
F
u
n
d
a
m
e
n
te

le
In
fo
rm

a
tic

a
3

v
o
o
rja

a
r
2
0
1
2

h
t
t
p
:
/
/
w
w
w
.
l
i
a
c
s
.
n
l
/
h
o
m
e
/
r
v
v
l
i
e
t
/
f
i
3
/

R
u
d
y

v
a
n

V
lie

t

k
a
m
e
r
1
2
4

S
n
e
lliu

s,
te

l.
0
7
1
-5

2
7

5
7
7
7

rv
v
lie

t(a
t)lia

c
s.n

l

c
o
lle

g
e
1
1
,
m
a
a
n
d
a
g

1
6

a
p
ril

2
0
1
2

8
.
R
e
c
u
rsiv

e
ly

E
n
u
m
e
ra

b
le

L
a
n
g
u
a
g
e
s

8
.3
.
M

o
re

G
e
n
e
ra

l
G
ra

m
m
a
rs

8
.4
.
C
o
n
te

x
t-S

e
n
sitiv

e
L
a
n
g
u
a
g
e
s
a
n
d

th
e
C
h
o
m
sk

y
H
ie
ra
rc
h
y

1

H
u
isw

e
rk
o
p
g
a
v
e
3
,

in
le
v
e
rd

a
tu

m
1
6

a
p
ril

2
0
1
2
,
1
3
:4
5

u
u
r

2

D
e
fi
n
it
io
n

8
.1

.
A
c
c
e
p
tin

g
a
L
a
n
g
u
a
g
e
a
n
d
D
e
c
id
in
g
a
L
a
n
g
u
a
g
e

A
T
u
rin

g
m
a
c
h
in
e

T
w
ith

in
p
u
t
a
lp
h
a
b
e
t
Σ

a
c
c
e
p
ts

a
la
n
g
u
a
g
e

L
⊆

Σ
∗,

if
L
(T

)
=

L
.

T
d
e
c
id
e
s
L
,

if
T

c
o
m
p
u
te

s
th

e
c
h
a
ra

c
te

ristic
fu

n
c
tio

n
χ
L
:
Σ

∗
→

{
0
,1

}

A
la
n
g
u
a
g
e
L

is
re
c
u
rs
iv
e
ly

e
n
u
m
e
ra

b
le
,

if
th

e
re

is
a

T
M

th
a
t
a
c
c
e
p
ts

L
,

a
n
d

L
is

re
c
u
rs
iv
e
,

if
th

e
re

is
a

T
M

th
a
t
d
e
c
id
e
s
L
.

3

8
.3
.
M

o
re

G
e
n
e
ra

l
G
ra

m
m
a
rs

re
g
.
la
n
g
u
a
g
e
s

re
g
.
g
ra

m
m
a
r

F
A

re
g
.
e
x
p
re
ssio

n

c
f.

la
n
g
u
a
g
e
s

c
f.

g
ra

m
m
a
r

P
D
A

re
.
la
n
g
u
a
g
e
s

u
n
re
str.

g
ra

m
m
a
r

T
M

4

D
e
fi
n
it
io
n

8
.1

0
.
U
n
re
stric

te
d

g
ra

m
m
a
rs

A
n

u
n
re
stric

te
d

g
ra

m
m
a
r
is

a
4
-tu

p
le

G
=

(V
,Σ

,S
,P

),
w
h
e
re

V

a
n
d

Σ
a
re

d
isjo

in
t
se

ts
o
f
v
a
ria

b
le
s
a
n
d

te
rm

in
a
ls,

re
sp

e
c
tiv

e
ly,

S
is

a
n

e
le
m
e
n
t
o
f
V

c
a
lle

d
th

e
sta

rt
sy

m
b
o
l,

a
n
d

P
is

a
se

t
o
f

p
ro

d
u
c
tio

n
s
o
f
th

e
fo
rm

α
→

β

w
h
e
re

α
,β

∈
(V

∪
Σ
)
∗
a
n
d

α
c
o
n
ta

in
s
a
t
le
a
st

o
n
e
v
a
ria

b
le
.

5

N
o
ta

tio
n

a
s
fo
r
C
F
G
s:

α
⇒

∗G
β

L
(G

)
=

{
x
∈

Σ
∗
|
S
⇒

∗G
x
}

b
u
t.

.
.

6

E
x
a
m

p
le

8
.1

1
.
A

G
ra

m
m
a
r
G
e
n
e
ra

tin
g

{
a
2
k
|
k
∈

N
}

{
a
,a

2
,a

4
,a

8
,a

1
6
,...}

=
{
a
,a

a
,a

a
a
a
,a

a
a
a
a
a
a
a
,a

a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
,...}

7

E
x
a
m

p
le

8
.1

1
.
A

G
ra

m
m
a
r
G
e
n
e
ra

tin
g

{
a
2
k
|
k
∈

N
}

{
a
,a

2
,a

4
,a

8
,a

1
6
,...}

=
{
a
,a

a
,a

a
a
a
,a

a
a
a
a
a
a
a
,a

a
a
a
a
a
a
a
a
a
a
a
a
a
a
a
,...}

S
→

L
a
R

L
→

L
D

D
a
→

a
a
D

D
R

→
R

L
→

Λ
R

→
Λ

8



E
x
a
m

p
le

8
.1

2
.
A

G
ra

m
m
a
r
G
e
n
e
ra

tin
g

{
a
n
b
n
c
n
|
n
≥

1
}

9

E
x
a
m

p
le

8
.1

2
.
A

G
ra

m
m
a
r
G
e
n
e
ra

tin
g

{
a
n
b
n
c
n
|
n
≥

1
}

S
→

S
A
B
C

|
L
A
B
C

B
A

→
A
B

C
B

→
B
C

C
A

→
A
C

L
A

→
a

a
A

→
a
a

a
B

→
a
b

bB
→

bb
bC

→
bc

cC
→

cc

1
0

T
h
e
o
r
e
m

8
.1

3
.

F
o
r
e
v
e
ry

u
n
re
stric

te
d

g
ra

m
m
a
r
G
,
th

e
re

is
a

T
u
rin

g
m
a
c
h
in
e
T

w
ith

L
(T

)
=

L
(G

).

1
1

E
x
e
r
c
is
e
.

U
se

(th
e
se

c
o
n
d
p
a
rt

o
f)

th
e
c
o
n
stru

c
tio

n
fro

m
T
h
e
o
re
m

8
.1
3
to

o
b
ta

in
a
T
M

sim
u
la
tin

g
a
d
e
riv

a
tio

n
in

th
e
u
n
re
stric

te
d
g
ra

m
m
a
r

w
ith

p
ro

d
u
c
tio

n
s

S
→

a
B
S
|
Λ

a
B

→
B
a

B
a
→

a
B

B
→

b

1
2

T
h
e
o
r
e
m

8
.1

4
.

F
o
r
e
v
e
ry

T
u
rin

g
m
a
c
h
in
e
T

w
ith

in
p
u
t
a
lp
h
a
b
e
t
Σ
,

th
e
re

is
a
n

u
n
re
stric

te
d

g
ra

m
m
a
r
G

g
e
n
e
ra

tin
g

th
e
la
n
g
u
a
g
e
L
(T

)
⊆

Σ
∗.

P
r
o
o
f.

1
.
G
e
n
e
ra

te
(e

v
e
ry

p
o
ssib

le
)
in
p
u
t
strin

g
fo
r
T
.

2
.
S
im

u
la
te

c
o
m
p
u
ta

tio
n

o
f
T

fo
r
th

is
in
p
u
t
strin

g
a
s
d
e
riv

a
tio

n

in
g
ra

m
m
a
r.

3
.
If

T
re
a
c
h
e
s
a
c
c
e
p
t
sta

te
,
re
c
o
n
stru

c
t
o
rig

in
a
l
in
p
u
t
strin

g
.

1
3

N
o
t
a
t
io
n
:

d
e
sc

rip
tio

n
o
f
ta

p
e
c
o
n
te

n
ts:

x
σ
y
o
r
x
y

c
o
n
fi
g
u
ra

t
io
n

x
q
y
=

x
q
y
∆

=
x
q
y
∆

∆

in
it
ia
l
c
o
n
fi
g
u
ra

t
io
n

c
o
rre

s
p
o
n
d
in
g

t
o

in
p
u
t
x
:
q
0
∆

x

In
th

e
th

ird
e
d
itio

n
o
f
th

e
b
o
o
k
,
a

c
o
n
fi
g
u
ra

tio
n

is
d
e
n
o
te

d
a
s

(q
,x

y
)
o
r
(q
,x

σ
y
)
in
ste

a
d

o
f
x
q
y
o
r
x
q
σ
y
.

T
h
is

o
ld

n
o
ta

tio
n
is

a
lso

a
llo

w
e
d
fo
r
F
u
n
d
a
m
e
n
te

le
In
fo
rm

a
tic

a
3
.

1
4

&
%

'
$

&
%

'
$

&
%

'
$

&
%

'
$

&
%

'
$

-
-

-
-

-
q
0

q
1

q
2

q
3

h
a

∆
/
∆

,R
a
/
$
,L

$
/
$
,R

∆
/
∆

,S

�
�

b/
b,R?

�
�

b,b,R?

1
5

8
.4
.
C
o
n
te

x
t-S

e
n
sitiv

e
L
a
n
g
u
a
g
e
s

a
n
d

th
e
C
h
o
m
sk

y
H
ie
ra
rc
h
y

re
g
.
la
n
g
u
a
g
e
s

re
g
.
g
ra

m
m
a
r

F
A

re
g
.
e
x
p
re
ssio

n

c
f.

la
n
g
u
a
g
e
s

c
f.

g
ra

m
m
a
r

P
D
A

c
s.

la
n
g
u
a
g
e
s

c
s.

g
ra

m
m
a
r

L
B
A

re
.
la
n
g
u
a
g
e
s

u
n
re
str.

g
ra

m
m
a
r

T
M

1
6



D
e
fi
n
it
io
n

8
.1

6
.
C
o
n
te

x
t-S

e
n
sitiv

e
G
ra

m
m
a
rs

A
c
o
n
t
e
x
t
-s
e
n
s
it
iv
e
g
ra

m
m
a
r
(C

S
G
)
is

a
n

u
n
re
stric

te
d

g
ra

m
m
a
r

in
w
h
ic
h

n
o

p
ro

d
u
c
tio

n
is

le
n
g
th

-d
e
c
re
a
sin

g
.

In
o
th

e
r
w
o
rd

s,
e
v
e
ry

p
ro

d
u
c
tio

n
is

o
f
th

e
fo
rm

α
→

β
,
w
h
e
re

|β
|
≥

|α
|.

A
la
n
g
u
a
g
e

is
a

c
o
n
te

x
t-se

n
sitiv

e
la
n
g
u
a
g
e

(C
S
L
)

if
it

c
a
n

b
e

g
e
n
e
ra

te
d

b
y
a

c
o
n
te

x
t-se

n
sitiv

e
g
ra

m
m
a
r.

1
7

E
x
a
m

p
le

8
.1

2
.
A

G
ra

m
m
a
r
G
e
n
e
ra

tin
g

{
a
n
b
n
c
n
|
n
≥

1
}

S
→

S
A
B
C

|
L
A
B
C

B
A

→
A
B

C
B

→
B
C

C
A

→
A
C

L
A

→
a

a
A

→
a
a

a
B

→
a
b

bB
→

bb
bC

→
bc

cC
→

cc

N
o
t
c
o
n
te

x
t-se

n
sitiv

e
.

1
8

E
x
a
m

p
le

8
.1

7
.
A

C
S
G

G
e
n
e
ra

tin
g

L
=

{
a
n
b
n
c
n
|
n
≥

1
}

S
→

S
A
B
C

|
A
B
C

B
A

→
A
B

C
B

→
B
C

C
A

→
A
C

A
→

a
a
A

→
a
a

a
B

→
a
b

bB
→

bb
bC

→
bc

cC
→

cc

1
9

D
e
fi
n
it
io
n

8
.1

0
.
L
in
e
a
r-B

o
u
n
d
e
d

A
u
to

m
a
ta

A
lin

e
a
r-b

o
u
n
d
e
d
a
u
t
o
m
a
t
o
n
(L

B
A
)
is

a
5
-tu

p
le

M
=

(Q
,Σ

,Γ
,q

0
,δ
)

th
a
t
is

id
e
n
tic

a
l
to

a
n
o
n
d
e
te

rm
in
istic

T
u
rin

g
m
a
c
h
in
e
,
w
ith

th
e

fo
llo

w
in
g

e
x
c
e
p
tio

n
.

T
h
e
re

a
re

tw
o

e
x
tra

ta
p
e

sy
m
b
o
ls

[
a
n
d

],
a
ssu

m
e
d

n
o
t
to

b
e

e
le
m
e
n
ts

o
f
th

e
ta

p
e
a
lp
h
a
b
e
t
Γ
.

T
h
e
in
itia

l
c
o
n
fi
g
u
ra

tio
n

o
f
M

c
o
rre

sp
o
n
d
in
g

to
in
p
u
t
x

is
q
0
[x
],

w
ith

th
e
sy

m
b
o
l
[
in

th
e
le
ftm

o
st

sq
u
a
re

a
n
d

th
e
sy

m
b
o
l
]
in

th
e

fi
rst

sq
u
a
re

to
th

e
rig

h
t
o
f
x
.

D
u
rin

g
its

c
o
m
p
u
ta

tio
n
,
M

is
n
o
t
p
e
rm

itte
d

to
re
p
la
c
e
e
ith

e
r
o
f

th
e
se

b
ra

c
k
e
ts

o
r
to

m
o
v
e
its

ta
p
e
h
e
a
d

to
th

e
le
ft

o
f
th

e
[
o
r
to

th
e
rig

h
t
o
f
th

e
].

2
0

T
h
e
o
r
e
m

8
.1

9
.

If
L

⊆
Σ

∗
is

a
c
o
n
te

x
t-se

n
sitiv

e
la
n
g
u
a
g
e
,
th

e
n

th
e
re

is
a

lin
e
a
r-

b
o
u
n
d
e
d

a
u
to

m
a
to

n
th

a
t
a
c
c
e
p
ts

L
.

P
r
o
o
f.

.
.

2
1


