
U
si

ng
R

ew
rit

in
g

to
S

yn
th

es
iz

e
F

un
ct

io
na

l
La

ng
ua

ge
s

to
D

ig
ita

l
C

irc
ui

ts

C
h
ri
st

ia
a
n

B
a

a
ij

a
n
d

Ja
n

K
u
p
e
r

D
ep

ar
tm

en
t

o
f

E
le

ct
ric

al
E

ng
in

ee
rin

g,
M

at
he

m
at

ic
s,

an
d

C
om

pu
te

r
S

ci
en

ce
,

U
ni

ve
rs

ity
o

f
T

w
en

te
,

P
os

tb
us

21
7,

75
00

A
E

E
ns

ch
ed

e,
T

he
N

et
he

rla
nd

s
{c

.p
.r

.b
a
a
ij

,j
.k

up
er

}@
ut

w
en

te
.n

l

A
b

s
tr

a
c
t.

A
st

ra
ig

ht
fo

rw
ar

d
sy

nt
he

si
s

fr
om

fu
nc

tio
na

l
la

ng
ua

ge
s

to
di

g-
it
a
l

ci
rc

ui
ts

tr
an

sf
or

m
s

va
ria

bl
es

to
w

ire
s.

T
he

ty
pe

s
o

f
t h

es
e

va
ria

bl
es

de
te

rm
in

e
th

e
b

it-
w

id
th

o
ft

he
w

ire
s.

A
ss

ig
ni

ng
a

b
it-

w
id

th
to

po
ly

m
or

ph
ic

an
d

fu
nc

tio
n-

ty
pe

va
ria

bl
es

w
ith

in
th

is
di

re
ct

sy
nt

he
si

s
sc

he
m

e
is

im
po

ss
i-

bl
e.

U
si

ng
a

te
rm

re
w

rit
e

sy
st

em
,

po
ly

m
or

ph
ic

an
d

fu
nc

tio
n-

ty
pe

bi
nd

er
s

ca
n

be
co

m
pl

et
el

y
el

im
in

at
ed

fr
om

a
ci

rc
ui

t
de

sc
rip

tio
n,

gi
ve

n
on

ly
m

in
or

an
d

re
as

on
ab

le
re

st
ric

tio
ns

on
th

e
in

p
u
t.

T
he

pr
es

en
te

d
te

rm
re

w
ri
te

sy
st

em
is

us
ed

in
th

e
co

m
pi

le
r

fo
r

C
λa

S
H

:
a

p
o
ly

m
o
rp

h
ic

,
hi

gh
er

-o
rd

er
,

fu
nc

tio
na

l
ha

rd
w

ar
e

de
sc

rip
tio

n
la

ng
ua

ge
.



1
In

tr
o

d
u

c
ti
o

n

T
hi

s
pa

pe
r

de
sc

rib
es

th
e

us
e

of
a

T
er

m
R

ew
rit

in
g

S
ys

te
m

(T
R

S
)

in
th

e
co

m
pi

le
r

fo
r

C
λa

S
H

[1
,2

].
C

λa
S

H
is

a
po

ly
m

or
ph

ic
,

hi
gh

er
-o

rd
er

,
fu

nc
tio

na
l

ha
rd

w
ar

e
de

sc
rip

tio
n

la
ng

ua
ge

.
T

he
pu

rp
os

e
o
f

th
e

C
λa

S
H

co
m

pi
le

r
is

to
tr

an
sf

or
m

a
de

sc
rip

tio
n

in
a

fu
nc

tio
na

l
la

ng
ua

ge
to

a
fo

rm
at

fr
om

w
 h

ic
h

lit
ho

gr
ap

hy
m

ac
hi

ne
s

ca
n

b
u

ild
an

ac
tu

al
ch

ip
.

T
he

C
λa

S
H

co
m

pi
le

r
ac

tu
al

ly
on

ly
pr

ov
id

es
a

pa
rt

o
f

th
is

tr
a
n
sf

o
rm

a
tio

n
.

It
cr

ea
te

s
a

lo
w

-le
ve

l
re

pr
es

en
ta

tio
n

o
f

th
e

ha
rd

w
ar

e,
ca

lle
d

a
ne

tli
st

;
in

d
u
st

ry
-s

ta
n
d
a
rd

to
ol

s
ar

e
us

ed
fo

r
fu

rt
h
e
r

pr
oc

es
si

ng
.

T
he

tr
a

n
sl

a
tio

n
fr

om
a

(f
un

ct
io

na
l)

de
sc

rip
tio

n
to

a
ne

tli
st

is
ca

lle
d

sy
nt

he
si

s
in

ha
rd

w
ar

e
lit

er
at

ur
e.

A
nd

th
e

se
t

of
ru

le
s/

tr
an

sf
or

m
at

io
ns

th
at

to
ge

th
er

de
sc

rib
e

th
e

co
nv

er
si

on
pr

oc
ed

ur
e

fr
om

de
sc

rip
tio

n
to

ne
tli

st
is

ca
lle

d
a

sy
nt

he
si

s
sc

he
m

e.
T

he
sy

nt
he

si
s

sc
he

m
e

us
ed

by
th

e
C

λa
S

H
co

m
pi

le
r

pr
od

uc
es

a
sp

ec
ifi

c
no

rm
al

fo
rm

o
f

th
e

de
sc

rip
tio

n.
O

ne
as

pe
ct

o
f

th
is

no
rm

al
fo

rm
is

th
a
t

th
e

ar
gu

m
en

ts
an

d
re

su
lts

o
f

fu
nc

tio
ns

m
us

t
ha

ve
a

re
pr

es
en

ta
bl

e
ty

pe
:

a
ty

pe
w

ho
se

va
lu

es
ca

n
be

en
co

de
d

by
a

fix
ed

nu
m

be
r

o
f

b
its

.
T

hi
s

pa
pe

r
on

ly
de

sc
rib

es
th

e
T

R
S

th
at

is
us

ed
by

th
e

C
λa

S
H

co
m

pi
le

r
to

el
im

in
at

e,
in

a
m

ea
ni

ng
-p

re
se

rv
in

g
m

an
ne

r,
no

n-
re

pr
es

en
ta

bl
e

va
lu

es
fr

om
a

fu
nc

tio
na

l
de

sc
rip

tio
n.

N
ei

th
er

th
e

ex
ac

t
no

rm
al

fo
rm

,
th

e
si

m
pl

ifi
ca

tio
n

T
R

S
us

ed
to

ac
hi

ev
e

th
is

no
rm

al
fo

rm
,

no
r

th
e

co
m

pl
et

e
sy

nt
he

si
s

sc
he

m
e,

ar
e

ho
w

ev
er

pr
es

en
te

d.
Th

es
e

as
pe

ct
s

w
ill

be
de

sc
rib

ed
in



a
fu

tu
re

pa
pe

r.
T

hi
s

pa
pe

r
fo

cu
se

s
on

th
e

T
R

S
fo

r
no

n-
re

pr
es

en
ta

bl
e

va
lu

e
el

im
in

at
io

n,
be

ca
us

e
it
,

am
on

g
ot

he
r

th
in

gs
,

tra
ns

fo
rm

s
hi

gh
er

-o
rd

er
de

sc
rip

tio
ns

to
fir

st
-o

rd
er

de
sc

rip
tio

ns
.

B
ec

au
se

fir
st

-o
rd

er
pr

og
ra

m
s

ar
e

su
sc

ep
tib

le
to

a
gr

ea
te

r
ra

ng
e

of
an

al
ys

is
te

ch
ni

qu
es

[3
],

th
e

de
sc

rib
ed

T
R

S
ha

s
v 

al
ue

in
a

br
oa

de
r

co
nt

ex
t.

T
he

ne
xt

su
bs

ec
tio

n
gi

ve
s

b
o
th

a
de

fin
iti

on
fo

r
ne

tli
st

s,
an

d
an

in
tr

o
d

u
ct

io
n

to
sy

nt
he

si
s

sc
he

m
es

by
de

sc
rib

in
g

a
sp

ec
ifi

c
in

st
an

ce
fo

r
a

sm
al

l
fu

nc
tio

na
l

la
ng

ua
ge

.
T

he
de

fin
iti

on
an

d
in

tr
od

uc
tio

n
ar

e
b
o
th

in
fo

rm
al

,
bu

t
ho

pe
fu

lly
in

st
il

an
in

tu
iti

o
n

fo
r

th
e

pr
oc

es
s

o
f

tr
an

sf
or

m
in

g
a

fu
nc

tio
na

l
de

sc
rip

tio
n

to
ac

tu
al

ha
rd

w
ar

e.

1
.1

N
e

tli
st

s
&

S
yn

th
e
si

s

A
ne

tli
st

is
a

te
xt

ua
l

de
sc

rip
tio

n
o
fa

d
ig

ita
l

ci
rc

ui
t

[4
].

It
lis

ts
th

e
co

m
po

ne
nt

s
th

at
a

ci
rc

ui
t

co
nt

ai
ns

,
an

d
th

e
co

nn
ec

tio
ns

be
tw

ee
n

th
es

e
co

m
po

ne
nt

s.
T

he
co

nn
ec

tio
n

po
in

ts
o
f

a
co

m
po

ne
nt

ar
e

ca
lle

d
po

rt
s,

or
pi

ns
.

T
he

po
rt

s
ar

e
an

no
ta

te
d

w
ith

th
e

b
it-

w
id

th
o
ft

he
va

lu
es

th
at

flo
w

th
ro

ug
h

th
em

.
A

ne
tli

st
ca

n
ei

th
er

be
hi

er
ar

ch
ic

al
o
r

fla
tte

ne
d.

In
a

hi
er

ar
ch

ic
al

n
e
tli

st
,

su
b-

ne
tli

st
s

ar
e

ab
st

ra
ct

ed
to

ap
pe

ar
as

si
ng

le
co

m
po

ne
nt

s,
o
f

w
hi

ch
m

ul
tip

le
in

st
an

ce
s

ca
n

be
cr

ea
te

d.
B

y
in

st
an

tia
tin

g
a

ll
o
f

th
es

e
in

st
an

ce
s,

a
fla

tte
ne

d
ne

tli
st

ca
n

be
cr

ea
te

d.
A

sy
nt

he
si

s
sc

he
m

e
de

fin
es

th
e

pr
oc

ed
ur

e
th

a
t

tr
an

sf
or

m
s

a
(f

un
ct

io
na

l)
de

sc
rip

tio
n

to
a

ne
tli

st
.

S
yn

th
es

is
sc

he
m

es
de

fin
ed

fo
r

di
ffe

re
nt

la
ng

ua
ge

s,
w

hi
ch



no
ne

th
el

es
s

ha
ve

co
m

m
on

as
pe

ct
s,

w
 il

l
be

ca
lle

d
a

sy
nt

he
si

s
sc

he
m

e
fa

m
ily

.
T

he
C

λa
S

H
co

m
pi

le
r

us
es

a
sy

nt
he

si
s

sc
he

m
e,

ca
lle

d
TC

λ,
th

at
is

an
in

st
an

ce
o
f

th
e

la
rg

er
sy

nt
he

si
s

sc
he

m
e

fa
m

ily
th

at
w

ill
be

re
fe

rre
dT

to
as

T
.

T
he

fo
llo

w
in

g
as

pe
ct

s
ar

e
sh

ar
ed

by
a

ll
in

st
an

ce
s

o
f
T

:

–
It

is
co

m
pl

et
el

y
sy

nt
ax

-d
ire

ct
ed

.
–

It
cr

ea
te

s
a

hi
er

ar
ch

ic
al

ne
tli

st
.

–
F

un
ct

io
n

de
fin

iti
on

s
ar

e
tr

an
sl

at
ed

to
co

m
po

ne
nt

s,
w

he
re

th
e

ar
gu

m
en

ts
o
f

th
e

fu
nc

tio
n

be
co

m
e

th
e

in
pu

t
po

rt
s,

an
d

th
e

re
su

lt
is

co
nn

ec
te

d
to

th
e

ou
tp

ut
p
o
rt

.
–

F
un

ct
io

n
ap

pl
ic

at
io

n
is

tr
an

sl
at

ed
to

an
in

st
an

ce
o
f

th
e

co
m

po
ne

nt
th

at
re

pr
es

en
ts

th
e

co
rr

es
po

nd
in

g
fu

nc
tio

n.
T

he
ap

pl
ie

d
ar

gu
m

en
ts

ar
e

co
nn

ec
te

d
to

th
e

in
pu

t
po

rt
s

o
f

th
e

co
m

po
ne

nt
in

st
an

ce
.

T
o

de
m

on
st

ra
te

T
,

a
si

m
pl

e
fu

nc
tio

na
l

la
ng

ua
ge

,
L
,

is
in

tr
od

uc
ed

in
F

ig
.

1.
L

is
a

pu
re

,
si

m
pl

y-
ty

pe
d,

fir
st

-o
rd

er
fu

nc
tio

na
l

la
ng

ua
ge

.
A

pr
og

ra
m

in
L

co
ns

is
ts

oL
f

se
t

of
fu

nc
tio

n
de

fin
iti

on
s,

w
hi

ch
al

w
ay

s
in

cl
ud

es
th

e
m

ai
n

fu
nc

tio
n.

E
xp

re
ss

io
ns

in
L

ca
n

be
:

va
ria

bl
e

re
fe

re
nc

es
,

pr
im

iti
ve

s,
or

fu
nc

tio
n

ap
pl

ic
at

io
n.

F
ig

.
3

sh
ow

s
a

sL
m

al
l

ex
am

pl
e

pr
og

ra
m

de
fin

ed
in

th
e

pr
es

en
te

d
fu

nc
tio

na
l

la
ng

ua
ge

.
T

he
sy

nt
he

si
s

sc
he

m
e

fo
r

L
,

ca
lle

d
TL

,
is

de
fin

ed
by

tw
o

tr
an

sf
or

m
at

io
ns

:
J

Kp
an

d
J

Ke
,

in
w

hi
ch

J
Kp

is
Li

ni
tia

lly
aT

pp
lie

d
to

th
e

m
a
in

fu
nc

tio
n

to
cr

ea
te

tJh
K e

hi
er

aJ
rc

Kh
 ic

al
n

e
tli

st
.

JAK
gr

ap
hi

ca
l,

in
fo

rm
a
l,

de
fin

iti
on

o
f

th
e

J
Kp

an
d

J
Ke



tJr
a 

Kn
sfo

rm
Ja

tK
 io

ns
is

de
pic

Jte
Kd

in
F

ig
.

2.
A

ga
in

,
th

e
pu

rp
os

e
o
f

th
is

su
bJ

sK
 e

cti
on

isJ
tKo

gi
ve

an
in

tu
iti

o
n

fo
r

th
e

sy
nt

he
si

s
pr

oc
es

s,
no

t
to

gi
ve

a
fo

rm
al

ac
co

uJ
nK

t
of

TL
.

JJ
KKp

cr
ea

te
s

a
co

m
po

ne
nt

de
fin

iti
on

fo
r

a
fu

nc
tio

n
f,

w
he

re
in

pu
t

po
rt

s
co

rre
sT

po
nd

J
tKo

th
e

ar
gu

m
en

t
o
f
f.

J
Kp

al
so

cr
ea

te
s

an
ou

tp
ut

po
rt

fo
r

th
e

re
su

lt
of

th
e

ex
pr

es
sJ

ioK
 n

e,
w

hi
ch

is
co

nn
ec

te
Jd

K
to

th
e

ou
tc

om
e

o
f

th
e

J
Ke

tr
an

sf
or

m
at

io
n

ap
pl

ie
d

to
e.

Fhi
gic

.h
h2i

ss h
coo

wnn
se

tcht
eJa

dKt
tJo

oKte
hte

rao
 nu

stfc
oor

mm
es

oa
nf

ha
erg

 uJ
mK

 en
t

re
fe

re
nc

e
x

to
a

co
nn

ec
tio

n
ew

,i tw
hh

ai
cn

h
i ins

pc 
uot

n
pno

ecr
tt

xd
.

JtFo
 Ku

 tnh
ceti

 oou
nt

cao
pm

ple
ico

 aft
it o

hne
oJf 

K
a

fu
nc

tio
n

f
is

tr
an

sf
or

m
ed

to
a

co
m

po
ne

nt
in

st
an

ce
ofJ

JfK 
.

J
Kp

w
ill

be
ca

lle
d

fo
r

th
e

de
fin

iti
on

of
f

in
ca

se
th

er
e

is

pe:  :|:|:|==f f∅⊗x  e x e=
 e ;p Fig.1.L : as implef 

uAFFPnuurrcgnnimtuicc
omttiniitooiaevnnneltd a

 l ar epnfepifgneliuircate
aingtocienoesn



Jf x=  eKp⇒Fixxg0n.2.T 
LJef:KA e synthesis JJJ

sf⊗xchK eeee KmKeeef
 ⇒⇒⇒or LJJJJeeeen0n0x

KKKKeeeeJfKp
mdoauinb

le x xy ==
   (x d∗ o

 uxblex )+
 F( digou.

b3l.eE y x
)amplep r

ogrami nL



no
ex

is
tin

g
co

m
po

ne
nt

de
fin

iti
on

.
A

rg
um

en
ts

to
f

ar
e

re
cu

rs
iv

el
y

tr
an

sf
or

m
ed

by
J

Ke
,a

nd
th

e
ou

tc
om

e
o
ft

he
se

tr
an

sf
or

m
at

io
ns

ar
e

co
nn

ec
te

d
t o

th
e

in
pu

t
po

rt
s

of
tJh

K e
co

m
po

ne
nt

f.
T

he
pr

oc
es

s
fo

r
th

e
tr

an
sf

or
m

at
io

ns
of

pr
im

iti
ve

s
is

an
al

og
ou

s
tJo

K
th

at
of

fu
nc

tio
ns

,
ex

ce
pt

th
at

J
Kp

w
ill

no
t

be
ca

lle
d

fo
r

th
e

de
fin

iti
on

s.
Ah

pat
plo

 yfi
 nfu

gn
t ch

tieo
nsy

s,n
e th

xce
sep

ist
st c

hha
etm

J e
K

TL
to

th
e

ex
am

pl
e

pr
og

ra
m

gi
ve

n
in

F
ig

.
3

troe
s u

thlt
ast

i on
ft

 fuh
en

c(tg
iroa

nps
,hie

 cxa
cle

pre
tp 

trh
ea

ste
nJ

 tK
a T

tio
n

o
f

th
e

)
ne

tli
st

s
de

pi
ct

ed
in

F
ig

.
4

.
T

he
ne

tli
st

re
pr

es
en

ta
tio

n
o
f

m
a
in

sh
ow

s
th

at
sy

nt
he

si
s

sc
he

m
es

be
lo

ng
in

g
to

T
ex

pl
oi

t
th

e
im

p
lic

it
pa

ra
lle

lis
m

pr
es

en
t

in
(p
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at
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ra
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ra
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te
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m
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C
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S
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S
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ra
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C
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at
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re
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ra
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at
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re
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lid
C

λa
S

H
de

sc
rip

tio
n.
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ra
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s.
Th

es
e

po
rt

s
ar
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d
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m
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ra
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re
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.
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b
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e

fu
nc

tio
na

l
de

sc
rip

tio
n.
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r
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e
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at
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at
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T
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m
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o
f
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pa
pe

r
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s:

re
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te
d
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e
ne
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C

λa
S

H
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d
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re
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ra
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re

se
rv

in
g

e
lim

in
a

tio
n

.
T

he
re

w
rit

e
ru

le
s

of
th

e
T

R
S

ar
e

de
sc

rib
ed

in
S

ec
t.
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at
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r
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c
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d
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m

e
th

at
do

es
no

t
cr

ea
te

a
ne

w
co

m
po

ne
nt

in
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at
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d
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na
l
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d
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gi
c

is
in
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pr
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.
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pe
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g
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a
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rd
w
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e
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rip
tio

n
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ge
w
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m
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r
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.
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n
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d
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n
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ra
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r
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r
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p
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e
B

lu
es

pe
c

co
m

pi
le

r,
no

r
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ra
m

s.
La

va
[1

0,
11

]
is

a
do

m
ai

n
sp

ec
ifi

c
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ra
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re
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e
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ra
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at
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ra
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tli

st
gr

ap
h

ca
nn

ot
ob

se
rv

e
th

e
(a

pp
lic

a-
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er
e

ca
n

be
no

in
tu

iti
ve

fu
nc

tio
n-

to
-c

om
po

ne
nt

m
ap

pi
ng

.
A

s
a

re
su

lt,
on

ly
fla

tte
ne

d
ne

tli
st

s
ca

n
be

cr
ea

te
d.
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t
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m
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r
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