
E
x
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L
e
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8
:
A
noth

e
r
T
a
ke

on
D
e
cla

ra
tive

Progra
m
m
ing

L
ast

m
od
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:
F
ri

A
pr
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2
0
17

C
S
6
1A

:
E
x
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L
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#
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Prolog
a
nd

Pre
d
e
ce

ssors

•
W

ay
b
ack

in
19

5
9
,
re

se
arch

e
rs

at
C
M
U

cre
ate

d
G
PS

(G
e
ne

ral
Prob

-
le
m

S
olve

r
[A

.N
e
w
e
ll,

J
.
C
.S

h
aw

,
H
.A

.S
im

on])

–
Input

d
e
fine

d
ob

je
cts

and
allow

ab
le

ope
rations

on
th

e
m
,
plus

a
d
e
scription

of
th

e
d
e
sire

d
outcom

e
.

–
O
utput

consiste
d
of

a
se

que
nce

of
ope

rations
to

b
ring

th
e
out-

com
e
ab

out.

–
O
nly

w
orke

d
for

sm
all

prob
le
m
s,

unsurprisingly.

•
Planner

at
M
IT

[C
.H

e
w
itt,19

6
9
]
w
as

anoth
e
r
program

m
ing

language
for

th
e
ore

m
proving:

one
spe

cifie
d
d
e
sire

d
goal

asse
rtion,

and
sys-

te
m

w
ould

find
rule

s
to

apply
to

d
e
m
onstrate

th
e
asse

rtion.
A
gain,

th
is

d
id
n’t

scale
all

th
at

w
e
ll.

•
Planne

r
w
as

one
inspiration

for
th

e
d
e
ve

lopm
e
nt

of
th

e
logic-program

m
ing

language
Prolog.
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od

ified
:
F
ri

A
pr

14
15

:2
2
:19

2
0
17

C
S
6
1A

:
E
x
tra

L
ecture

#
8

2

Prolog
(L
isp

S
ty

le
)

•
L
e
t’s

inte
rpre

t
S
ch

e
m
e
e
x
pre

ssions
as

logical
assertions.

•
F
or

e
x
am

ple
,
(
l
i
k
e
s
b
r
i
a
n
p
o
t
s
t
i
c
k
e
r
s
)
m
igh

t
b
e
such

an
asse

r-
tion:

l
i
k
e
s
is

a
pred

icate
th

at
re

late
s
b
r
i
a
n
and

p
o
t
s
t
i
c
k
e
r
s.

•
W

e
d
on’t

inte
rpre

t
th

e
argum

e
nts

of
th

e
pre

d
icate

:
as

far
as

S
ch

e
m
e

is
conce

rne
d
th

e
y
are

just
uninte

rpre
te

d
d
ata

structure
s.

•
W

e
also

allow
one

oth
e
r
type

of
e
x
pre

ssion:
a
sym

b
ol

th
at

starts
w
ith

a
que

stion
m
ark

w
ill

ind
icate

a
logical

variab
le
.

•
A
n
asse

rtion
such

as
(
l
i
k
e
s
b
r
i
a
n
?
X
)
asse

rts
th

at
th

e
re

is
som

e
re

place
m
e
nt

for
?
X
th

at
m
ake

s
th

e
asse

rtion
true

.
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F
a
cts

a
nd

R
ule

s

•
W

e
w
ill

m
ake

queries
in

th
e
form

of
asse

rtions,
possib

ly
w
ith

logical
variab

le
s.

•
T
h
e
syste

m
w
illlook

to
se

e
if

th
e
que

rie
s
are

true
b
ase

d
on

a
d
atab

ase
of

facts
(ax

iom
s
or

postulate
s)

ab
out

th
e
pre

d
icate

s.

•
It

w
illinform

us
of

w
h
at

re
place

m
e
nts

for
logicalvariab

le
s
m
ake

th
e

asse
rtion

true
.

•
E
ach

fact
w
ill

h
ave

th
e
form

(
f
a
c
t

C
onclusion

H
ypoth

esis1
H
ypoth

esis2
...)

M
e
aning

“F
or

any
sub

stitution
of

logical
variab

le
s
in

th
e
C
onclusion

and
H
ypoth

e
se

s,
w
e
m
ay

d
e
rive

th
e
conclusion

if
w
e
can

d
e
rive

e
ach

of
th

e
h
ypoth

e
se

s.”
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m
od
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:
F
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E
x
a
m
ple

:
F
a
m
ily

R
e
la
tions

•
F
irst,

som
e
facts

w
ith

no
h
ypoth

e
se

s:

(
f
a
c
t
(
p
a
r
e
n
t
g
e
o
r
g
e
p
a
u
l
)
)

(
f
a
c
t
(
p
a
r
e
n
t
m
a
r
t
i
n
g
e
o
r
g
e
)
)

(
f
a
c
t
(
p
a
r
e
n
t
m
a
r
t
i
n
m
a
r
t
i
n
j
r
)
)

(
f
a
c
t
(
p
a
r
e
n
t
m
a
r
t
i
n
d
o
n
a
l
d
)
)

(
f
a
c
t
(
p
a
r
e
n
t
g
e
o
r
g
e
a
n
n
)
)

•
Inte

nd
e
d
m
e
anings:

M
ay

d
e
d
uce

th
at

ge
orge

is
paul’s

pare
nt,

e
tc.

•
N
ow

som
e
ge

ne
ral

rule
s
ab

out
re

lations:

(
f
a
c
t
(
a
n
c
e
s
t
o
r
?
X

?
Y
)
(
p
a
r
e
n
t
?
X
?
Y
)
)

(
f
a
c
t
(
a
n
c
e
s
t
o
r
?
X

?
Y
)
(
p
a
r
e
n
t
?
X
?
Z
)
(
a
n
c
e
s
t
o
r
?
Z
?
Y
)
)

•
Inte

nd
e
d
m
e
anings:

–
F
or

any
value

s
of

?
X

and
?
Y,

if
w
e

can
d
e
d
uce

th
at

?
X

is
?
Y’s

pare
nt,

th
e
n
w
e
m
ay

d
e
d
uce

th
at

?
X
is
?
Y’s

ance
stor.

–
F
or

any
value

s
of

?
X,

?
Y,

and
?
Z.if

w
e
can

d
e
d
uce

th
at

?
X
is

?
Z’s

pare
nt,

and
?
Z
is

?
Y’s

am
ce

stor,
th

e
n
w
e
m
ay

d
e
d
uce

th
at

?
X
is

?
Z’s

ance
stor.
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E
x
a
m
ple

,
continue

d

(
f
a
c
t
(
p
a
r
e
n
t
g
e
o
r
g
e
p
a
u
l
)
)

(
f
a
c
t
(
p
a
r
e
n
t
m
a
r
t
i
n
g
e
o
r
g
e
)
)

(
f
a
c
t
(
p
a
r
e
n
t
m
a
r
t
i
n
m
a
r
t
i
n
j
r
)
)

(
f
a
c
t
(
p
a
r
e
n
t
m
a
r
t
i
n
d
o
n
a
l
d
)
)

(
f
a
c
t
(
p
a
r
e
n
t
g
e
o
r
g
e
a
n
n
)
)

(
f
a
c
t
(
a
n
c
e
s
t
o
r
?
X
?
Y
)
(
p
a
r
e
n
t
?
X
?
Y
)
)

(
f
a
c
t
(
a
n
c
e
s
t
o
r
?
X
?
Y
)
(
p
a
r
e
n
t
?
X
?
Z
)

(
a
n
c
e
s
t
o
r
?
Z
?
Y
)
)

F
rom

th
e
se

,
w
e
ough

t
to

b
e
ab

le
to

conclud
e
th

at
M
artin

is
an

ance
s-

tor
of

A
nn,

for
e
x
am

ple
.
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R
e
la
tions,

N
ot

F
unctions

•
In

th
is

style
of

program
m
ing,

w
e
d
on’t

d
e
fine

functions,
b
ut

rath
e
r

re
lations.

•
Inste

ad
of

saying
(
a
b
s
-
3
)
=
=
>
3,

w
e
say

(
a
b
s
-
3
3
)
(th

at
is,

“3
stand

s
in

th
e
a
b
s
re

lation
to

-3
.”)

•
Inste

ad
of

(
a
d
d
x
y
)
=
=
>
z,

w
e
say

(
a
d
d
x
y

z
).

•
T
h
is

w
ill

allow
us

to
run

program
s
“b
oth

w
ays”:

from
inputs

to
out-

puts,
or

from
outputs

to
inputs.
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R
e
ca

p:
A

“S
ch

e
m
ish

”
Prolog

•
A
s
a
que

ry,
a
S
ch

e
m
e
e
x
pre

ssion,
e
.g.

(
o
r
d
e
r
e
d
(
0
1
2
)
)
re

pre
-

se
nts

a
logical

asse
rtion.

–
Its

top-le
ve

lope
rator

(e
.g.,

o
r
d
e
r
e
d)

nam
e
s
a
pred

icate
(true

/false
function).

–
Its

ope
rand

s
are

th
e
d
ata

for
th

is
pre

d
icate

:
unlike

S
ch

e
m
e
pro-

gram
s,

th
e
y
d
on’t

re
pre

se
nt

function
calls—

th
e
y
are

th
e
lite

ral
d
ata...

–
...w

ith
th

e
e
x
ce

ption
th

at
logical

variab
les,

re
pre

se
nte

d
as

sym
-

b
ols

starting
w
ith

‘?’,
stand

for
ope

rand
s
th

at
m
ay

b
e
re

place
d
b
y

oth
e
r
e
x
pre

ssions.

•
T
o
d
e
fine

a
pre

d
icate

,
w
e
give

rule
s
for

it:

(
f
a
c
t

C
O
N
C
LU

S
IO

N
)
m
e
ans

th
at

C
O
N
C
LU

S
IO

N
is

to
b
e
take

n
as

true
,
for

any
re

place
m
e
nt

of
its

logical
variab

le
s.

(
f
a
c
t

C
O
N
C
LU

S
IO

N
H
Y
PO

T
H
E
S
IS

...)
m
e
ans

th
at

C
O
N
C
LU

-
S
IO

N
is

to
b
e
take

n
as

true
,
assum

ing
th

at
th

e
H
Y
PO

T
H
E
S
E
S

can
all

b
e
sh

ow
n
to

b
e
true

.
A
gain,

th
is

is
for

all
re

place
m
e
nts

of
logical

variab
le
s
th

rough
out

th
e
rule

.
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O
pe

ra
tiona

l
a
nd

D
e
cla

ra
tive

M
e
a
nings

•
T
h
us,

(
f
a
c
t
(
e
a
t
s
?
P
?
F
)
(
h
u
n
g
r
y
?
P
)
(
h
a
s
?
P
?
F
)
(
l
i
k
e
s
?
P
?
F
)
)

m
e
ans

th
at

for
any

re
place

m
e
nt

of
?
P
(e
.g.,

‘b
rian’)

and
?
F
(e
.g.,

‘pot-
sticke

rs’)
th

rough
out

th
e
rule

:

D
e
cla

ra
tive

M
e
a
ning

If
b
rian

is
h
ungry

and
h
as

potsticke
rs

and
like

s
potsticke

rs,
th

e
n
b
rian

w
ill

e
at

potsticke
rs.

O
pe

ra
tiona

l
M
e
a
ning

T
o

sh
ow

th
at

b
rian

w
ill

e
at

potsticke
rs,

sh
ow

th
at

b
rian

is
h
ungry,

th
e
n
th

at
b
rian

h
as

potsticke
rs,

and
th

e
n
th

at
b
rian

like
s
potsticke

rs.

•
T
h
e
d
eclarative

m
eaning

allow
s
us

to
look

at
our

S
ch

e
m
e
-Prolog

pro-
gram

as
a
logical

spe
cification

of
a
prob

le
m

for
w
h
ich

th
e
syste

m
is

to
find

a
solution.

•
T
h
e
operationalm

eaning
allow

s
us

to
look

at
our

S
ch

e
m
e
-Prolog

spe
c-

ification
as

an
e
x
e
cutab

le
program

for
se

arch
ing

for
a
solution.

•
C
losed

U
niverse

A
ssum

ption:
W

e
m
ake

only
positive

state
m
e
nts.

T
h
e
close

st
w
e
com

e
to

saying
th

at
som

e
th

ing
is

false
is

to
say

th
at

w
e
can’t

prove
it.
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H
ow

I
t’s

D
one

(I
):

U
nifica

tion

•
In

ge
ne

ral,
our

syste
m
,
give

n
a
targe

t
e
x
pre

ssion
involving

a
pre

d
i-

cate
to

prove
,
m
ust

find
a
fact

th
at

m
igh

t
asse

rt
th

at
targe

t,
give

n
a
suitab

le
re

place
m
e
nt

of
logical

variab
le
s.

•
T
o
d
o
th

is,
w
e
try

to
patte

rn-m
atch

th
e
conclusions

of
all

our
facts

against
th

e
targe

t
e
x
pre

ssion.

•
T
h
e
patte

rn
m
atch

ing
is

calle
d
unification,

[J
.A

.R
ob

inson].

•
F
or

e
x
am

ple
,
w
e
say

th
at

(
l
i
k
e
s
b
r
i
a
n
p
o
t
s
t
i
c
k
e
r
s
)
unifies

w
ith

th
e
e
x
pre

ssion
(
l
i
k
e
s
?
P
?
F
),

if
w
e
sub

stitute
b
r
i
a
n
for

?
P
and

p
o
t
s
t
i
c
k
e
r
s
for

?
F.

•
M
igh

t
th

ink
of

th
is

sub
stitution—

calle
d
a
unifier

—
as

a
Pyth

on
d
ic-

tionary
m
apping

logical
variab

le
s
to

e
x
pre

ssions.
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U
nifica

tion
(I
I
)

•
T
h
e
sub

stitution
h
as

to
b
e
uniform

:

–
C
an

unify
(
l
e
0

1
)
w
ith

(
l
e
?
X
?
Y
)

–
B
ut

cannot
unify

(
l
e
0
1
)
w
ith

(
l
e
?
X
?
X
)

•
E
ve

ryth
ing

is
sym

m
e
tric:

if
A

unifie
s
w
ith

B
,
th

e
n
B

unifie
s
w
ith

A
.

L
ogical

variab
le
s
can

appe
ar

in
one

or
b
oth

.

•
It

is
possib

le
for

logical
variab

le
s
to

b
e
unifie

d
w
ith

e
ach

oth
e
r:

U
nify

(
l
i
k
e
s
?
P
?
F
)
w
ith

(
l
i
k
e
s
?
Q
p
o
t
s
t
i
c
k
e
r
s
).

•
W

e
sub

stitute
p
o
t
s
t
i
c
k
e
r
s
for

?
F,

and
ch

oose
e
ith

e
r
to

sub
stitute

?
Q
for

?
P
or

vice
-ve

rsa.

•
T
h
e
re

sult
in

e
ith

e
r
case

m
e
ans

th
at

any
pe

rson
like

s
potsticke

rs.

L
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od
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I
m
ple

m
e
nting

L
ogica

l
V
a
ria

b
le
s
a
nd

S
ub

stitutions

•
A

logical
variab

le
(?
x)

m
ay

b
e
b
ound

to
any

S
ch

e
m
e
e
x
pre

ssion,
in-

clud
ing

a
logical

variab
le
.

•
T
h
e
se

t
of

all
th

e
se

b
ind

ings
is

calle
d
a
unifier.

•
U
nifie

rs
are

like
e
nvironm

e
nts,

b
ut

w
ork

a
little

d
iffe

re
ntly.

•
If

?
x
is

b
ound

to
?
y,

th
e
n
?
x
is

also
b
ound

to
anyth

ing
?
y
is

b
ound

to.

•
A
t
th

at
point,

b
ind

ing
eith

er
?
x
or

?
y
to

som
e
th

ing
oth

e
r
th

an
a

logical
variab

le
b
ind

s
b
oth

of
th

e
m

to
th

at
th

ing.

•
Initially,

e
ve

ry
logical

variab
le

is
b
ound

to
itse

lf.
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I
m
ple

m
e
nting

L
ogica

l
V
a
ria

b
le
s
a
nd

S
ub

stitutions
(I
I
)

•
M
ain

ope
rations

on
unifie

rs
are

b
i
n
d
and

b
i
n
d
i
n
g:

c
l
a
s
s
U
n
i
f
i
e
r
:

d
e
f

i
n
i
t

(
s
e
l
f
,
i
n
i
t
=
{
}
)
:

s
e
l
f
.
b
i
n
d
i
n
g
s
=

d
i
c
t
(
i
n
i
t
)

#
M
a
k
e
s
a

c
o
p
y

d
e
f

b
i
n
d
i
n
g
(
s
e
l
f
,
e
x
p
r
)
:

"
"
"
C
u
r
r
e
n
t
b
i
n
d
i
n
g
o
f

E
X
P
R
.

I
f

E
X
P
R
i
s
n
o
t

a
l
o
g
i
c
a
l

v
a
r
i
a
b
l
e
,
a
l
w
a
y
s
r
e
t
u
r
n
s
E
X
P
R
i
t
s
e
l
f
.
"
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