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S
yntax:

Term
s

(V
ariables,C

onstants,and
S

tructures)

•
V

ariables:
startw

ith
uppercase

character
(or

“
”),m

ay
include

“
”

and
digits:

E
xam

ples:
X
,
I
m
4
u
,
A
_
l
i
t
t
l
e
_
g
a
r
d
e
n
,
_
,
_
x
,

_
2
2

•
C

onstructor:
(or

functor
)

low
ercase

firstcharacter,m
ay

include
“

”
and

digits.
A

lso,som
e

specialcharacters.
Q

uoted,any
character:

E
xam

ples:
a
,
d
o
g
,
a
_
b
i
g
_
c
a
t
,
x
2
2
,
’
H
u
n
g
r
y
m
a
n
’
,
[
]
,
*
,

>

’
D
o
e
s
n
’
’
t
m
a
t
t
e
r
’

•
S

tructures:
a

constructor
(the

structure
nam

e)
follow

ed
by

a
fixed

num
ber

of
argum

ents
betw

een
parentheses:

E
xam

ple:
d
a
t
e
(
m
o
n
d
a
y
,
M
o
n
t
h
,
1
9
9
4
)

A
rgum

ents
can

in
turn

be
variables,constants

and
structures.

•
C

onstants:
structures

w
ithoutargum

ents
(only

nam
e)

and
also

num
bers

(w
ith

the
usualdecim

al,float,and
sign

notations).

⋄
N

um
bers:

0,
9
9
9,

-
7
7,

5
.
2
3,

0
.
2
3
e
-
5,

0
.
2
3
E
-
5.

3

S
yntax:

Term
s

•
A

rity:
is

the
num

ber
ofargum

ents
ofa

structure.
C

onstructors
are

represented
as

nam
e/arity

(e.g.,
d
a
t
e
/
3).

⋄
A

constantcan
be

seen
as

a
structure

w
ith

arity
zero.

V
ariables,constants,and

structures
as

a
w

hole
are

called
term

s
(they

are
the

term
s

ofa
first–order

language):
the

data
structures

ofa
logic

program
.

•
E

xam
ples:

Term
Type

C
onstructor

dad
constant

dad/0
tim

e(m
in,sec)

structure
tim

e/2
pair(C

alvin,tiger(H
obbes))

structure
pair/2

Tee(A
lf,rob)

illegal
—

A
good

tim
e

variable
—

•
A

variable
is

free
ifithas

notbeen
assigned

a
value

yet.

•
A

term
is

ground
ifitdoes

notcontain
free

variables.

4



M
anipulating

D
ata

S
tructures

(U
nification)

•
U

nification
is

the
only

m
echanism

available
in

logic
program

s
for

m
anipulating

data
structures.

Itis
used

to:

⋄
P

ass
param

eters.

⋄
R

eturn
values.

⋄
A

ccess
parts

ofstructures.

⋄
G

ive
values

to
variables.

•
U

nification
is

a
procedure

to
solve

equations
on

data
structures.

⋄
A

s
usual,itreturns

a
m

inim
alsolution

to
the

equation
(or

the
equation

system
).

⋄
A

s
m

any
equation

solving
procedures

itis
based

on
isolating

variables
and

then
substituting

them
by

their
values.

5

U
nification

•
U

nifying
tw

o
term

s
A

and
B

:
is

asking
ifthey

can
be

m
ade

syntactically
identical

by
giving

(m
inim

al)
values

to
their

variables.

⋄
I.e.,find

a
solution

θ
to

equation
A

=
B

(or,ifim
possible,fail).

⋄
O

nly
variables

can
be

given
values!

⋄
Tw

o
structures

can
be

m
ade

identicalonly
by

m
aking

their
argum

ents
identical.

E
.g.:

A
B

θ
A
θ

B
θ

d
o
g

d
o
g

∅
d
o
g

d
o
g

X
a

{
X
=
a
}

a
a

X
Y

{
X
=
Y
}

Y
Y

f
(
X
,
g
(
t
)
)

f
(
m
(
h
)
,
g
(
M
)
)
{
X
=
m
(
h
),

M
=
t
}

f
(
m
(
h
)
,
g
(
t
)
)

f
(
m
(
h
)
,
g
(
t
)
)

f
(
X
,
g
(
t
)
)

f
(
m
(
h
)
,
t
(
M
)
)

Im
possible

(1)
f
(
X
,
X
)

f
(
Y
,
l
(
Y
)
)

Im
possible

(2)

•
(1)

S
tructures

w
ith

differentnam
e

and/or
arity

cannotbe
unified.

•
(2)

A
variable

cannotbe
given

as
value

a
term

w
hich

contains
thatvariable,

because
itw

ould
create

an
infinite

term
.

T
his

is
know

n
as

the
occurs

check
.
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U
nification

A
lgorithm

Let
A

and
B

be
tw

o
term

s:

1.
θ

=
∅,

E
=
{
A

=
B
}

2.
w

hile
not

E
=
∅:

2.1.delete
an

equation
T
=
S

from
E

2.2.case
T

or
S

(or
both)

are
(distinct)

variables.
A

ssum
ing

T
variable:

•
(occur

check)
if
T

occurs
in

the
term

S
→

haltw
ith

failure
•

substitute
variable

T
by

term
S

in
allterm

s
in

θ

•
substitute

variable
T

by
term

S
in

allterm
s

in
E

•
add

T
=

S
to

θ

2.3.case
T

and
S

are
non-variable

term
s:

•
iftheir

nam
es

or
arities

are
different

→
haltw

ith
failure

•
obtain

the
argum

ents
{
T
1 ,...,T

n }
of

T
and
{
S
1 ,...,S

n }
of

S

•
add
{
T
1
=
S
1 ,...,T

n
=
S
n }

to
E

3.
haltw

ith
θ

being
the

m
.g.u

of
A

and
B

7

U
nification

A
lgorithm

E
xam

ples
(I)

•
U

nify:
A

=
p
(
X
,
X
)

and
B

=
p
(
f
(
Z
)
,
f
(
W
)
)

θ
E

T
S

{}
{
p
(
X
,
X
)
=
p
(
f
(
Z
)
,
f
(
W
)
)
}

p
(
X
,
X
)

p
(
f
(
Z
)
,
f
(
W
)
)

{}
{
X
=
f
(
Z
),

X
=
f
(
W
)
}

X
f
(
Z
)

{
X
=
f
(
Z
)
}

{
f
(
Z
)
=
f
(
W
)
}

f
(
Z
)

f
(
W
)

{
X
=
f
(
Z
)
}

{
Z
=
W
}

Z
W

{
X
=
f
(
W
),

Z
=
W
}

{}

•
U

nify:
A

=
p
(
X
,
f
(
Y
)
)

and
B

=
p
(
Z
,
X
)

θ
E

T
S

{}
{
p
(
X
,
f
(
Y
)
)
=
p
(
Z
,
X
)
}

p
(
X
,
f
(
Y
)
)

p
(
Z
,
X
)

{}
{
X
=
Z,

f
(
Y
)
=
X
}

X
Z

{
X
=
Z
}

{
f
(
Y
)
=
Z
}

f
(
Y
)

Z

{
X
=
f
(
Y
),

Z
=
f
(
Y
)
}

{}
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U
nification

A
lgorithm

E
xam

ples
(II)

•
U

nify:
A

=
p
(
X
,
f
(
Y
)
)

and
B

=
p
(
a
,
g
(
b
)
)

θ
E

T
S

{}
{
p
(
X
,
f
(
Y
)
)
=
p
(
a
,
g
(
b
)
)
}

p
(
X
,
f
(
Y
)
)

p
(
a
,
g
(
b
)
)

{}
{
X
=
a,

f
(
Y
)
=
g
(
b
)
}

X
a

{
X
=
a
}

{
f
(
Y
)
=
g
(
b
)
}

f
(
Y
)

g
(
b
)

fail

•
U

nify:
A

=
p
(
X
,
f
(
X
)
)

and
B

=
p
(
Z
,
Z
)

θ
E

T
S

{}
{
p
(
X
,
f
(
X
)
)
=
p
(
Z
,
Z
)
}

p
(
X
,
f
(
X
)
)

p
(
Z
,
Z
)

{}
{
X
=
Z,

f
(
X
)
=
Z
}

X
Z

{
X
=
Z
}

{
f
(
Z
)
=
Z
}

f
(
Z
)

Z

fail
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S
yntax:

Literals
and

P
redicates

(P
rocedures)

•
Literal:

a
predicate

nam
e

(like
a

functor)
follow

ed
by

a
fixed

num
ber

of
argum

ents
betw

een
parentheses:

E
xam

ple:
a
r
r
i
v
e
s
(
j
o
h
n
,
d
a
t
e
(
m
o
n
d
a
y
,
M
o
n
t
h
,
1
9
9
4
)
)

⋄
T

he
argum

ents
are

term
s.

⋄
T

he
num

ber
ofargum

ents
is

the
arity

ofthe
predicate.

⋄
F

ullpredicate
nam

es
are

denoted
as

nam
e/arity

(e.g.,
a
r
r
i
v
e
s
/
2).

•
Literals

and
term

s
are

syntactically
identical!

B
ut,they

are
distinguished

by
context:

if
d
o
g
(
n
a
m
e
(
b
a
r
r
y
)
,
c
o
l
o
r
(
b
l
a
c
k
)
)

is
a

literal
then

n
a
m
e
(
b
a
r
r
y
)

and
c
o
l
o
r
(
b
l
a
c
k
)

are
term

s

if
c
o
l
o
r
(
d
o
g
(
b
a
r
r
y
,
b
l
a
c
k
)
)

is
a

literal
then

d
o
g
(
b
a
r
r
y
,
b
l
a
c
k
)

is
a

term

•
Literals

are
used

to
define

procedures
and

procedure
calls.

Term
s

are
data

structures,so
the

argum
ents

ofliterals.

1
0



S
yntax:

O
perators

•
F

unctors
and

predicate
nam

es
can

be
defined

as
prefix,postfix,or

infix
operators

(justsyntax!).

•
E

xam
ples:

a
+

b
is

the
term

+
(
a
,
b
)

if
+
/
2

declared
infix

-
b

is
the

term
-
(
b
)

if
-
/
1

declared
prefix

a
<

b
is

the
term

<
(
a
,
b
)

if
<
/
2

declared
infix

j
o
h
n
f
a
t
h
e
r
m
a
r
y

is
the

term
f
a
t
h
e
r
(
j
o
h
n
,
m
a
r
y
)

if
f
a
t
h
e
r
/
2

declared
infix

•
W

e
assum

e
thatsom

e
such

operator
definitions

are
alw

ays
preloaded,so

that
they

can
be

alw
ays

used.

1
1

S
yntax:

C
lauses

(R
ules

and
Facts)

•
R

ule:
an

expression
ofthe

form
:

p
0 (t

1 ,t
2 ,

...,t
n
0 ):

-
p
1 (t

11 ,t
12 ,...,t

1n
1 ),

...
p
m
(t

m1
,t

m2
,...,t

mn
m

).

⋄
p
0 (...)

to
p
m
(...)

are
literals.

⋄
p
0 (...)

is
called

the
head

ofthe
rule.

⋄
T

he
p
i to

the
rightof

:
-

are
called

goals
and

form
the

body
ofthe

rule.
T

hey
are

also
called

procedure
calls

.

⋄
U

sually,
:
-

is
called

the
neck

ofthe
rule.

•
Fact:

an
expression

ofthe
form

:
p(t

1 ,t
2 ,...,t

n ).

(i.e.,a
rule

w
ith

em
pty

body
–no

neck–).

1
2



S
yntax:

C
lauses

R
ules

and
facts

are
both

called
clauses

(since
they

are
clauses

in
first–order

logic)
and

form
the

code
ofa

logic
program

.

•
E

xam
ple:

m
e
a
l
(
s
o
u
p
,
b
e
e
f
,
c
o
f
f
e
e
)
.

m
e
a
l
(
F
i
r
s
t
,
S
e
c
o
n
d
,
T
h
i
r
d
)
:
-

a
p
p
e
t
i
z
e
r
(
F
i
r
s
t
)
,

m
a
i
n
_
d
i
s
h
(
S
e
c
o
n
d
)
,

d
e
s
s
e
r
t
(
T
h
i
r
d
)
.

•
:
-

stands
for
←

,i.e.,logicalim
plication

(butw
ritten

“backw
ards”).

C
om

m
a

is
conjunction.

⋄
T

herefore,the
above

rule
stands

for:

a
p
p
e
t
i
z
e
r
(
F
i
r
s
t
)
∧
m
a
i
n
d
i
s
h
(
S
e
c
o
n
d
)
∧
d
e
s
s
e
r
t
(
T
h
i
r
d
)
→

m
e
a
l
(
F
i
r
s
t
,
S
e
c
o
n
d
,
T
h
i
r
d
)

⋄
A

nd
thus,is

a
H

orn
clause

ofthe
form

:

¬
a
p
p
e
t
i
z
e
r
(
F
i
r
s
t
)
∨
¬
m
a
i
n
d
i
s
h
(
S
e
c
o
n
d
)
∨
¬
d
e
s
s
e
r
t
(
T
h
i
r
d
)
∨

m
e
a
l
(
F
i
r
s
t
,
S
e
c
o
n
d
,
T
h
i
r
d
)

1
3

S
yntax:

P
redicates

and
P

rogram
s

•
P

redicate
(or

procedure
definition):

a
setofclauses

w
hose

heads
have

the
sam

e
nam

e
and

arity
(the

predicate
nam

e
).

E
xam

ples :

p
e
t
(
b
a
r
r
y
)
.

a
n
i
m
a
l
(
t
i
m
)
.

p
e
t
(
X
)
:
-

a
n
i
m
a
l
(
X
)
,
b
a
r
k
s
(
X
)
.

a
n
i
m
a
l
(
s
p
o
t
)
.

p
e
t
(
X
)
:
-

a
n
i
m
a
l
(
X
)
,
m
e
o
w
s
(
X
)
.

a
n
i
m
a
l
(
h
o
b
b
e
s
)
.

P
redicate

p
e
t
/
1

has
three

clauses.
O

fthose,one
is

a
factand

tw
o

are
rules.

P
redicate

a
n
i
m
a
l
/
1

has
three

clauses,allfacts.

•
N

ote
(variable

scope
):

the
X

vars.in
the

tw
o

clauses
above

are
different,despite

the
sam

e
nam

e.
V

ars.are
localto

clauses
(and

are
renam

ed
any

tim
e

a
clause

is
used

–as
w

ith
vars.localto

a
procedure

in
conventionallanguages).

•
Logic

P
rogram

:
a

set
ofpredicates.

1
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D
eclarative

M
eaning

ofFacts
and

R
ules

T
he

declarative
m

eaning
is

the
corresponding

one
in

first–order
logic,according

to
certain

conventions:

•
Facts

:
state

things
thatare

true.
(N

ote
thata

fact“p
.”

can
be

seen
as

the
rule

“
p
←

t
r
u
e

”)

E
xam

ple :
the

fact
a
n
i
m
a
l
(
s
p
o
t
)
.

can
be

read
as

“spotis
an

anim
al”.

•
R

ules:
state

im
plications

thatare
true.

⋄
p
:
-
p
1 ,···,p

m
.

represents
p
1
∧
···∧

p
m
→

p.

⋄
T

hus,a
rule

p
:
-
p
1 ,···,p

m
.

m
eans

“if
p
1

and
...and

p
m

are
true,then

p
is

true”

E
xam

ple :
the

rule
p
e
t
(
X
)
:
-
a
n
i
m
a
l
(
X
)
,
b
a
r
k
s
(
X
)
.

can
be

read
as

“X
is

a
petifitis

an
anim

aland
itbarks”.

1
5

D
eclarative

M
eaning

ofP
redicates

and
P

rogram
s

•
P

redicates
:

clauses
in

the
sam

e
predicate

p
:
-

p
1 ,

.
.
.
,
p
n

p
:
-

q
1 ,

.
.
.
,
q
m

.
.
.

provide
differentalternatives

(for
p).

E
xam

ple :
the

rules

p
e
t
(
X
)
:
-

a
n
i
m
a
l
(
X
)
,
b
a
r
k
s
(
X
)
.

p
e
t
(
X
)
:
-

a
n
i
m
a
l
(
X
)
,
m
e
o
w
s
(
X
)
.

express
tw

o
w

ays
for

X
to

be
a

pet.

•
P

rogram
s

are
sets

oflogic
form

ulae,i.e.,a
first–order

theory:
a

setofstatem
ents

assum
ed

to
be

true.
In

fact,a
setofH

orn
clauses.

⋄
T

he
declarative

m
eaning

ofa
program

is
the

setofall(ground)
facts

thatcan
be

logically
deduced

from
it.

1
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Q
ueries

•
Q

uery:
an

expression
ofthe

form
:

?
-

p
1 (t

11 ,...,t
1n
1 ),...,p

n (t
n1 ,...,t

nn
m

).

(i.e.,a
clause

w
ithouta

head)
(?
-

stands
also

for
←

).

⋄
T

he
p
i to

the
rightof

?
-

are
called

goals
(procedure

calls).

⋄
S

om
etim

es,also
the

w
hole

query
is

called
a

(com
plex)

goal.

•
A

query
is

a
clause

to
be

deduced:

E
xam

ple :
?
-
p
e
t
(
X
)
.

can
be

seen
as

“t
r
u
e
←

p
e
t
(
X
)”,i.e.,“¬

p
e
t
(
X
)”

•
A

query
represents

a
question

to
the

program
.

E
xam

ples:

?
-
p
e
t
(
s
p
o
t
)
.

?
-
p
e
t
(
X
)
.

asks
w

hether
s
p
o
t

is
a

pet.
asks:

“Is
there

an
X

w
hich

is
a

pet?”

1
7

E
xecution

•
E

xam
ple

ofa
logic

program
:

a
n
i
m
a
l
(
t
i
m
)
.

a
n
i
m
a
l
(
s
p
o
t
)
.

a
n
i
m
a
l
(
h
o
b
b
e
s
)
.

p
e
t
(
X
)
:
-

a
n
i
m
a
l
(
X
)
,
b
a
r
k
s
(
X
)
.

p
e
t
(
X
)
:
-

a
n
i
m
a
l
(
X
)
,
m
e
o
w
s
(
X
)
.

m
e
o
w
s
(
t
i
m
)
.

b
a
r
k
s
(
s
p
o
t
)
.

r
o
a
r
s
(
h
o
b
b
e
s
)
.

•
E

xecution:
given

a
program

and
a

query,executing
the

logic
program

is
attem

pting
to

find
an

answ
er

to
the

query.

E
xam

ple :
given

the
program

above
and

the
query

?
-

p
e
t
(
X
)
.

the
system

w
illtry

to
find

a
“solution”

for
X

w
hich

m
akes

p
e
t
(
X
)

true.

•
T

his
can

be
done

in
severalw

ays:

⋄
V

iew
the

program
as

a
setofform

ulae
and

apply
deduction.

⋄
V

iew
the

program
as

a
setofclauses

and
apply

S
LD

-resolution.
⋄

V
iew

the
program

as
a

setofprocedure
definitions

and
execute

the
procedure

calls
corresponding

to
the

queries.

1
8



T
he

S
earch

Tree

•
A

query
+

a
logic

program
together

specify
a

search
tree.

E
xam

ple:
query

?
-
p
e
t
(
X
)

w
ith

the
previous

program
generates

this
search

tree
(the

boxes
representthe

“and”
parts

[exceptleaves]):

anim
al(tim

)
anim

al(spot)
anim

al(hobbes)

pet(X
)

anim
al(X

), barks(X
)

anim
al(hobbes)

anim
al(spot)

anim
al(tim

)

anim
al(X

),m
eow

s(X
)

m
eow

s(tim
)

barks(spot)

•
D

ifferentquery
→

differenttree.

•
A

particular
execution

strategy
defines

how
the

search
tree

w
illbe

explored
during

execution.

•
N

ote:
execution

alw
ays

finishes
in

the
leaves

(the
facts).

1
9

E
xploring

the
S

earch
Tree

anim
al(tim

)
anim

al(spot)
anim

al(hobbes)

pet(X
)

anim
al(X

), barks(X
)

anim
al(hobbes)

anim
al(spot)

anim
al(tim

)

anim
al(X

),m
eow

s(X
)

m
eow

s(tim
)

barks(spot)

•
E

xplore
the

tree
top–dow

n
→

“call”

•
E

xplore
the

tree
bottom

–up
→

“deduce”

•
E

xplore
goals

in
boxes

left–to–rightor
right–to–left

•
E

xplore
branches

left–to–rightor
right–to–left

•
E

xplore
goals

in
boxes

allatthe
sam

e
tim

e

•
E

xplore
branches

allatthe
sam

e
tim

e

•
...

2
0



R
unning

P
rogram

s:
Interaction

w
ith

the
S

ystem

•
P

racticalsystem
s

im
plem

enta
particular

strategy
(allP

rolog
system

s
im

plem
entthe

sam
e

one).

•
T

he
strategy

is
m

eantto
explore

the
w

hole
tree,butreturns

solutions
one

by
one:

E
xam

ple:
(?
-

is
the

system
prom

pt)

?
-
p
e
t
(
X
)
.

?
-

p
e
t
(
X
)
.

X
=

s
p
o
t
?

X
=
s
p
o
t

?
;

y
e
s

X
=
t
i
m

?
;

?
-

n
o

?
-

•
P

rolog
system

s
also

allow
to

create
executables

thatstartw
ith

a
given

predefined
query

(w
hich

is
usually

m
a
i
n/0

and/or
m
a
i
n/n).

•
S

om
e

system
s

allow
to

introduce
queries

in
the

textofthe
program

,starting
w

ith
:
-

(rem
em

ber:
a

rule
w

ithouthead).
T

hese
are

executed
upon

loading
the

file
(or

starting
the

executable).

2
1

O
perationalM

eaning
ofP

rogram
s

•
A

logic
program

is
operationally

a
setofprocedure

definitions
(the

predicates).

•
A

query
?
-
p

is
an

initialprocedure
call.

•
A

procedure
definition

w
ith

one
clause

p
:
-
p
1 ,
.
.
.
,
p
m
.

m
eans:

“to
execute

a
callto

p
you

have
to

call
p
1
a
n
d
.
.
.
a
n
d
p
m

”

⋄
In

principle,the
order

in
w

hich
p
1 ,

.
.
.
,
p
n

are
called

does
notm

atter,but,in
practical

system
s

itis
fixed.

•
Ifseveralclauses

(definitions)
p
:
-

p
1 ,

.
.
.
,
p
n

p
:
-

q
1 ,

.
.
.
,
q
m

...

m
eans:

“to
execute

a
callto

p,call
p
1
a
n
d
.
.
.
a
n
d
p
n ,or,alternatively,

q
1
a
n
d

.
.
.
a
n
d
q
n ,

or
...”

⋄
U

nique
to

logic
program

m
ing

–itis
like

having
severalalternative

procedure
definitions.

⋄
M

eans
thatseveralpossible

paths
m

ay
existto

a
solution

and
they

should
be

explored.

⋄
S

ystem
usually

stops
w

hen
the

firstsolution
found,user

can
ask

for
m

ore.

⋄
A

gain,in
principle,the

order
in

w
hich

these
paths

are
explored

does
notm

atter
(ifcertain

conditions
are

m
et),but,for

a
given

system
,this

is
typically

also
fixed.

2
2



A
(S

chem
atic)

Interpreter
for

Logic
P

rogram
s

(P
rolog)

Leta
logic

program
P

and
a

query
Q

,

1.
M

ake
a

copy
Q
′of

Q

2.
Initialize

the
resolvent

R
to

be
{
Q
}

3.
W

hile
R

is
nonem

pty
do:

3.1.Take
the

leftm
ostliteral

A
in

R

3.2.Take
the

firstclause
A
′:
-
B

1 ,...,B
n

(renam
ed

)
from

P
w

ith
A
′sam

e
predicate

as
A

3.2.1.Ifthere
is

a
solution

θ
to

A
=
A
′(unification)

continue
3.2.2.O

therw
ise,take

nextclause
and

repeat
3.2.3.Ifthere

are
no

m
ore

clauses,explore
the

lastpending
branch

3.2.4.Ifthere
are

no
pending

branches,outputfailure
3.3.R

eplace
A

in
R

by
B

1 ,...,B
n

3.4.A
pply

θ
to

R
and

Q

4.
O

utputsolution
µ

to
Q

=
Q
′

5.
E

xplore
lastpending

branch
for

m
ore

solutions
(upon

request)

2
3

R
unning

P
rogram

s:
A

lternative
E

xecution
P

aths

C
1 :

p
e
t
(
X
)
:
-

a
n
i
m
a
l
(
X
)
,
b
a
r
k
s
(
X
)
.

C
2 :

p
e
t
(
X
)
:
-

a
n
i
m
a
l
(
X
)
,
m
e
o
w
s
(
X
)
.

C
3 :

a
n
i
m
a
l
(
t
i
m
)
.

C
6 :

b
a
r
k
s
(
s
p
o
t
)
.

C
4 :

a
n
i
m
a
l
(
s
p
o
t
)
.

C
7 :

m
e
o
w
s
(
t
i
m
)
.

C
5 :

a
n
i
m
a
l
(
h
o
b
b
e
s
)
.

C
8 :

r
o
a
r
s
(
h
o
b
b
e
s
)
.

pet(X
)barks(tim

)

C
1

C
3

anim
al(X

), barks(X
)

???

failure

•
?
-
p
e
t
(
X
)
.

(top-dow
n,left-to-right)

Q
R

C
lause

θ

p
e
t
(
X
)

p
e
t
(
X
)

C
1 *

{
X
=
X
1
}

p
e
t
(
X
1 )

a
n
i
m
a
l
(
X
1 ),

b
a
r
k
s
(
X
1 )

C
3 *

{
X
1 =
t
i
m
}

p
e
t
(
t
i
m
)

b
a
r
k
s
(
t
i
m
)

???
failure

*
m

eans
choice-point,
i.e.,
other

clauses
applicable.

•
B

utsolutions
existin

other
paths!

2
4



R
unning

P
rogram

s:
D

ifferentB
ranches

C
1 :

p
e
t
(
X
)
:
-

a
n
i
m
a
l
(
X
)
,
b
a
r
k
s
(
X
)
.

C
2 :

p
e
t
(
X
)
:
-

a
n
i
m
a
l
(
X
)
,
m
e
o
w
s
(
X
)
.

C
3 :

a
n
i
m
a
l
(
t
i
m
)
.

C
6 :

b
a
r
k
s
(
s
p
o
t
)
.

C
4 :

a
n
i
m
a
l
(
s
p
o
t
)
.

C
7 :

m
e
o
w
s
(
t
i
m
)
.

C
5 :

a
n
i
m
a
l
(
h
o
b
b
e
s
)
.

C
8 :

r
o
a
r
s
(
h
o
b
b
e
s
)
.

X
=spot

pet(X
)

anim
al(X

), barks(X
)

barks(spot)

C
1

C
4

C
6

•
?
-
p
e
t
(
X
)
.

(top-dow
n,left-to-right,differentbranch)

Q
R

C
lause

θ

p
e
t
(
X
)

p
e
t
(
X
)

C
1 *

{
X
=
X
1
}

p
e
t
(
X
1 )

a
n
i
m
a
l
(
X
1 ),

b
a
r
k
s
(
X
1 )

C
4 *

{
X
1 =
s
p
o
t
}

p
e
t
(
s
p
o
t
)

b
a
r
k
s
(
s
p
o
t
)

C
6

{}

p
e
t
(
s
p
o
t
)

—
—

—

2
5

B
acktracking

(P
rolog)

•
B

acktracking
is

the
w

ay
in

w
hich

P
rolog

execution
strategy

explores
different

branches
ofthe

search
tree.

•
Itis

a
kind

of“backw
ards

execution”.

•
(S

chem
atic)

A
lgorithm

:

“E
xplore

the
lastpending

branch”
m

eans:

1.
Take

the
lastliteralsuccessfully

executed
2.

Take
the

clause
againstw

hich
itw

as
executed

3.
Take

the
unifier

ofthe
literaland

the
clause

head
4.

U
ndo

the
unifications

5.
G

o
to

3.2.2
(forw

ards
execution

again)

•
S

hallow
backtracking:

the
clause

selection
perform

ed
in

3.2.2.

•
D

eep
backtracking:

the
application

ofthe
above

procedure
(undo

the
execution

ofthe
previous

goal(s)).

2
6



R
unning

P
rogram

s:
C

om
plete

E
xecution

(A
llS

olutions)

C
1 :

p
e
t
(
X
)
:
-

a
n
i
m
a
l
(
X
)
,
b
a
r
k
s
(
X
)
.

C
2 :

p
e
t
(
X
)
:
-

a
n
i
m
a
l
(
X
)
,
m
e
o
w
s
(
X
)
.

C
3 :

a
n
i
m
a
l
(
t
i
m
)
.

C
4 :

a
n
i
m
a
l
(
s
p
o
t
)
.

C
5 :

a
n
i
m
a
l
(
h
o
b
b
e
s
)
.

C
6 :

b
a
r
k
s
(
s
p
o
t
)
.

C
7 :

m
e
o
w
s
(
t
i
m
)
.

C
8 :

r
o
a
r
s
(
h
o
b
b
e
s
)
.

•
?
-
p
e
t
(
X
)
.

(top-dow
n,left-to-right)

Q
R

C
lause

θ
C

hoice-points
p
e
t
(
X
)

p
e
t
(
X
)

C
1 *

{
X
=
X
1
}

*
p
e
t
(
X
1 )

a
n
i
m
a
l
(
X
1 ),

b
a
r
k
s
(
X
1 )

C
3 *

{
X
1 =
t
i
m
}

*
p
e
t
(
t
i
m
)

b
a
r
k
s
(
t
i
m
)

???
failure

deep
backtracking

*
p
e
t
(
X
1 )

a
n
i
m
a
l
(
X
1 ),

b
a
r
k
s
(
X
1 )

C
4 *

{
X
1 =
s
p
o
t
}

*
p
e
t
(
s
p
o
t
)

b
a
r
k
s
(
s
p
o
t
)

C
6

{}

p
e
t
(
s
p
o
t
)

—
—

—
;

triggers
backtracking

*
continues...

2
7

R
unning

P
rogram

s:
C

om
plete

E
xecution

(A
llS

olutions)

C
1 :

p
e
t
(
X
)
:
-

a
n
i
m
a
l
(
X
)
,
b
a
r
k
s
(
X
)
.

C
2 :

p
e
t
(
X
)
:
-

a
n
i
m
a
l
(
X
)
,
m
e
o
w
s
(
X
)
.

C
3 :

a
n
i
m
a
l
(
t
i
m
)
.

C
4 :

a
n
i
m
a
l
(
s
p
o
t
)
.

C
5 :

a
n
i
m
a
l
(
h
o
b
b
e
s
)
.

C
6 :

b
a
r
k
s
(
s
p
o
t
)
.

C
7 :

m
e
o
w
s
(
t
i
m
)
.

C
8 :

r
o
a
r
s
(
h
o
b
b
e
s
)
.

•
?
-
p
e
t
(
X
)
.

(continued)

Q
R

C
lause

θ
C

hoice-points
p
e
t
(
X
1 )

a
n
i
m
a
l
(
X
1 ),

b
a
r
k
s
(
X
1 )

C
5

{
X
1 =
h
o
b
b
e
s
}

p
e
t
(
h
o
b
b
e
s
)

b
a
r
k
s
(
h
o
b
b
e
s
)

???
failure

deep
backtracking

*
p
e
t
(
X
)

p
e
t
(
X
)

C
2

{
X
=
X
2
}

p
e
t
(
X
2 )

a
n
i
m
a
l
(
X
2 ),

m
e
o
w
s
(
X
2 )

C
3 *

{
X
2 =
t
i
m
}

*
p
e
t
(
t
i
m
)

m
e
o
w
s
(
t
i
m
)

C
7

{}

p
e
t
(
t
i
m
)

—
—

—
;

triggers
backtracking

*
continues...

2
8



R
unning

P
rogram

s:
C

om
plete

E
xecution

(A
llS

olutions)

C
1 :

p
e
t
(
X
)
:
-

a
n
i
m
a
l
(
X
)
,
b
a
r
k
s
(
X
)
.

C
2 :

p
e
t
(
X
)
:
-

a
n
i
m
a
l
(
X
)
,
m
e
o
w
s
(
X
)
.

C
3 :

a
n
i
m
a
l
(
t
i
m
)
.

C
4 :

a
n
i
m
a
l
(
s
p
o
t
)
.

C
5 :

a
n
i
m
a
l
(
h
o
b
b
e
s
)
.

C
6 :

b
a
r
k
s
(
s
p
o
t
)
.

C
7 :

m
e
o
w
s
(
t
i
m
)
.

C
8 :

r
o
a
r
s
(
h
o
b
b
e
s
)
.

•
?
-
p
e
t
(
X
)
.

(continued)

Q
R

C
lause

θ
C

hoice-points
p
e
t
(
X
2 )

a
n
i
m
a
l
(
X
2 ),

m
e
o
w
s
(
X
2 )

C
4 *

{
X
2 =
s
p
o
t
}

*
p
e
t
(
s
p
o
t
)

m
e
o
w
s
(
s
p
o
t
)

???
failure

deep
backtracking

*
p
e
t
(
X
2 )

a
n
i
m
a
l
(
X
2 ),

m
e
o
w
s
(
X
2 )

C
5

{
X
2 =
h
o
b
b
e
s
}

p
e
t
(
h
o
b
b
e
s
)

m
e
o
w
s
(
h
o
b
b
e
s
)

???
failure

deep
backtracking

failure

2
9

T
he

S
earch

Tree
R

evisited

•
D

ifferentexecution
strategies

explore
the

tree
in

a
differentw

ay.

•
A

strategy
is

com
plete

ifitguarantees
thatitw

illfind
allexisting

solutions.

•
P

rolog
does

ittop-dow
n,left-to-right(i.e.,depth-first).

barks(tim
)

barks(spot)
barks(hobbes)

m
eow

s(tim
)

m
eow

s(spot)
m

eow
s(hobbes)

anim
al(X

), barks(X
)

anim
al(X

), m
eow

s(X
)

pet(X
)

X
=

tim
X

=
spot

X
=

hobbes
X

=
tim

X
=

spot
X

=
hobbes

fail
fail

fail
fail

solution
solution

p
e
t
(
X
)
:
-
a
n
i
m
a
l
(
X
)
,
b
a
r
k
s
(
X
)
.

a
n
i
m
a
l
(
t
i
m
)
.

b
a
r
k
s
(
s
p
o
t
)
.

p
e
t
(
X
)
:
-
a
n
i
m
a
l
(
X
)
,
m
e
o
w
s
(
X
)
.

a
n
i
m
a
l
(
s
p
o
t
)
.

a
n
i
m
a
l
(
h
o
b
b
e
s
)
.

m
e
o
w
s
(
t
i
m
)
.

3
0



C
haracterization

ofthe
S

earch
Tree

solution

solution

fail

fail

solution
fail

infinite failure

•
A

llsolutions
are

atfinite
depth

in
the

tree.

•
Failures

can
be

atfinite
depth

or,in
som

e
cases,be

an
infinite

branch.

3
1

D
epth-F

irstS
earchsolution

solution

fail

fail

solution
fail

infinite failure

•
Incom

plete:
m

ay
fallthrough

an
infinite

branch
before

finding
allsolutions.

•
B

utvery
efficient:

itcan
be

im
plem

ented
w

ith
a

callstack,very
sim

ilar
to

a
traditionalprogram

m
ing

language.

3
2



B
readth-F

irstS
earch

solution

fail

fail

solution
fail

infinite failure

solution

•
W

illfind
allsolutions

before
falling

through
an

infinite
branch.

•
B

utcostly
in

term
s

oftim
e

and
m

em
ory.

•
U

sed
in

som
e

ofour
exam

ples
(via

C
iao’s

b
f

package).

3
3

T
he

E
xecution

M
echanism

ofP
rolog

•
A

lw
ays

execute
literals

in
the

body
ofclauses

left-to-right.

•
A

ta
choice

point,take
firstunifying

clause
(i.e.,the

leftm
ostunexplored

branch).

•
O

n
failure,backtrack

to
the

nextunexplored
clause

oflastchoice
point.

g
r
a
n
d
p
a
r
e
n
t
(
C
,
G
)
:
-
p
a
r
e
n
t
(
C
,
P
)
,
p
a
r
e
n
t
(
P
,
G
)
.

p
a
r
e
n
t
(
C
,
P
)
:
-
f
a
t
h
e
r
(
C
,
P
)
.

p
a
r
e
n
t
(
C
,
P
)
:
-
m
o
t
h
e
r
(
C
,
P
)
.

f
a
t
h
e
r
(
c
h
a
r
l
e
s
,
p
h
i
l
i
p
)
.

f
a
t
h
e
r
(
a
n
a
,
g
e
o
r
g
e
)
.

m
o
t
h
e
r
(
c
h
a
r
l
e
s
,
a
n
a
)
.

grandparent(charles,X
)

parent(charles,P
),parent(P

,X
)

m
other(charles,P

),parent(P
,X

)

parent(ana,X
)

m
other(ana,X

)
father(ana,X

)
m

other(philip,X
)

father(philip,X
)

parent(philip,X
)

father(charles,P
),parent(P

,X
)

fail
fail

fail
X

 = george

•
C

heck
how

P
rolog

explores
this

tree
by

running
the

debugger
!

3
4



C
om

parison
w

ith
C

onventionalLanguages

•
C

onventionallanguages
and

P
rolog

both
im

plem
ent(forw

ard)
continuations:

the
place

to
go

after
a

procedure
callsucceeds.

I.e.,in:

p
(
X
,
Y
)
:
-
q
(
X
,
Z
)
,
r
(
Z
,
Y
)
.

q
(
X
,
Z
)
:
-

.
.
.

w
hen

the
callto

q
/
2

finishes
(w

ith
“success”),execution

continues
in

the
next

procedure
call(literal)

in
p
/
2,i.e.,the

callto
r
/
2

(the
forw

ard
continuation).

•
In

P
rolog,w

hen
there

are
procedures

w
ith

m
ultiple

definitions,there
is

also
a

backw
ard

continuation:
the

place
to

go
to

ifthere
is

a
failure.

I.e.,in:

p
(
X
,
Y
)
:
-
q
(
X
,
Z
)
,
r
(
Z
,
Y
)
.

q
(
X
,
Z
)
:
-

.
.
.

q
(
X
,
Z
)
:
-

.
.
.

ifthe
callto

q
/
2

succeeds,itis
as

above,butifitfails
atany

point,execution
continues

(“backtracks”)
atthe

second
clause

of
q
/
2

(the
backw

ard
continuation).

•
A

gain,the
debugger

(see
later)

can
be

usefulto
observe

execution.

3
5

O
rdering

ofC
lauses

and
G

oals

•
S

ince
the

execution
strategy

ofP
rolog

is
fixed,the

ordering
in

w
hich

the
program

m
er

w
rites

clauses
and

goals
is

im
portant.

•
O

rdering
ofclauses

determ
ines

the
order

in
w

hich
alternative

paths
are

explored.
T

hus:

⋄
T

he
order

in
w

hich
solutions

are
found.

⋄
T

he
order

in
w

hich
failure

occurs
(and

backtracking
triggered).

⋄
T

he
order

in
w

hich
infinite

failure
occurs

(and
the

program
flounders).

•
O

rdering
ofgoals

determ
ines

the
order

in
w

hich
unification

is
perform

ed.
T

hus:

⋄
T

he
selection

ofclauses
during

execution.
T

hatis:
the

order
in

w
hich

alternative
paths

are
explored.

•
T

he
order

in
w

hich
failure

occurs
affects

the
size

ofthe
com

putation
(efficiency).

•
T

he
order

in
w

hich
infinite

failure
occurs

affects
com

pleteness
(term

ination).

3
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O
rdering

ofC
lauses

s
e
q
(
b
)
.

s
e
q
(
a
+
X
)
:
-
s
e
q
(
X
)
.

s
e
q
(
a
+
X
)
:
-
s
e
q
(
X
)
.

s
e
q
(
b
)
.

seq(S
)

S
=

b
seq(X

1)

S
=

a+
X

1

X
1=

b

X
1=

a+
X

2

seq(X
2)...

X
2=

b

•
A

n
infinite

com
putation

w
hich

yields
allsolutions

seq(S
)

S
=

b
seq(X

1)

S
=

a+
X

1

X
1=

b

X
1=

a+
X

2

seq(X
2)

...
X

2=
b

•
A

n
infinite

com
putation

w
ith

no
solutions

(infinite
failure)

3
7

O
rdering

ofG
oals

s
e
q
(
a
+
X
)
:
-
s
e
q
(
X
)
.

s
i
n
g
l
e
t
o
n
(
b
)
.

s
e
q
(
b
)
.

s
i
n
g
l
e
t
o
n
_
s
e
q
(
X
)
:
-
s
e
q
(
X
)
,

s
i
n
g
l
e
t
o
n
_
s
e
q
(
X
)
:
-
s
i
n
g
l
e
t
o
n
(
X
)
,

s
i
n
g
l
e
t
o
n
(
X
)
.

s
e
q
(
X
)
.

S
=

b
S

=
a+

X
1

singleton_seq(S
)

solution

fail

seq(S
), singleton(S

)

seq(X
1), singleton(a+

X
1)

singleton(b)

singleton(a+
b)

...
...

seq(X
2), singleton(a+

a+
X

2)

X
1=

a+
X

2
X

1=
b

S
=

b

singleton_seq(S
)

singleton(S
), seq(S

)

seq(b)

solution
fail

•
A

finite
failure

plus
all

solutions
(1)

3
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E
xecution

S
trategies

•
S

earch
rule(s):

how
are

clauses/branches
selected

in
the

search
tree

(step
3.2

ofthe
resolution

algorithm
).

•
C

om
putation

rule(s):
how

are
goals

selected
in

the
boxes

ofthe
search

tree
(step

3.1
ofthe

resolution
algorithm

).

•
P

rolog
execution

strategy:

⋄
C

om
putation

rule:
left–to–right(as

w
ritten)

⋄
S

earch
rule:

top–dow
n

(as
w

ritten)

3
9

S
um

m
ary

•
A

logic
program

declares
know

n
inform

ation
in

the
form

ofrules
(im

plications)
and

facts.

•
E

xecuting
a

logic
program

is
deducing

new
inform

ation.

•
A

logic
program

can
be

executed
in

any
w

ay
w

hich
is

equivalentto
deducing

the
query

from
the

program
.

•
D

ifferentexecution
strategies

have
differentconsequences

on
the

com
putation

of
program

s.

•
P

rolog
is

a
logic

program
m

ing
language

w
hich

uses
a

particular
strategy

(and
goes

beyond
logic

because
ofits

predefined
predicates).

4
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E
xercise

•
W

rite
a

predicate
jefe/2

w
hich

lists
w

ho
is

boss
ofw

hom
(a

listoffacts).
Itreads:

jefe(X
,Y

)
iffX

is
directboss

ofY.

•
W

rite
a

predicate
curritos/2

w
hich

lists
pairs

ofpeople
w

ho
have

the
sam

e
direct

boss
(should

notbe
a

listoffacts).
Itreads:

curritos(X
,Y

)
iffX

and
Y

have
a

com
m

on
directboss.

•
W

rite
a

predicate
jefazo/2

(no
facts)

w
hich

reads:
jefazo(X

,Y
)

iffX
is

above
Y

in
the

chain
of“w

ho
is

boss
ofw

hom
”.

4
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