifier

duality
:

each
can

be
expressed

using
the

other

y o l
V�g�

� o]_ ~g
b egq�

� ??

z
o l
V�g�

� o] c
e[~~[�V� ??
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y oyp
is

the
sam

e
asyp y o

(w
h

y??)

z
o z
p

is
the

sam
e

asz
p z
o

(w
h

y??)

z
oyp

is
not

the
sam

e
asyp z

o

z
oyp l
[�g�

� o]p�

“T
here

is
a

person
w

ho
loves

everyone
in

the
w

orld”

yp z
o l
[�g�

� o]p�

“E
veryone

in
the

w
orld

is
loved

by
atleastone

person”

Q
uantifier

duality
:

each
can

be
expressed

using
the

other

y o l
V�g�

� o]_ ~g
b egq�

� :

uz
o ul
V�g�

� o]  ~g
b egq�

�

z
o l
V�g�

� o] c
e[~~[�V� :

uy o ul
V�g�

� o] c
e[~~[�V�
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B
rothers

are
siblings

y o]p c
e[f\g
e� o]p� v
j Vr�VWX� o]p� .

“S
ibling”

is
reflexive

y o]p j Vr�VWX� o]p� w
j Vr�VWX� p ] o�

O
ne’s

m
other

is
one’s

fem
ale

parent

y o]p£¢
[f\g
e� o]p� w

��¤g�q�g
� o� qW} �q
egWf� o]p��

A
firstcousin

is
a

child
ofa

parent’s
sibling

y o]p ¤Ve�fb [��
VW� o]p� w z
|]| � �
q
egWf� |] o� sj Vr�VWX� | �]|� s �q
egWf� | �]p�
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fg
e�
� xfg
e�
�

is
true

under
a

given
interpretation

ifand
only

iffg
e�
�

andfg
e�
�

refer
to

the
sam

e
object

E
.g.,

� x^
andy o ¥

� jk ef� o� ] jk ef� o�� xo

are
satisfiable

^
x^

is
valid

E
.g.,definition

of(full)j Vr�VWX
in

term
s

of �q
egWf

:

y o]p j Vr�VWX� o]p� w
¦ u� o xp� s z�
]m u� �
xm� s

�
q
egWf� �
] o� s �q
egWf� m ] o� s �q
egWf� �
]p� s �q
egWf� m ]p�§
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R

T

S
uppose

a
w

um
pus-w

orld
agentis

using
an

F
O

L
K

B
and

perceives
a

sm
elland

a
breeze

(butno
glitter)

atf x¨ :

�g��
� Uc
] �g
e~g
| f�¦ j �g��
] c
egg
©g]_ª
[Wg

§ ] ¨��

���� Uc
] zq �
~fV[W� q] ¨��

I.e.,does
the

K
B

entailany
particular

actions
atf x¨ ?

A
nsw

er:«g�
]¬ q j \[[f®
¯

substitution
(binding

list)

G
iven

a
sentencej

and
a

substitution° ,

j °

denotes
the

resultofplugging°
intoj

;e.g.,

j xj �q
efg
e� o]p�

° x¬ o²±
V��q
ep ]p c
V��®

j ° xj �q
efg
e� ±
V��q
ep ] c
V���

���� Uc
] j�

returns
som

e/all°

such
that Uc

³ xj °
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“P
erception”

y r]X ] f �g
e~g
| f�¦ j �g��
] r]X§ ] f� v
j �g�f� f�

y �
] r] f �g
e~g
| f�¦ �] r]aµ �
Vffg
e§ ] f� v �
fµ
[�}� f�

R
efle

x:y f �
fµ
[�}� f� v �
~fV[W� µ eqr] f�

R
efle

x
w

ith
internal

state
:

do
w

e
have

the
gold

already?

y f �
fµ
[�}� f� s u±
[�}VWX� µ [�}] f� v �
~fV[W� µ eqr] f�

±
[�}VWX� µ [�}] f�

cannotbe
observed

v

keeping
track

ofchange
is

essential
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P
roperties

oflocations:

y �] f �
f� �X gWf] �] f� sj �g�f� f� v
j �g��
p� ��

y �] f �
f� �X gWf] �] f� s c
egg
©g� f� v c
egg
©p� ��

S
quares

are
breezy

near
a

pit:

D
ia

gnostic
rule—

infer
cause

from
effect

yp c
egg
©p� p� v z
o �
Vf� o� s �
}¶ q~gWf� o]p�

C
ausal

rule—
infer

effectfrom
cause

y o]p �
Vf� o� s �
}¶ q~gWf� o]p� v c
egg
©p� p�

N
eitherofthese

is
com

plete—
e.g.,the

causalrule
doesn’tsay

w
hethersquares

far
aw

ay
from

pits
can

be
breezy

D
efinition

for
thec

egg
©p

predicate:

yp c
egg
©p� p� w

¦ zo �
Vf� o� s �
}¶ q~gWf� o]p�§
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 �

Facts
hold

in
situations

,rather
than

eternally
E

.g., ±
[�}VWX� µ [�}] ª
[¸

�

rather
than

just ±
[�}VWX� µ [�}�

S
ituation

calculus
is

one
w

ay
to

representchange
in

F
O

L:
A

dds
a

situation
argum

entto
each

non-eternalpredicate
E

.g.,ª
[¸

in±
[�}VWX� µ [�}] ª
[¸

�

denotes
a

situation

S
ituations

are
connected

by
the� g���f

function

� g���f� q] ��

is
the

situation
thatresults

from
doingq

is�

PIT

PIT

PIT

G
old

PIT

PIT

PIT

G
old

S
0

F
orw

ard

S
1
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“E
ffect”

axiom
—

describe
changes

due
to

action

y � �
fµ
[�}� �� v ±
[�}VWX� µ [�}]a� g���f� µ eqr] ���

“Fram
e”

axiom
—

describe
non-c

hang
es

due
to

action

y �
±q
�g �
ee[¸

� �� v ±q
�g �
ee[¸

� � g���f� µ eqr] ���

F
ram

e
prob

lem
:

find
an

elegantw
ay

to
handle

non-change
(a)

representation—
avoid

fram
e

axiom
s

(b)
inference—

avoid
repeated

“copy-overs”
to

keep
track

ofstate

Q
ualification

prob
lem

:
true

descriptions
ofrealactions

require
endless

caveats—
w

hatifgold
is

slippery
or

nailed
dow

n
orddd

R
am

ification
prob

lem
:

realactions
have

m
any

secondary
consequences—

w
hataboutthe

duston
the

gold,w
ear

and
tear

on
gloves, ddd
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S
uccessor

-state
axiom

s
solve

the
representationalfram

e
problem

E
ach

axiom
is

“about”
a

predicate
(notan

action
per

se):

P
true

afterw
ards

w
¦ an

action
m

ade
P

true

t
P

true
already

and
no

action
m

ade
P

false§

F
or

holding
the

gold:

y q
] � ±
[�}VWX� µ [�}] � g���f� q] ��� w

¦ � q xµ
eqr
s �fµ
[�}� ���

t� ±
[�}VWX� µ [�}] �� s q
¹ x� g�gq�g
�§
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Initialcondition
in

K
B

:
�
f� �X gWf]¦ �] �§ ] jº�

�
f� µ [�}]¦ �] ^§ ] jº�

Q
uery:���� Uc

] z�
±
[�}VWX� µ [�}] ���

i.e.,in
w

hatsituation
w

illIbe
holding

the
gold?

A
nsw

er:¬ � � g���f� µ eqr] � g���f� ¤[e¸q
e}] jº��®

i.e.,go
forw

ard
and

then
grab

the
gold

T
his

assum
es

thatthe
agentis

interested
in

plans
starting

atjº

and
thatjº

is
the

only
situation

described
in

the
K

B
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R
epresentplans

as
action

sequences¦ q�] q�] ddd] q�§

��qW� g���f� |] ��
is

the
resultofexecuting|

in�

T
hen

the
query���� Uc

] z| ±
[�}VWX� µ [�}] ��qW� g���f� |] jº���

has
the

solution¬ |¦ ¤[e¸q
e}]aµ
eqr§®

D
efinition

of ��qW� g���f
in

term
s

of� g���f

:

y � ��qW� g���f�¦§ ] �� x�

y q
]|] � ��qW� g���f�¦ q³ |§ ] �� x��qW� g���f� |] � g���f� q] ���

P
lanning

system
s

are
special-purpose

reasoners
designed

to
do

this
type

of
inference

m
ore

efficiently
than

a
general-purpose

reasoner
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F
irst-order

logic:
–

objects
and

relations
are

sem
antic

prim
itives

–
syntax:

constants,functions,predicates,equality,quantifiers

Increased
expressive

pow
er:

sufficientto
define

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
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