
T
h
e

Z
e
n

C
o
m

p
u
ta

tio
n
a
l
L
in

g
u
istic

s
T
o
o
lk

it:

L
e
x
ic

o
n

str
u
c
tu

r
e
s

a
n
d

M
o
r
p
h
o
lo

g
y

c
o
m

p
u
ta

tio
n
s

U
sin

g
a

m
o
d
u
la

r
fu

n
c
tio

n
a
l
p
r
o
g
r
a
m

m
in

g
la

n
g
u
a
g
e

G
é
r
a
r
d

H
u
e
t

IN
R

IA

L
E

C
’2

0
0
2
,
H

y
d
e
ra

b
a
d

-
1

-



W
h
at

th
e

tu
torial

is
ab

ou
t

•
A

com
p
u
tation

al
p
latform

for
S
an

sk
rit

•
T

h
e

Z
E

N
com

p
u
tation

al
m

orp
h
ology

to
olk

it

•
P

id
gin

M
L

•
T

h
e

fu
n
ction

al
p
rogram

m
in

g
p
arad

igm
for

C
L

•
C

on
crete

p
rogram

m
in

g
issu

es
in

O
b
jective

C
am

l
+

C
am

lp
4

•
G

en
eral

arch
itectu

re
issu

es
for

a
C

L
p
latform

•
C

o
op

eration
on

free
C

L
resou

rces

T
h
ree

sp
ecifi

c
ap

p
licative

tech
n
ologies:

•
L
o
cal

p
ro

cessin
g

of
fo

cu
sed

d
ata

•
S
h
arin

g

•
F
in

ite
tran

sd
u
cers

as
lex

icon
m

orp
h
ism

s

-
2

-



W
h
at

sh
all

n
ot

b
e

d
iscu

ssed

•
M

L
v
s

C
+

+

•
M

L
v
s

J
ava

•
M

L
v
s

P
rolog

-
3

-



W
h
at

sh
all

n
ot

b
e

d
iscu

ssed
at

len
gth

•
O

b
jective

C
A

M
L

v
s

S
M

L

•
M

L
v
s

H
askell

•
M

L
v
s

C

•
P

id
gin

M
L

v
s

O
b
jective

C
A

M
L

-
4
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B
asics:

lists
v
s

stack
s

v
a
l
u
e

l
5

=
[
1
;

2
;

3
;

4
;

5
]
;

v
a
l
u
e

s
5

=
[
5
;

4
;

3
;

2
;

1
]
;

v
a
l
u
e

r
e
c

u
n
s
t
a
c
k

l
s

=

m
a
t
c
h

l
w
i
t
h

[
[
]

-
>

s

|
[
h
:
:
t
]

-
>

u
n
s
t
a
c
k

t
[
h
:
:
s
]

]
;

v
a
l
u
e

r
e
v

l
=
u
n
s
t
a
c
k

l
[
]
;

v
a
l
u
e

s
t
a
t
e
3

=
(
[
3
;

2
;

1
]
,
[
4
;

5
]
)
;

-
5

-



T
u
rin

g
m

ach
in

es,
E

m
acs,

an
d

Z
ip

p
ers

Z
ip

p
e
r
s
.

F
irst

p
resen

tation
at

F
L
oC

’96.
P

u
b
lish

ed
as:

G
.
H

u
et.

T
h
e

Z
ip

p
er.

J
.
F
u
n
ction

al
P

rogram
m

in
g

7,5
(1997),

549-554.

L
arge

scale
im

p
lem

en
tation

s
in

sy
n
tax

ed
itors

w
ith

in
com

p
u
tation

al

lin
gu

istics
p
latform

s:

•
G

.
H

u
et.

L
ex

ical
m

orp
h
ism

s
w

ith
th

e
Z
en

p
latform

.

•
A

.
R

an
ta.

G
ram

m
atical

fram
ew

ork
s.

-
6

-



C
on

tex
ts

as
zip

p
ers

t
y
p
e

t
r
e
e

=
[
T
r
e
e

o
f

f
o
r
e
s
t

]

a
n
d

f
o
r
e
s
t

=
l
i
s
t

t
r
e
e
;

t
y
p
e

t
r
e
e
_
z
i
p
p
e
r

=

[
T
o
p

|
Z
i
p

o
f

(
f
o
r
e
s
t

*
t
r
e
e
_
z
i
p
p
e
r

*
f
o
r
e
s
t
)

]
;

t
y
p
e

f
o
c
u
s
e
d
_
t
r
e
e

=
(
t
r
e
e
_
z
i
p
p
e
r

*
t
r
e
e
)
;

A
fo

cu
sed

tree
is

a
tree

w
ith

a
fo

cu
s

p
oin

t
of

in
terest,

i.e.
a

tree
an

d

a
stacked

con
tex

t.

-
7

-



O
p
eration

s
on

fo
cu

sed
trees

v
a
l
u
e

d
o
w
n

(
z
,
t
)

=
m
a
t
c
h

t
w
i
t
h

[
T
r
e
e
(
f
o
r
e
s
t
)

-
>

m
a
t
c
h

f
o
r
e
s
t

w
i
t
h

[
[
]

-
>

r
a
i
s
e

(
F
a
i
l
u
r
e

"
d
o
w
n
"
)

|
[
h
d
:
:
t
l
]

-
>

(
Z
i
p
(
[
]
,
z
,
t
l
)
,
h
d
)

]

]
;

v
a
l
u
e

u
p

(
z
,
t
)

=
m
a
t
c
h

z
w
i
t
h

[
T
o
p

-
>

r
a
i
s
e

(
F
a
i
l
u
r
e

"
u
p
"
)

|
Z
i
p
(
l
,
u
,
r
)

-
>

(
u
,

T
r
e
e
(
u
n
s
t
a
c
k

l
[
t
:
:
r
]
)
)

]
;

-
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M
ore

op
eration

s
on

fo
cu

sed
trees

v
a
l
u
e

l
e
f
t

(
z
,
t
)

=
m
a
t
c
h

z
w
i
t
h

[
T
o
p

-
>

r
a
i
s
e

(
F
a
i
l
u
r
e

"
l
e
f
t
"
)

|
Z
i
p
(
l
,
u
,
r
)

-
>

m
a
t
c
h

l
w
i
t
h

[
[
]

-
>

r
a
i
s
e

(
F
a
i
l
u
r
e

"
l
e
f
t
"
)

|
[
e
l
d
e
r
:
:
r
e
s
t
]

-
>

(
Z
i
p
(
e
l
d
e
r
s
,
u
,
[
t
:
:
r
]
)
,
r
e
s
t
)

]

]
;

v
a
l
u
e

r
i
g
h
t

(
z
,
t
)

=
m
a
t
c
h

z
w
i
t
h

[
T
o
p

-
>

r
a
i
s
e

(
F
a
i
l
u
r
e

"
r
i
g
h
t
"
)

|
Z
i
p
(
l
,
u
,
r
)

-
>

m
a
t
c
h

r
w
i
t
h

[
[
]

-
>

r
a
i
s
e

(
F
a
i
l
u
r
e

"
r
i
g
h
t
"
)

|
[
y
o
u
n
g
:
:
r
e
s
t
]

-
>

(
Z
i
p
(
[
t
:
:
l
]
,
u
,
r
e
s
t
)
,
y
o
u
n
g
)

]

]
;

-
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A
p
p
licative

u
p
d
atin

g

v
a
l
u
e

d
e
l
_
l

(
z
,
_
)

=
m
a
t
c
h

z
w
i
t
h

[
T
o
p

-
>

r
a
i
s
e

(
F
a
i
l
u
r
e

"
d
e
l
_
l
"
)

|
Z
i
p
(
l
,
u
,
r
)

-
>

m
a
t
c
h

l
w
i
t
h

[
[
]

-
>

r
a
i
s
e

(
F
a
i
l
u
r
e

"
d
e
l
_
l
"
)

|
[
e
l
d
e
r
:
:
e
l
d
e
r
s
]

-
>

(
Z
i
p
(
e
l
d
e
r
s
,
u
,
r
)
,
e
l
d
e
r
)

]

]
;

v
a
l
u
e

r
e
p
l
a
c
e

(
z
,
_
)

t
=
(
z
,
t
)
;

-
1
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P
oin

ts
of

v
iew

ab
ou

t
fo

cu
sed

stru
ctu

res

•
M

an
ip

u
lation

of
fo

cu
sed

d
ata

is
lo

cal

•
R

ed
u
n
d
an

t
rep

resen
tation

-
effi

cien
cy

•
T

h
e

In
teraction

C
om

b
in

ators
P
arad

igm

R
em

ark
.

Z
ip

p
ers

are
lin

ear
con

tex
ts.

T
h
ey

are
su

p
erior

to
Ω

-term
s,

n
otab

ly
b
ecau

se
th

e
ap

p
rox

im
ation

ord
erin

g
is

su
b
stru

ctu
ral.

T
h
e

N
atu

ral
T
ran

sform
ation

from
tree

fu
n
ctors

to
zip

p
er

fu
n
ctors

is

D
iff

eren
tiation

;
Z
ip

p
ers

m
ay

also
b
e

seen
as

lin
ear

fu
n
ction

s
over

trees.

-
1
1
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B
ack

to
lin

gu
istics

W
e

w
an

t
to

p
ro

cess
(p

arse
an

d
gen

erate)
n
atu

ral
lan

gu
age

sen
ten

ces,

d
ialogu

es,
corp

u
ses

of
variou

s
k
in

d
s

(oral,
w

ritten
,
n
ew

s,
b
o
ok

s,
w

eb

sites,
etc).

W
e

assu
m

e
th

at
th

e
d
ata

is
alread

y
d
igitalised

an
d

d
iscretized

as
a

stream
of

letters
(p

h
on

em
es

for
oral

d
ata,

letters
for

w
ritten

on
e).

A
fu

n
d
am

en
tal

en
tity

in
th

is
p
ro

cessin
g

is
th

e
w

ord
.

O
n
e

trad
ition

ally
d
istin

gu
ish

es
p
ro

cessin
g

b
etw

een
stream

s
of

letters
an

d

w
ord

s
(m

orp
h
ology,

lex
ical

an
aly

sis)
an

d
p
ro

cessin
g

b
etw

een
w

ord
s

an
d

sen
ten

ces
(sy

n
tax

,
p
arsin

g).

-
1
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W
ord

s

W
ord

s
are

rep
resen

ted
as

list
of

p
ositive

in
tegers.

t
y
p
e

l
e
t
t
e
r

=
i
n
t

(
*

l
e
t
t
e
r
s

o
r

p
h
o
n
e
m
e
s

*
)

a
n
d

w
o
r
d

=
l
i
s
t

l
e
t
t
e
r
;

W
e

p
rov

id
e

co
ercion

s
e
n
c
o
d
e

:
s
t
r
i
n
g

-
>

w
o
r
d

an
d

d
e
c
o
d
e

:
w
o
r
d

-
>

s
t
r
i
n
g
.

H
ere

is
lex

icograp
h
ic

ord
erin

g.

v
a
l
u
e

r
e
c

l
e
x
i
c
o

l
1

l
2

=
m
a
t
c
h

l
1

w
i
t
h

[
[
]

-
>

T
r
u
e

|
[
c
1

:
:

r
1
]

-
>

m
a
t
c
h

l
2

w
i
t
h

[
[
]

-
>

F
a
l
s
e

|
[
c
2

:
:

r
2
]

-
>

i
f

c
2
<
c
1

t
h
e
n

F
a
l
s
e

e
l
s
e

i
f

c
2
=
c
1

t
h
e
n

l
e
x
i
c
o

r
1

r
2

e
l
s
e

T
r
u
e

]
]
;

-
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D
iff

eren
tial

w
ord

s

t
y
p
e

d
e
l
t
a

=
(
i
n
t

*
w
o
r
d
)
;

A
d
iff

eren
tial

w
ord

is
a

n
otation

p
erm

ittin
g

to
retrieve

a
w

ord
w

from

an
oth

er
w

ord
w

′
sh

arin
g

a
com

m
on

p
refi

x
.

It
d
en

otes
th

e
m

in
im

al

p
ath

con
n
ectin

g
th

e
w

ord
s

in
a

tree,
as

a
seq

u
en

ce
of

u
p
s

an
d

d
ow

n
s:

if
d

=
(n

,u
)

w
e

go
u
p

n
tim

es
an

d
th

en
d
ow

n
alon

g
w

ord
u
.

W
e

com
p
u
te

th
e

d
iff

eren
ce

b
etw

een
w

an
d

w
′
as

a
d
iff

eren
tial

w
ord

d
if

f
w

w
′
=

(|w
1|,w

2)
w

h
ere

w
=

p
.w

1
an

d
w

′
=

p
.w

2,
w

ith

m
ax

im
al

com
m

on
p
refi

x
p
.

T
h
e

con
verse

of
d
i
f
f

:
w
o
r
d

-
>

w
o
r
d

-
>

d
e
l
t
a

is

p
a
t
c
h

:
d
e
l
t
a

-
>

w
o
r
d

-
>

w
o
r
d
:

w
′
m

ay
b
e

retrieved
from

w
an

d

d
=

d
if

f
w

w
′
as

w
′
=

p
a
tch

d
w

.-
1
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T
ries

T
ries,

or
lax

ical
trees,

store
sp

arse
sets

of
w

ord
s

sh
arin

g
in

itial

p
refi

x
es.

T
h
ey

are
d
u
e

to
R

en
é

d
e

la
B

rian
tais

(1959).
W

e
u
se

a
very

sim
p
le

rep
resen

tation
w

ith
lists

of
sib

lin
gs.

t
y
p
e

t
r
i
e

=
[
T
r
i
e

o
f

(
b
o
o
l

*
f
o
r
e
s
t
)

]

a
n
d

f
o
r
e
s
t

=
l
i
s
t

(
W
o
r
d
.
l
e
t
t
e
r

*
t
r
i
e
)
;

T
ries

are
m

an
aged

(search
,
in

sertion
,
etc)

u
sin

g
th

e
zip

p
er

tech
n
ology.

-
1
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Im
p
ortan

t
rem

ark
s

T
ries

m
ay

b
e

con
sid

ered
as

d
eterm

in
istic

fi
n
ite

state
au

tom
ata

grap
h
s

for
accep

tin
g

th
e

(fi
n
ite)

lan
gu

age
th

ey
rep

resen
t.

T
h
is

rem
ark

is
th

e

b
asis

for
m

an
y

lex
icon

p
ro

cessin
g

lib
raries.

S
u
ch

grap
h
s

are
acy

clic
(trees).

B
u
t

m
ore

gen
eral

fi
n
ite

state

au
tom

ata
grap

h
s

m
ay

b
e

rep
resen

ted
as

an
n
otated

trees.
T

h
ese

an
n
otation

s
accou

n
t

for
n
on

-d
eterm

in
istic

ch
oice

p
oin

ts,
an

d
for

v
irtu

al
p
oin

ters
in

th
e

grap
h
.

-
1
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L
ex

icon

H
ere

is
a

sim
p
listic

lex
icon

com
p
iler

m
a
k
e
_
l
e
x

:
l
i
s
t

s
t
r
i
n
g

-
>

t
r
i
e
:

v
a
l
u
e

m
a
k
e
_
l
e
x

=

l
e
t

e
n
t
e
r
1

l
e
x

c
=

T
r
i
e
.
e
n
t
e
r

l
e
x

(
W
o
r
d
.
e
n
c
o
d
e

c
)

i
n

L
i
s
t
.
f
o
l
d
_
l
e
f
t

e
n
t
e
r
1

T
r
i
e
.
e
m
p
t
y
;

F
or

in
stan

ce,
w

ith
e
n
g
l
i
s
h
.
l
s
t

storin
g

a
list

of
173528

w
ord

s,
as

a

tex
t

fi
le

of
size

2M
b
,
th

e
com

m
an

d

m
a
k
e
_
l
e
x

<
e
n
g
l
i
s
h
.
l
s
t

>
e
n
g
l
i
s
h
.
r
e
m

p
ro

d
u
ces

a
trie

rep
resen

tation
as

a
fi
le

of
4.5M

b
.

T
ries

sh
are

th
e

w
ord

s
b
y

th
ere

p
refi

x
es,

b
u
t

com
m

on
su

ffi
x
es

accou
n
t

for
a

lot
of

red
u
n
d
an

cy
in

th
e

stru
ctu

re.
W

e
sh

all
elim

in
ate

th
is

red
u
n
d
an

cy
b
y

sh
arin

g
an

d
get

a
m

in
im

al
stru

ctu
re.

-
1
7

-



T
h
e

S
h
are

F
u
n
ctor

m
o
d
u
l
e

S
h
a
r
e

:
f
u
n
c
t
o
r

(
A
l
g
e
b
r
a
:
s
i
g

t
y
p
e

d
o
m
a
i
n

=
’
a
;

v
a
l
u
e

s
i
z
e
:

i
n
t
;

e
n
d
)

-
>

s
i
g

v
a
l
u
e

s
h
a
r
e
:

A
l
g
e
b
r
a
.
d
o
m
a
i
n
-
>
i
n
t
-
>
A
l
g
e
b
r
a
.
d
o
m
a
i
n
;

e
n
d
;

T
h
at

is,
S
h
are

takes
as

argu
m

en
t

a
m

o
d
u
le

A
lgeb

ra
p
rov

id
in

g
a

ty
p
e

d
om

ain
an

d
an

in
teger

valu
e

size,
an

d
it

d
efi

n
es

a
valu

e
sh

are
of

th
e

stated
ty

p
e.

W
e

assu
m

e
th

at
th

e
elem

en
ts

from
th

e
d
om

ain
are

p
resen

ted
w

ith
an

in
teger

key
b
ou

n
d
ed

b
y

A
lgeb

ra.size.
T

h
at

is,

s
h
a
r
e

x
k

w
ill

assu
m

e
as

p
recon

d
ition

th
at

0
≤

k
<

M
a
x

w
ith

M
a
x

=
A
l
g
e
b
r
a
.
s
i
z
e
.

W
e

sh
all

con
stru

ct
th

e
sh

arin
g

m
ap

w
ith

th
e

h
elp

of
a

h
ash

tab
le,

m
ad

e
u
p

of
b
u
ckets

(k
,[e

1 ;e
2 ;...e

n
])

w
h
ere

each
elem

en
t

e
i

h
as

key
k
.

-
1
8

-



M
em

oizin
g

t
y
p
e

b
u
c
k
e
t

=
l
i
s
t

A
l
g
e
b
r
a
.
d
o
m
a
i
n
;

v
a
l
u
e

m
e
m
o

=
A
r
r
a
y
.
c
r
e
a
t
e

A
l
g
e
b
r
a
.
s
i
z
e

(
[
]

:
b
u
c
k
e
t
)
;

W
e

sh
all

u
se

a
serv

ice
fu

n
ction

s
e
a
r
c
h
,
su

ch
th

at
s
e
a
r
ch

e
l
retu

rn
s

th
e

fi
rst

y
in

l
su

ch
th

at
y

=
e

or
or

else
raises

th
e

ex
cep

tion

N
o
t
_
f
o
u
n
d
.

v
a
l
u
e

s
e
a
r
c
h

e
=

L
i
s
t
.
f
i
n
d

(
f
u
n

x
-
>

x
=
e
)
;

-
1
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-



T
h
e

sh
are

fu
n
ction

v
a
l
u
e

s
h
a
r
e

e
l
e
m
e
n
t

k
e
y

=

l
e
t

b
u
c
k
e
t

=
m
e
m
o
.
(
k
e
y
)

i
n

t
r
y

s
e
a
r
c
h

e
l
e
m
e
n
t

b
u
c
k
e
t

w
i
t
h

[
N
o
t
_
f
o
u
n
d

-
>

d
o

{
m
e
m
o
.
(
k
e
y
)
:
=
[
e
l
e
m
e
n
t
:
:
b
u
c
k
e
t
]
;

e
l
e
m
e
n
t
}

]
;

S
h
arin

g
is

ju
st

recallin
g!

-
2
0

-



C
om

p
ressin

g
trees

as
d
ags

W
e

m
ay

for
in

stan
ce

in
stan

tiate
S
h
are

on
th

e
algeb

ra
of

trees,
w

ith
a

size
h
ash

m
ax

d
ep

en
d
in

g
on

th
e

ap
p
lication

:

m
o
d
u
l
e

D
a
g

=
S
h
a
r
e

(
s
t
r
u
c
t

t
y
p
e

d
o
m
a
i
n
=
t
r
e
e
;

v
a
l
u
e

s
i
z
e
=
h
a
s
h
_
m
a
x
;

e
n
d
)
;

A
n
d

n
ow

w
e

com
p
ress

a
trie

in
to

a
m

in
im

al
d
ag

u
sin

g
s
h
a
r
e

b
y

a

sim
p
le

b
ottom

-u
p

traversal,
w

h
ere

th
e

key
is

com
p
u
ted

alon
g

b
y

h
ash

in
g.

F
or

th
is

w
e

d
efi

n
e

a
gen

eral
b
ottom

-u
p

traversal
fu

n
ction

,

w
h
ich

ap
p
lies

a
p
aram

etric
l
o
o
k
u
p

fu
n
ction

to
every

n
o
d
e

an
d

its

asso
ciated

key.

-
2
1

-



D
y
n
am

ic
p
rogram

m
in

g

B
ottom

-u
p

traversin
g

w
ith

in
d
u
ctive

h
ash

-co
d
e

com
p
u
tation

.

v
a
l
u
e

h
a
s
h
1

k
e
y

i
n
d
e
x

s
u
m

=
s
u
m

+
i
n
d
e
x
*
k
e
y

a
n
d

h
a
s
h

f
o
r
e
s
t

=
f
o
r
e
s
t

m
o
d

h
a
s
h
_
m
a
x
;

v
a
l
u
e

t
r
a
v
e
r
s
e

l
o
o
k
u
p

=
t
r
a
v
e
l

w
h
e
r
e

r
e
c

t
r
a
v
e
l

=
f
u
n

[
T
r
e
e
(
f
o
r
e
s
t
)

-
>

l
e
t

f
(
t
r
i
e
s
,
i
n
d
e
x
,
s
p
a
n
)

t
=

l
e
t

(
t
0
,
k
)

=
t
r
a
v
e
l

t

i
n

(
[
t
0
:
:
t
r
i
e
s
]
,
i
n
d
e
x
+
1
,
h
a
s
h
1

k
i
n
d
e
x

s
p
a
n
)

i
n

l
e
t

(
f
o
r
e
s
t
0
,
_
,
s
p
a
n
)

=
L
i
s
t
.
f
o
l
d
_
l
e
f
t

f
(
[
]
,
1
,
1
)

f
o
r
e
s
t

i
n

l
e
t

k
e
y

=
h
a
s
h

s
p
a
n

i
n

(
l
o
o
k
u
p

(
T
r
e
e
(
r
e
v

f
o
r
e
s
t
0
)
)

k
e
y
,

k
e
y
)

]
;

-
2
2

-



C
om

p
ressin

g
a

tree
as

a
d
ag

N
ow

,
com

p
ressin

g
a

tree
op

tim
ally

as
a

m
in

im
al

d
ag

is
sim

p
ly

eff
ected

b
y

a
sh

arin
g

traversal:

v
a
l
u
e

c
o
m
p
r
e
s
s

=
t
r
a
v
e
r
s
e

D
a
g
.
s
h
a
r
e
;

v
a
l
u
e

m
i
n
i
m
i
z
e

t
r
e
e

=
l
e
t

(
d
a
g
,
_
)

=
c
o
m
p
r
e
s
s

t
r
e
e

i
n

d
a
g
;

-
2
3

-



A
d
van

tages
an

d
ex

ten
sion

s

H
ash

in
g

key
s

an
d

size
is

on
th

e
clien

t
sid

e
:

w
e

d
o

n
ot

d
elegate

h
ash

in
g

to
S
h
are,

w
h
ich

is
ju

st
an

asso
ciative

m
em

ory.
T

h
is

h
as

tw
o

ad
van

tages:

•
T

h
e

com
p
u
tation

is
fu

lly
lin

ear

•
It

is
ad

ap
ted

to
th

e
statistics

of
th

e
d
ata

E
x
ten

sion
:

A
u
to-sh

arin
g

ty
p
es

(con
trolled

h
ash

-con
sin

g).
S
u
ggests

a

m
on

ad
of

sh
ared

h
ash

ed
stru

ctu
res

accom
m

o
d
atin

g
en

trop
y

of
th

e

d
ata.

-
2
4
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D
agifi

ed
lex

icon
s

W
e

m
ay

d
agify

a
lex

icon
a

p
osteriori

in
on

e
p
ass:

v
a
l
u
e

r
e
c

d
a
g
i
f
y

(
)

=

l
e
t

l
e
x
i
c
o
n

=
(
i
n
p
u
t
_
v
a
l
u
e

s
t
d
i
n

:
T
r
i
e
.
t
r
i
e
)

i
n

l
e
t

d
a
g

=
M
i
n
i
.
m
i
n
i
m
i
z
e

l
e
x
i
c
o
n

i
n

o
u
t
p
u
t
_
v
a
l
u
e

s
t
d
o
u
t

d
a
g
;

O
r

w
e

m
ay

m
ain

tain
a

d
agifi

ed
stru

ctu
re

b
y

sh
arin

g
d
y
n
am

ically

w
h
en

in
sertin

g
w

ord
s

b
y

ap
p
rop

riate
m

o
d
ifi

cation
of

th
e

zip
p
er

op
eration

s.

A
n
d

n
ow

if
w

e
ap

p
ly

th
is

tech
n
iq

u
e

to
ou

r
en

glish
lex

icon
,
w

ith

com
m

an
d
d
a
g
i
f
y

<
e
n
g
l
i
s
h
.
r
e
m

>
s
m
a
l
l
.
r
e
m
,
w

e
n
ow

get
an

op
tim

al
rep

resen
tation

w
h
ich

on
ly

n
eed

s
1M

b
of

storage,
h
alf

of
th

e

origin
al

A
S
C

II
strin

g
rep

resen
tation

.

-
2
5

-



A
d
vertisem

en
t

T
h
e

recu
rsive

algorith
m

s
given

so
far

are
fairly

straigh
tforw

ard
.

T
h
ey

are
easy

to
d
eb

u
g,

m
ain

tain
an

d
m

o
d
ify

d
u
e

to
th

e
stron

g
ty

p
in

g

safegu
ard

of
M

L
,
an

d
even

easy
to

form
ally

certify.
T

h
ey

are

n
on

eth
eless

effi
cien

t
en

ou
gh

for
p
ro

d
u
ction

u
se,

th
an

k
s

to
th

e

op
tim

izin
g

n
ative-co

d
e

com
p
iler

of
O

b
jective

C
am

l.

In
ou

r
S
an

sk
rit

ap
p
lication

,
th

e
trie

of
11500

en
tries

is
sh

ru
n
k

from

219K
b

to
103K

b
in

0.1s,
w

h
ereas

th
e

trie
of

120000
fl
ex

ed
form

s
is

sh
ru

n
k

from
1.63M

b
to

140K
b

in
0.5s

on
a

864M
H

z
P

C
.
O

u
r

trie
of

173528
E

n
glish

w
ord

s
is

sh
ru

n
k

from
4.5M

b
to

1M
b

in
2.7s.

M
easu

rem
en

ts
sh

ow
ed

th
at

th
e

tim
e

com
p
lex

ity
is

lin
ear

w
ith

th
e

size

of
th

e
lex

icon
(w

ith
in

com
p
arab

le
sets

of
w

ord
s).

-
2
6

-



V
ariation

s

M
an

y
variation

s
on

tries
ex

ist.
O

p
tim

isation
s

of
lex

ical
an

aly
sers

for

p
rogram

m
in

g
lan

gu
ages

are
d
escrib

ed
in

th
e

D
ragon

b
o
ok

.
B

u
t

th
e

d
ragon

b
o
ok

of
com

p
u
tation

al
lin

gu
istics

h
as

n
ot

b
een

w
ritten

yet.

V
ariation

w
ith

tern
ary

trees.
T
ern

ary
trees

are
in

sp
ired

from
B

en
tley

an
d

S
ed

gew
ick

.
T
ern

ary
trees

are
m

ore
com

p
lex

th
an

tries,
b
u
t

u
se

sligh
tly

less
storage.

A
ccess

is
p
oten

tially
faster

in
b
alan

ced
trees

th
an

tries.
A

go
o
d

m
eth

o
d
ology

seem
s

to
u
se

tries
for

ed
ition

,
an

d
to

tran
slate

th
em

to
b
alan

ced
tern

ary
trees

for
p
ro

d
u
ction

u
se

w
ith

a

fi
x
ed

lex
icon

.

T
h
e

tern
ary

version
of

ou
r

en
glish

lex
icon

takes
3.6M

b
,
a

sav
in

gs
of

20%
over

its
trie

version
u
sin

g
4.5M

b
.

A
fter

d
ag

m
in

im
ization

,
it

takes
1M

b
,
a

sav
in

gs
of

10%
over

th
e

trie
d
ag

version
u
sin

g
1.1M

b
.

F
or

ou
r

san
sk

rit
lex

icon
in

d
ex

,
th

e
trie

takes
221K

b
an

d
th

e
tertree

180K
b
.

S
h
ared

as
d
ags

th
e

trie
takes

103K
b

an
d

th
e

tertree
96K

b
.

-
2
7

-



D
ecos,

L
ex

m
ap

s,
A

u
tos

W
e

u
n
d
erstan

d
th

e
T
rie

stru
ctu

re
of

a
set

of
W

ord
s

as
a

sp
ecial

case

of
a

fi
n
itely

b
ased

m
ap

p
in

g
D

eco
=

W
ord

→
A

n
n
otation

in
th

e
case

of
B

o
olean

an
n
otation

s
sh

ared
b
y

p
refi

x
argu

m
en

ts
(an

d
b
y

com
m

on

su
b
ex

p
ression

s
w

h
en

sh
ared

).

W
e

store
m

orp
h
ology

con
stru

ction
s

as
b
ein

g
of

th
is

ty
p
e,

an
d

w
e

in
vestigate

th
e

reverse
m

ap
p
in

g
b
y

gen
eralisin

g
th

em
to

relation
s,

ty
p
ically

in
d
u
ctively

d
efi

n
ed

th
rou

gh
fi
n
ite

state
m

ach
in

es.

T
h
e

m
ore

sh
arin

g
w

e
get

th
e

b
etter

w
e

op
tim

ise
th

is
d
ata

layou
t.

It

is
th

u
s

of
p
aram

ou
n
t

im
p
ortan

ce
th

at
th

e
an

n
otation

s
b
e

lo
cal

q
u
asi-m

orp
h
ism

s
d
ecoration

s.

-
2
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-



D
ecos

t
y
p
e

d
e
c
o

’
a

=
[

D
e
c
o

o
f

(
l
i
s
t

’
a

*
d
f
o
r
e
s
t

’
a
)

]

a
n
d

d
f
o
r
e
s
t

’
a

=
l
i
s
t

(
W
o
r
d
.
l
e
t
t
e
r

*
d
e
c
o

’
a
)
;

W
e

th
in

k
of

th
e

d
ecoration

of
ty

p
e
l
i
s
t

’
a

as
an

in
form

ation

asso
ciated

w
ith

th
e

w
ord

stored
at

th
at

n
o
d
e.

W
e

can
easily

gen
eralize

sh
arin

g
to

d
ecorated

tries.
H

ow
ever,

su
b
stan

tial
sav

in
gs

w
ill

resu
lt

on
ly

if
th

e
in

form
ation

at
a

given
n
o
d
e

is
a

fu
n
ction

of
th

e
su

b
trie

at
th

at
n
o
d
e,

i.e.
if

su
ch

in
form

ation
is

d
efi

n
ed

as
a

trie
m

orp
h
ism

.

D
efi

n
ition

.
A

d
eco

is
a

tree
m

orp
h
ism

if
th

e
in

form
ation

at
every

n
o
d
e

is
a

fu
n
ction

of
th

e
corresp

on
d
in

g
su

b
-tree.

S
u
ch

d
ecos

p
reserve

th
e

sh
arin

g
of

th
e

trees
th

ey
d
ecorate.

-
2
9
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E
n
co

d
in

g
m

orp
h
ological

p
aram

eters
as

d
ecoration

s

W
e

th
u
s

p
rofi

t
of

th
e

regu
larity

of
m

orp
h
ological

tran
sform

ation
s

to

h
ave

terse
rep

resen
tation

s
of

th
e

lex
icon

d
ecorated

b
y

gram
m

atical

in
form

ation
.

T
h
u
s

if
all

p
lu

rals
are

ob
tain

ed
b
y

ad
d
in

g
‘s’

to
th

e

sin
gu

lar
stem

ex
cep

t
for

a
few

ex
cep

tion
s,

w
e

d
o

n
ot

p
ay

an
y

cost
in

en
co

d
in

g
th

is
p
lu

ral
in

form
ation

as
an

ex
p
licit

in
stru

ction

[
p
l
:
s
u
f
f
i
x

s
]

d
ecoratin

g
th

e
stem

s,
sin

ce
it

w
ill

n
ot

create
an

y
n
ew

n
o
d
e

ex
cep

t
for

th
e

few
ex

cep
tion

s.
A

s
op

p
osed

to
listin

g
ex

p
licitly

th
e

p
lu

ral
form

,
w

h
ich

w
ou

ld
u
n
d
o

all
sh

arin
g.

In
ou

r
san

sk
rit

im
p
lem

en
tation

,
th

e
variou

s
gen

d
ers

asso
ciated

w
ith

a

n
ou

n
stem

are
d
efi

n
ed

in
a

d
eco

u
sed

for
p
ro

d
u
cin

g
th

e
fl
ex

ed
form

s.

T
h
e

fl
ex

ed
form

s
are

th
en

gen
erated

u
sin

g
an

ad
-h

o
c

in
tern

al
san

d
h
i

algorith
m

,
d
iffi

cu
lt

to
en

co
d
e

as
a

fi
n
ite-state

p
ro

cess,
an

d
th

u
s

d
iffi

cu
lt

to
in

verse.

-
3
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-



(A
sid

e)
T

h
e

scop
in

g
stru

ctu
re

of
th

e
lex

icon

H
ow

to
fi
n
d

th
e

stem
asso

ciated
w

ith
a

gen
d
er

in
th

e
lex

icon
in

on
e

click
so

th
at

m
orp

h
ology

m
ay

b
e

d
isp

layed
-
w

ith
n
o

n
eed

of
scrip

t
or

ap
p
let.

S
im

p
le

d
istrib

u
ted

arch
itectu

re
-

all
th

e
com

p
u
tation

is
d
on

e
on

th
e

server
sid

e.

M
ain

tain
in

g
com

p
u
tation

al
in

varian
ts

in
th

e
lex

icon
au

gm
en

ts
its

rob
u
stn

ess.

-
3
1

-



E
x
p
licit

m
orp

h
ology

v
s

im
p
licit

m
orp

h
ology

B
y

ex
p
licit

m
orp

h
ology

I
m

ean
listin

g
ex

p
licitly

th
e

form
s

gen
erated

b
y

m
orp

h
ology

op
eration

s
from

ro
ot

stem
s,

p
refi

x
es

an
d

su
ffi

x
es.

B
y

im
p
licit

m
orp

h
ology

I
m

ean
ju

st
h
av

in
g

p
rogram

s
w

h
ich

w
ill

gen
erate

th
ese

fl
ex

ed
form

s
on

d
em

an
d
.

Im
p
licit

m
orp

h
ology

is
n
ot

en
ou

gh
to

recogn
ize

th
e

segm
en

ts
of

sen
ten

ces
id

en
tical

w
ith

a
fl
ex

ed
form

:
th

e
m

orp
h
ological

fu
n
ction

s

m
u
st

b
e

in
vertib

le.

-
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C
om

p
rom

ise

O
n

th
e

oth
er

h
an

d
,
th

e
d
elim

itation
b
etw

een
im

p
licit

an
d

ex
p
licit

is

b
lu

rred
sin

ce
e.g.

a
fi
n
ite-state

m
ach

in
e

state
grap

h
m

ay
b
e

b
oth

con
sid

ered
a

p
rogram

an
d

a
p
iece

of
d
ata;

for
in

stan
ce,

a
trie

stores

w
ord

s,
b
u
t

actu
ally

th
e

w
ord

s
are

“recogn
ized

as
b
ein

g
in

th
e

lex
icon

”
b
y

“ru
n
n
in

g
th

e
lex

icon
over

th
em

as
in

p
u
t

d
ata”.

T
h
u
s

w
e

sh
all

rep
resen

t
“ex

p
licitly

”
fl
ex

ed
form

s
an

d
th

e
in

form
ation

on
h
ow

th
ey

are
d
erived

from
ro

ot
stem

s
as

a
trie

b
earin

g
as

d
ecoration

s
in

stru
ction

s
on

h
ow

to
“u

n
d
o

m
orp

h
ology

”
lo

cally.
F
or

th
is

p
u
rp

ose,
w

e
sh

all
u
se

th
e

n
otion

of
d
iff

eren
tial

w
ord

ab
ove.

W
e

m
ay

n
ow

store
in

verse
m

ap
s

of
lex

ical
relation

s
(su

ch
as

m
orp

h
ology

d
erivation

s)
u
sin

g
th

e
L
ex

m
ap

stru
ctu

re.

T
h
is

w
ay

w
e

b
y
p
ass

th
e

(h
ard

)
p
rob

lem
of

in
tern

al
san

d
h
i
fsm

ax
iom

atisation
.

-
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L
ex

m
ap

s

t
y
p
e

i
n
v
e
r
s
e

’
a

=
(
W
o
r
d
.
d
e
l
t
a

*
’
a
)

a
n
d

i
n
v
e
r
s
e
_
m
a
p

’
a

=
l
i
s
t

(
i
n
v
e
r
s
e

’
a
)
;

t
y
p
e

l
e
x
m
a
p

’
a

=
[
M
a
p

o
f

(
i
n
v
e
r
s
e
_
m
a
p

’
a

*
m
f
o
r
e
s
t

’
a
)

]

a
n
d

m
f
o
r
e
s
t

’
a

=
l
i
s
t

(
W
o
r
d
.
l
e
t
t
e
r

*
l
e
x
m
a
p

’
a
)
;

T
y
p
ically,

if
w

ord
w

is
stored

at
a

n
o
d
e

M
a
p
([...;(d

,r);...],...),
th

is

rep
resen

ts
th

e
fact

th
at

w
is

th
e

im
age

b
y

relation
r

of

w
′
=

p
a
tch

d
w

.
S
u
ch

a
le

x
m

a
p

is
th

u
s

a
rep

resen
tation

of
th

e
im

age

b
y

r
of

a
sou

rce
lex

icon
.

T
h
is

rep
resen

tation
is

in
vertib

le,
w

h
ile

p
reserv

in
g

m
ax

im
ally

th
e

sh
arin

g
of

fi
n
al

su
b
strin

gs,
an

d
th

u
s

b
ein

g

am
en

ab
le

to
sh

arin
g.

E
x
am

p
le:

cats
an

d
d
ogs

sh
arin

g
th

eir
‘s’

n
o
d
e

w
h
ile

im
p
licitly

referrin
g

to
th

eir
resp

ective
sin

gu
lar

stem
.

-
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L
ex

icon
rep

ositories
u
sin

g
tries

an
d

d
ecos

In
a

ty
p
ical

com
p
u
tation

al
lin

gu
istics

ap
p
lication

,
gram

m
atical

in
form

ation
(p

art
of

sp
eech

role,
gen

d
er/n

u
m

b
er

for
su

b
stan

tives,

valen
cy

an
d

oth
er

su
b
categorization

in
form

ation
for

verb
s,

etc)
m

ay

b
e

stored
as

d
ecoration

of
th

e
lex

icon
of

ro
ots/stem

s.
F
rom

su
ch

a

d
ecorated

trie
a

m
orp

h
ological

p
ro

cessor
m

ay
com

p
u
te

th
e

lex
m

ap
of

all
fl
ex

ed
form

s,
d
ecorated

w
ith

th
eir

d
erivation

in
form

ation
en

co
d
ed

as
an

in
verse

m
ap

.
T

h
is

stru
ctu

re
m

ay
itself

b
e

u
sed

b
y

a
taggin

g

p
ro

cessor
to

con
stru

ct
th

e
lin

ear
rep

resen
tation

of
a

sen
ten

ce

d
ecorated

b
y

featu
re

stru
ctu

res.
S
u
ch

a
rep

resen
tation

w
ill

su
p
p
ort

fu
rth

er
p
ro

cessin
g,

su
ch

as
com

p
u
tin

g
sy

n
tactic

an
d

fu
n
ction

al

stru
ctu

res,
ty

p
ically

as
solu

tion
s

of
con

strain
t

satisfaction
p
rob

lem
s.

-
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E
x
am

p
le:

S
an

sk
rit

T
h
e

m
ain

com
p
on

en
t

in
ou

r
to

ols
is

a
stru

ctu
red

lex
ical

d
atab

ase.

F
rom

th
is

d
atab

ase,
variou

s
h
y
p
ertex

t
d
o
cu

m
en

ts
m

ay
b
e

p
ro

d
u
ced

m
ech

an
ically.

T
h
e

in
d
ex

C
G

I
en

gin
e

search
es

for
w

ord
s

b
y

n
av

igatin
g

in
a

p
ersisten

t
trie

in
d
ex

of
stem

en
tries.

T
h
e

cu
rren

t
d
atab

ase

com
p
rises

12000
item

s,
an

d
its

in
d
ex

h
as

a
size

of
103K

B
.

W
h
en

com
p
u
tin

g
th

is
in

d
ex

,
an

oth
er

p
ersisten

t
stru

ctu
re

is
created

.

It
record

s
in

a
d
eco

all
th

e
gen

d
ers

asso
ciated

w
ith

a
n
ou

n
en

try.
A

t

p
resen

t,
th

is
d
eco

record
s

gen
d
ers

for
5700

n
ou

n
s,

an
d

it
h
as

a
size

of

268K
B

.

W
e

iterate
on

th
is

gen
d
ers

stru
ctu

re
a

gram
m

atical
en

gin
e,

w
h
ich

gen
erates

d
eclin

ed
form

s.
T

h
is

lex
m

ap
record

s
ab

ou
t

120000
su

ch

fl
ex

ed
form

s
w

ith
asso

ciated
gram

m
atical

in
form

ation
,
an

d
it

h
as

a

size
of

341K
B

.
A

com
p
an

ion
trie,

w
ith

ou
t

th
e

in
form

ation
,
keep

s
th

e

in
d
ex

of
fl
ex

ed
w

ord
s

as
a

m
in

im
ized

stru
ctu

re
of

140K
B

.

-
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F
in

ite
S
tate

L
ore

C
om

p
u
tation

al
p
h
on

ology
are

m
orp

h
ology

u
se

ex
ten

sively
fi
n
ite

state

tech
n
ology

:
ration

al
lan

gu
ages

an
d

relation
s,

tran
sd

u
cers,

b
im

ach
in

es,
etc.

•
S
ch

ü
tzen

b
erger

•
K

osken
n
iem

i

•
K

ap
lan

an
d

K
ay

F
in

ite
state

to
olsets

h
ave

b
een

d
evelop

ed
,
w

h
ere

w
ord

tran
sform

ation
s

are
sy

stem
atically

com
p
iled

in
a

low
-level

algeb
ra

of

fi
n
ite-state

m
ach

in
es

op
erators.

S
u
ch

to
olsets

h
ave

b
een

d
evelop

ed
at

X
erox

,
P
aris

V
II,

B
ell

L
ab

s,
M

itsu
b
ish

i
L
ab

s,
etc.

C
om

p
ilin

g

com
p
lex

rew
rite

ru
les

in
ration

al
tran

sd
u
cers

m
ay

b
e

su
b
tle.

W
e

d
ep

art
from

th
is

fi
n
e-grain

ed
m

eth
o
d
ology

an
d

p
rop

ose
m

ore
d
irect

tran
slation

s
p
reserv

in
g

th
e

stru
ctu

re
of

th
e

lex
icon

.
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F
in

ite
S
tate

M
ach

in
es

as
L
ex

icon
M

orp
h
ism

s

W
e

start
w

ith
th

e
rem

ark
th

at
a

lex
icon

rep
resen

ted
as

a
trie

is

d
irectly

th
e

state
sp

ace
rep

resen
tation

of
th

e
(d

eterm
in

istic)
fi
n
ite

state
m

ach
in

e
th

at
recogn

izes
its

w
ord

s,
an

d
th

at
its

m
in

im
ization

con
sists

ex
actly

in
sh

arin
g

th
e

lex
ical

tree
as

a
d
ag.

W
e

are
in

a
case

w
h
ere

th
e

state
grap

h
of

su
ch

fi
n
ite

lan
gu

ages
recogn

izers
is

an

acy
clic

stru
ctu

re.
S
u
ch

a
p
u
re

d
ata

stru
ctu

re
m

ay
b
e

easily
b
u
ilt

w
ith

ou
t

m
u
tab

le
referen

ces,
w

h
ich

h
as

com
p
u
tation

al
an

d
rob

u
stn

ess

ad
van

tages.

In
th

e
sam

e
sp

irit,
w

e
d
efi

n
e

au
tom

ata
w

h
ich

im
p
lem

en
t

n
on

-triv
ial

ration
al

relation
s

(an
d

th
eir

in
version

)
an

d
w

h
ose

state
stru

ctu
re

is

n
on

eth
eless

a
m

ore
or

less
d
irect

d
ecoration

of
th

e
lex

icon
trie.

T
h
e

cru
cial

n
otion

is
th

at
th

e
state

stru
ctu

re
is

a
lex

icon
m

orp
h
ism

.

-
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U
n
glu

ein
g

W
e

start
w

ith
a

toy
p
rob

lem
w

h
ich

is
th

e
sim

p
lest

case
of

ju
n
ctu

re

an
aly

sis,
n
am

ely
w

h
en

th
ere

are
n
o

n
on

-triv
ial

ju
n
ctu

re
ru

les,
an

d

segm
en

tation
con

sists
ju

st
in

retriev
in

g
th

e
w

ord
s

of
a

sen
ten

ce
glu

ed

togeth
er

in
on

e
lon

g
strin

g
of

ch
aracters

(or
p
h
on

em
es).

C
on

sid
er

for

in
stan

ce
w

ritten
E

n
glish

.
Y

ou
h
ave

a
tex

t
fi
le

con
sistin

g
of

a
seq

u
en

ce

of
w

ord
s

sep
arated

w
ith

b
lan

k
s,

an
d

you
h
ave

a
lex

icon
com

p
lete

for

th
is

tex
t

(for
in

stan
ce,

‘sp
ell’

h
as

b
een

su
ccessfu

lly
ap

p
lied

).
N

ow
,

su
p
p
ose

you
m

ake
som

e
ed

itin
g

m
istake,

w
h
ich

rem
oves

all
sp

aces,

an
d

th
e

task
is

to
u
n
d
o

th
is

op
eration

to
restore

th
e

origin
al.

T
h
e

tran
sd

u
cer

is
d
efi

n
ed

as
a

fu
n
ctor,

tak
in

g
th

e
lex

icon
trie

stru
ctu

re
as

p
aram

eter.

-
3
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U
n
glu

e

m
o
d
u
l
e

U
n
g
l
u
e

(
L
e
x
i
c
o
n
:

s
i
g

v
a
l
u
e

l
e
x
i
c
o
n

:
T
r
i
e
.
t
r
i
e
;

e
n
d
)

=
s
t
r
u
c
t

t
y
p
e

i
n
p
u
t

=
W
o
r
d
.
w
o
r
d

(
*

i
n
p
u
t

s
e
n
t
e
n
c
e

a
s

a
w
o
r
d

*
)

a
n
d

o
u
t
p
u
t

=
l
i
s
t

W
o
r
d
.
w
o
r
d
;

(
*

o
u
t
p
u
t

i
s

s
e
q
u
e
n
c
e

o
f

w
o
r
d
s

*
)

t
y
p
e

b
a
c
k
t
r
a
c
k

=
(
i
n
p
u
t

*
o
u
t
p
u
t
)

a
n
d

r
e
s
u
m
p
t
i
o
n

=
l
i
s
t

b
a
c
k
t
r
a
c
k
;

(
*

c
o
r
o
u
t
i
n
e

r
e
s
u
m
p
t
i
o
n
s

*
)

e
x
c
e
p
t
i
o
n

F
i
n
i
s
h
e
d
;

W
e

d
efi

n
e

ou
r

u
n
glu

ein
g

reactive
en

gin
e

as
a

recu
rsive

p
ro

cess
w

h
ich

n
av

igates
d
irectly

on
th

e
(fl

ex
ed

)
lex

icon
trie

(ty
p
ically

th
e

com
p
ressed

trie
resu

ltin
g

from
th

e
D

ag
m

o
d
u
le

con
sid

ered
ab

ove).

-
4
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T
h
e

reactive
en

gin
e

T
h
e

reactive
en

gin
e

takes
as

argu
m

en
ts

th
e

(rem
ain

in
g)

in
p
u
t,

th
e

(p
artially

con
stru

cted
)

list
of

w
ord

s
retu

rn
ed

as
ou

tp
u
t,

a
b
ack

track

stack
w

h
ose

item
s

are
(in

p
u
t,o

u
tp

u
t)

p
airs,

th
e

p
ath

o
cc

in
th

e
state

grap
h

stack
in

g
(th

e
reverse

of)
th

e
cu

rren
t

com
m

on
p
refi

x
of

th
e

can
d
id

ate
w

ord
s,

an
d

fi
n
ally

th
e

cu
rren

t
tr

ie
n
o
d
e

as
its

cu
rren

t

state.
W

h
en

th
e

state
is

accep
tin

g,
w

e
p
u
sh

it
on

th
e

ba
ck

tr
a
ck

stack
,
b
ecau

se
w

e
w

an
t

to
favor

p
ossib

le
lon

ger
w

ord
s,

an
d

so
w

e

con
tin

u
e

read
in

g
th

e
in

p
u
t

u
n
til

eith
er

w
e

ex
h
au

st
th

e
in

p
u
t,

or
th

e

n
ex

t
in

p
u
t

ch
aracter

is
in

con
sisten

t
w

ith
th

e
lex

icon
d
ata.

-
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T
h
e

reactive
en

gin
e

co
d
e

v
a
l
u
e

r
e
c

r
e
a
c
t

i
n
p
u
t

o
u
t
p
u
t

b
a
c
k

o
c
c

=
f
u
n

[
T
r
i
e
(
b
,
f
o
r
e
s
t
)

-
>

i
f

b
t
h
e
n

l
e
t

p
u
s
h
o
u
t

=
[
o
c
c
:
:
o
u
t
p
u
t
]

i
n

i
f

i
n
p
u
t
=
[
]

t
h
e
n

(
p
u
s
h
o
u
t
,
b
a
c
k
)

(
*

s
o
l
u
t
i
o
n

f
o
u
n
d

*
)

e
l
s
e

l
e
t

p
u
s
h
b
a
c
k

=
[
(
i
n
p
u
t
,
p
u
s
h
o
u
t
)
:
:
b
a
c
k
]

i
n

c
o
n
t
i
n
u
e

p
u
s
h
b
a
c
k

e
l
s
e

c
o
n
t
i
n
u
e

b
a
c
k

w
h
e
r
e

c
o
n
t
i
n
u
e

c
o
n
t

=
m
a
t
c
h

i
n
p
u
t

w
i
t
h

[
[
]

-
>

b
a
c
k
t
r
a
c
k

c
o
n
t

|
[
l
e
t
t
e
r

:
:

r
e
s
t
]

-
>

t
r
y

l
e
t

n
e
x
t
_
s
t
a
t
e

=
L
i
s
t
.
a
s
s
o
c

l
e
t
t
e
r

f
o
r
e
s
t

i
n

r
e
a
c
t

r
e
s
t

o
u
t
p
u
t

c
o
n
t

[
l
e
t
t
e
r
:
:
o
c
c
]

n
e
x
t
_
s
t
a
t
e

w
i
t
h

[
N
o
t
_
f
o
u
n
d

-
>

b
a
c
k
t
r
a
c
k

c
o
n
t

]

]
]

-
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B
ack

track

a
n
d

b
a
c
k
t
r
a
c
k

=
f
u
n

[
[
]

-
>

r
a
i
s
e

F
i
n
i
s
h
e
d

|
[
(
i
n
p
u
t
,
o
u
t
p
u
t
)
:
:
b
a
c
k
]

-
>

r
e
a
c
t

i
n
p
u
t

o
u
t
p
u
t

b
a
c
k

[
]

L
e
x
i
c
o
n
.
l
e
x
i
c
o
n

]
;

N
ow

,
u
n
glu

ein
g

a
sen

ten
ce

is
ju

st
callin

g
th

e
reactive

en
gin

e
from

th
e

ap
p
rop

riate
in

itial
b
ack

track
situ

ation
.

v
a
l
u
e

u
n
g
l
u
e

s
e
n
t
e
n
c
e

=
b
a
c
k
t
r
a
c
k

[
(
s
e
n
t
e
n
c
e
,
[
]
)
]
;

-
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R
em

ark

N
on

-d
eterm

in
istic

p
rogram

m
in

g
is

n
o

b
ig

d
eal.

W
h
y

sh
ou

ld
you

su
rren

d
er

con
trol

to
a

P
R

O
L
O

G
b
lack

b
ox

?

T
h
e

th
ree

gold
en

ru
les

of
n
on

-d
eterm

in
istic

p
rogram

m
in

g:

•
Id

en
tify

w
ell

you
r

search
state

sp
ace

•
R

ep
resen

t
states

as
n
on

-m
u
tab

le
d
ata

•
P

rove
term

in
ation

T
h
e

last
p
oin

t
is

essen
tial

for
u
n
d
erstan

d
in

g
th

e
gran

u
larity

an
d

en
forcin

g
com

p
leten

ess.

-
4
4

-



M
ore

on
state

sp
ace

con
sid

eration
s

T
h
is

n
on

-d
eterm

in
istic

p
ro

cess
(recogn

izin
g

L
∗)

u
ses

th
e

s
a
m

e
state

sp
ace

as
th

e
lex

icon
/trie

(recogn
izin

g
L

).

T
h
is

corresp
on

d
s

to
th

e
fact

th
at

an
au

tom
aton

for
L

∗
m

ay
b
e

ob
tain

ed
from

th
e

au
tom

aton
for

L
b
y

in
sertin

g
ε-m

oves
from

accep
tin

g
n
o
d
es

to
th

e
in

itial
n
o
d
e.

B
u
t

su
ch

tran
sition

s
m

ay
b
e

kep
t

com
p
letely

im
p
licit.

A
ll

you
h
ave

to
d
o

is
to

m
an

age
th

e
n
ecessary

n
on

-d
eterm

in
ism

(con
tin

u
in

g
in

L
w

h
ich

is
n
ot

in
gen

eral
a

p
refi

x

lan
gu

age
(i.e.

if
m

ay
h
ap

p
en

th
at

b
oth

w
an

d
w
·
s

are
in

L
)

versu
s

iteratin
g)

in
th

e
b
ack

track
stack

,
b
u
t

you
d
o

n
ot

h
ave

to
m

o
d
ify

at

all
th

e
state

sp
ace

d
ata

stru
ctu

re.
It

is
ju

st
a

sh
ift

in
p
oin

t
of

v
iew

con
cern

in
g

th
is

d
ata.

-
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S
till

m
ore

on
state

sp
ace

con
sid

eration
s

R
em

em
b
er

th
at

d
agifi

ed
tries

d
efi

n
e

th
e

m
in

im
al

au
tom

aton
of

a

fi
n
ite

lan
gu

age
L

.

B
u
t

it
is

n
ot

th
e

case
th

at
th

is
au

tom
aton

,
com

p
leted

w
ith

ε

tran
sition

s,
is

m
in

im
al

for
L
∗.

C
on

sid
er

for
in

stan
ce

L
=
{
a
,a

a
}.

H
ow

ever,
n
ote

th
at

w
e

are
u
sin

g
it

as
a

tran
sd

u
cer

com
p
u
tin

g

ju
stifi

cation
s

for
a

w
ord

in
L
∗

to
b
e

a
con

caten
ation

of
p
recise

w
ord

s

of
L

,
an

d
th

e
m

in
im

al
au

tom
aton

d
o
es

n
ot

keep
en

ou
gh

in
form

ation

for
th

at:
d
istin

ct
segm

en
tation

s
of

a
sen

ten
ce

m
u
st

b
e

sep
arated

.

-
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C
h
ild

talk

m
o
d
u
l
e

C
h
i
l
d
t
a
l
k

=
s
t
r
u
c
t

v
a
l
u
e

l
e
x
i
c
o
n

=
L
e
x
i
c
o
n
.
m
a
k
e
_
l
e
x

[
"
b
o
u
d
i
n
"
;
"
c
a
c
a
"
;
"
p
i
p
i
"
]
;

e
n
d
;

m
o
d
u
l
e

C
h
i
l
d
i
s
h

=
U
n
g
l
u
e
(
C
h
i
l
d
t
a
l
k
)
;

l
e
t

(
s
o
l
,
_
)

=
C
h
i
l
d
i
s
h
.
u
n
g
l
u
e

(
W
o
r
d
.
e
n
c
o
d
e

"
p
i
p
i
c
a
c
a
b
o
u
d
i
n
"
)

i
n

C
h
i
l
d
i
s
h
.
p
r
i
n
t
_
o
u
t

s
o
l
;

W
e

recover
as

ex
p
ected

:
p
i
p
i

c
a
c
a

b
o
u
d
i
n
.

-
4
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G
en

eratin
g

several
solu

tion
s

W
e

resu
m

e
a

resu
m

p
tion

w
ith

r
e
s
u
m
e

:
(
r
e
s
u
m
p
t
i
o
n

-
>

i
n
t

-
>

r
e
s
u
m
p
t
i
o
n
)
.

v
a
l
u
e

r
e
s
u
m
e

c
o
n
t

n
=

l
e
t

(
o
u
t
p
u
t
,
r
e
s
u
m
p
t
i
o
n
)

=
b
a
c
k
t
r
a
c
k

c
o
n
t

i
n

d
o

{
p
r
i
n
t
_
s
t
r
i
n
g

"
\
n

S
o
l
u
t
i
o
n

"
;

p
r
i
n
t
_
i
n
t

n

;
p
r
i
n
t
_
s
t
r
i
n
g

"
:
\
n
"
;

p
r
i
n
t
_
o
u
t

o
u
t
p
u
t

;
r
e
s
u
m
p
t
i
o
n

}
;

v
a
l
u
e

u
n
g
l
u
e
_
a
l
l

s
e
n
t
e
n
c
e

=
r
e
s
t
o
r
e

[
(
s
e
n
t
e
n
c
e
,
[
]
)
]

1

w
h
e
r
e

r
e
c

r
e
s
t
o
r
e

c
o
n
t

n
=

t
r
y

l
e
t

r
e
s
u
m
p
t
i
o
n

=
r
e
s
u
m
e

c
o
n
t

n

i
n

r
e
s
t
o
r
e

r
e
s
u
m
p
t
i
o
n

(
n
+
1
)

w
i
t
h

[
F
i
n
i
s
h
e
d

-
>

i
f

n
=
1

t
h
e
n

p
r
i
n
t
_
s
t
r
i
n
g

"
N
o

s
o
l
u
t
i
o
n

f
o
u
n
d
\
n
"

e
l
s
e

(
)

]
;

-
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S
olv

in
g

a
ch

arad
e

m
o
d
u
l
e

S
h
o
r
t

=
s
t
r
u
c
t

v
a
l
u
e

l
e
x
i
c
o
n

=
L
e
x
i
c
o
n
.
m
a
k
e
_
l
e
x

[
"
a
b
l
e
"
;

"
a
m
"
;

"
a
m
i
a
b
l
e
"
;

"
g
e
t
"
;

"
h
e
r
"
;

"
i
"
;

"
t
o
"
;

"
t
o
g
e
t
h
e
r
"
]
;

e
n
d
;

m
o
d
u
l
e

C
h
a
r
a
d
e

=
U
n
g
l
u
e
(
S
h
o
r
t
)
;

C
h
a
r
a
d
e
.
u
n
g
l
u
e
_
a
l
l

(
W
o
r
d
.
e
n
c
o
d
e

"
a
m
i
a
b
l
e
t
o
g
e
t
h
e
r
"
)
;

S
o
l
u
t
i
o
n

1
:
a
m
i
a
b
l
e

t
o
g
e
t
h
e
r

S
o
l
u
t
i
o
n

2
:
a
m
i
a
b
l
e

t
o

g
e
t

h
e
r

S
o
l
u
t
i
o
n

3
:
a
m

i
a
b
l
e

t
o
g
e
t
h
e
r

S
o
l
u
t
i
o
n

4
:
a
m

i
a
b
l
e

t
o

g
e
t

h
e
r

-
4
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J
u
n
ctu

re
eu

p
h
on

y
an

d
its

d
iscretization

W
h
en

su
ccessive

w
ord

s
are

u
ttered

,
th

e
m

in
im

ization
of

th
e

en
ergy

n
ecessary

to
recon

fi
gu

rate
th

e
vo

cal
organ

s
at

th
e

ju
n
ctu

re
of

th
e

w
ord

s
p
rovo

q
u
es

a
eu

p
h
on

y
tran

sform
ation

,
d
iscretized

at
th

e
level

of

p
h
on

em
es

b
y

a
con

tex
tu

al
rew

rite
ru

le
of

th
e

form
:

[x
]u
|v
→

w

T
h
is

ju
n
ctu

re
eu

p
h
on

y,
or

ex
tern

al
san

d
h
i,

is
actu

ally
record

ed
in

san
sk

rit
in

th
e

w
ritten

ren
d
erin

g
of

th
e

sen
ten

ce.
T

h
e

fi
rst

lin
gu

istic

p
ro

cessin
g

is
th

erefore
segm

en
tation

,
w

h
ich

gen
eralises

u
n
glu

ein
g

in
to

san
d
h
i
an

aly
sis.

-
5
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-



u
v

w
x

-
5
1

-



z
u

v

w

u v

x

-
5
2

-



A
u
to

t
y
p
e

l
e
x
i
c
o
n

=
t
r
i
e

a
n
d

r
u
l
e

=
(
w
o
r
d

*
w
o
r
d

*
w
o
r
d
)
;

T
h
e

ru
le

trip
le
(
r
e
v

u
,

v
,

w
)

rep
resen

ts
th

e
strin

g
rew

rite
u
|v
→

w
.

N
ow

for
th

e
tran

sd
u
cer

state
sp

ace:

t
y
p
e

a
u
t
o

=
[
S
t
a
t
e

o
f

(
b
o
o
l

*
d
e
t
e
r

*
c
h
o
i
c
e
s
)

]

a
n
d

d
e
t
e
r

=
l
i
s
t

(
l
e
t
t
e
r

*
a
u
t
o
)

a
n
d

c
h
o
i
c
e
s

=
l
i
s
t

r
u
l
e
;

m
o
d
u
l
e

A
u
t
o

=
S
h
a
r
e

(
s
t
r
u
c
t

t
y
p
e

d
o
m
a
i
n
=
a
u
t
o
;

v
a
l
u
e

s
i
z
e
=
h
a
s
h
_
m
a
x
;

e
n
d
)
;

W
e

assu
m

e
lin

ear
h
ash

fu
n
ction

s
h
a
s
h
0
,
h
a
s
h
1
,
h
a
s
h
.

-
5
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-



C
om

p
ilin

g
th

e
lex

icon
to

a
m

in
im

al
tran

sd
u
cer

(
*

b
u
i
l
d
_
a
u
t
o

:
w
o
r
d

-
>

l
e
x
i
c
o
n

-
>

(
a
u
t
o

*
s
t
a
c
k

*
i
n
t
)

*
)

v
a
l
u
e

r
e
c

b
u
i
l
d
_
a
u
t
o

o
c
c

=
f
u
n

[
T
r
i
e
(
b
,
a
r
c
s
)

-
>

l
e
t

l
o
c
a
l
_
s
t
a
c
k

=
i
f

b
t
h
e
n

g
e
t
_
s
a
n
d
h
i

o
c
c

e
l
s
e

[
]

i
n

l
e
t

f
(
d
e
t
e
r
,
s
t
a
c
k
,
s
p
a
n
)

(
n
,
t
)

=

l
e
t

c
u
r
r
e
n
t

=
[
n
:
:
o
c
c
]

(
*

c
u
r
r
e
n
t

o
c
c
u
r
r
e
n
c
e

*
)

i
n

l
e
t

(
a
u
t
o
,
s
t
,
k
)

=
b
u
i
l
d
_
a
u
t
o

c
u
r
r
e
n
t

t

i
n

(
[
(
n
,
a
u
t
o
)
:
:
d
e
t
e
r
]
,
m
e
r
g
e

s
t

s
t
a
c
k
,
h
a
s
h
1

n
k

s
p
a
n
)

i
n

l
e
t

(
d
e
t
e
r
,
s
t
a
c
k
,
s
p
a
n
)

=
f
o
l
d
_
l
e
f
t

f
(
[
]
,
[
]
,
h
a
s
h
0
)

a
r
c
s

i
n

l
e
t

(
h
,
l
)

=
m
a
t
c
h

s
t
a
c
k

w
i
t
h

[
[
]

-
>

(
[
]
,
[
]
)

|
[
h
:
:
l
]

-
>

(
h
,
l
)
]

i
n

l
e
t

k
e
y

=
h
a
s
h

b
s
p
a
n

h

i
n

l
e
t

s
=

A
u
t
o
.
s
h
a
r
e

(
S
t
a
t
e
(
b
,
d
e
t
e
r
,
h
)
)

k
e
y

i
n

(
s
,
m
e
r
g
e

l
o
c
a
l
_
s
t
a
c
k

l
,
k
e
y
)

]
;

-
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S
egm

en
tin

g
T
ran

sd
u
cer

D
ata

S
tru

ctu
res

t
y
p
e

t
r
a
n
s
i
t
i
o
n

=

[
E
u
p
h
o
n
y

o
f

r
u
l
e

(
*

(
r
e
v

u
,
v
,
w
)

s
t

u
|
v

-
>

w
*
)

|
I
d

(
*

i
d
e
n
t
i
t
y

o
r

n
o

s
a
n
d
h
i

*
)

]

a
n
d

o
u
t
p
u
t

=
l
i
s
t

(
w
o
r
d

*
t
r
a
n
s
i
t
i
o
n
)
;

t
y
p
e

b
a
c
k
t
r
a
c
k

=

[
N
e
x
t

o
f

(
i
n
p
u
t

*
o
u
t
p
u
t

*
w
o
r
d

*
c
h
o
i
c
e
s
)

|
I
n
i
t

o
f

(
i
n
p
u
t

*
o
u
t
p
u
t
)

]

a
n
d

r
e
s
u
m
p
t
i
o
n

=
l
i
s
t

b
a
c
k
t
r
a
c
k
;

(
*

c
o
r
o
u
t
i
n
e

r
e
s
u
m
p
t
i
o
n
s

*
)

e
x
c
e
p
t
i
o
n

F
i
n
i
s
h
e
d
;

-
5
5

-



R
u
n
n
in

g
th

e
S
egm

en
tin

g
T
ran

sd
u
cer

v
a
l
u
e

r
e
c

r
e
a
c
t

i
n
p
u
t

o
u
t
p
u
t

b
a
c
k

o
c
c

=
f
u
n

[
S
t
a
t
e
(
b
,
d
e
t
,
c
h
o
i
c
e
s
)

-
>

(
*

w
e

t
r
y

t
h
e

d
e
t
e
r
m
i
n
i
s
t
i
c

s
p
a
c
e

f
i
r
s
t

*
)

l
e
t

d
e
t
e
r

c
o
n
t

=
m
a
t
c
h

i
n
p
u
t

w
i
t
h

[
[
]

-
>

b
a
c
k
t
r
a
c
k

c
o
n
t

|
[
l
e
t
t
e
r

:
:

r
e
s
t
]

-
>

t
r
y

l
e
t

n
e
x
t
_
s
t
a
t
e

=
L
i
s
t
.
a
s
s
o
c

l
e
t
t
e
r

d
e
t

i
n

r
e
a
c
t

r
e
s
t

o
u
t
p
u
t

c
o
n
t

[
l
e
t
t
e
r
:
:
o
c
c
]

n
e
x
t
_
s
t
a
t
e

w
i
t
h

[
N
o
t
_
f
o
u
n
d

-
>

b
a
c
k
t
r
a
c
k

c
o
n
t

]

]
i
n

l
e
t

n
o
n
d
e
t
s

=
i
f

c
h
o
i
c
e
s
=
[
]

t
h
e
n

b
a
c
k

e
l
s
e

[
N
e
x
t
(
i
n
p
u
t
,
o
u
t
p
u
t
,
o
c
c
,
c
h
o
i
c
e
s
)
:
:
b
a
c
k
]

i
n

i
f

b
t
h
e
n

l
e
t

o
u
t

=
[
(
o
c
c
,
I
d
)
:
:
o
u
t
p
u
t
]

(
*

o
p
t

f
i
n
a
l

s
a
n
d
h
i

*
)

-
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i
n

i
f

i
n
p
u
t
=
[
]

t
h
e
n

(
o
u
t
,
n
o
n
d
e
t
s
)

(
*

s
o
l
u
t
i
o
n

*
)

e
l
s
e

l
e
t

a
l
t
e
r
n
s

=
[
I
n
i
t
(
i
n
p
u
t
,
o
u
t
)

:
:

n
o
n
d
e
t
s

]

(
*

w
e

f
i
r
s
t

t
r
y

t
h
e

l
o
n
g
e
s
t

m
a
t
c
h
i
n
g

w
o
r
d

*
)

i
n

d
e
t
e
r

a
l
t
e
r
n
s

e
l
s
e

d
e
t
e
r

n
o
n
d
e
t
s

]

a
n
d

c
h
o
o
s
e

i
n
p
u
t

o
u
t
p
u
t

b
a
c
k

o
c
c

=
f
u
n

[
[
]

-
>

b
a
c
k
t
r
a
c
k

b
a
c
k

|
[
(
(
u
,
v
,
w
)

a
s

r
u
l
e
)
:
:
o
t
h
e
r
s
]

-
>

l
e
t

a
l
t
e
r
n
s

=
[

N
e
x
t
(
i
n
p
u
t
,
o
u
t
p
u
t
,
o
c
c
,
o
t
h
e
r
s
)

:
:

b
a
c
k

]

i
n

i
f

p
r
e
f
i
x

w
i
n
p
u
t

t
h
e
n

l
e
t

t
a
p
e

=
a
d
v
a
n
c
e

(
l
e
n
g
t
h

w
)

i
n
p
u
t

a
n
d

o
u
t

=
[
(
u

@
o
c
c
,
E
u
p
h
o
n
y
(
r
u
l
e
)
)
:
:
o
u
t
p
u
t
]

i
n

i
f

v
=
[
]

(
*

f
i
n
a
l

s
a
n
d
h
i

*
)

t
h
e
n

i
f

t
a
p
e
=
[
]

t
h
e
n

(
o
u
t
,
a
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]
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u
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i
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d
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u
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i
t
h

s
a
n
d
h
i

m
|
p

-
>

.
m
p
]

[
p
u
.
s
.
t
i

w
i
t
h

n
o

s
a
n
d
h
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u
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.
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.
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.
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.
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p
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ā=
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b
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h
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p
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p
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.
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.
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u
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u
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.
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u
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