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1　In troduction

A s VL S IöUL S I techno logy m oves in to very

deep sub2m icron (VD SM ) device size and giga2
hertz clock frequencies, perfo rm ance op t im iza t ion

becom es an increasing ly dom inan t facto r in g loba l

rou t ing [ 1, 2 ] besides trad it iona l congest ion op t im iza2

t ion [ 3～ 5 ]. It b rings tw o m ajo r concern s fo r perfo r2
m ance op t im iza t ion. O ne is in terconnect delay re2
duct ion. T he o ther is coup ling no ise est im at ion and

elim ina t ion.

P reviou s w o rk s[ 6～ 18 ] have variou s con tribu2
t ion s to t im ing op t im iza t ion fo r g loba l rou t ing,

w h ich includes t im ing m odels[ 6, 7 ] , t im ing2driven

Steiner t ree a lgo rithm s[ 8, 9 ] , in terconnect design a l2
go rithm s con sidering buffer in sert ion o röand w ire

sizing [ 10～ 12 ] , and t im ing op t im iza t ion globa l rou t ing

a lgo rithm s[ 13～ 19 ].

Increasing concern s have been ra ised regard ing

the coup ling no ise effects. T here have been som e

w o rk s focu sing on the no ise reduct ion. T hese ap2
p roaches m ain ly fa ll in to tw o catego ries: no ise

m odeling [ 20～ 23 ] and no ise m in im iza t ion [ 24～ 29 ]. A 2
m ong no ise m in im iza t ion a lgo rithm s, m o st op t i2
m izat ion s are done after the p rocess of g loba l rou t2
ing.

T he no ise m in im iza t ion in troduced in R efs.

[ 24, 25 ] is done after the deta iled rou t ing phase.

Spacing a lgo rithm p ropo sed in R ef. [ 24 ] expands

the d istance betw een sen sit ive nets to reduce

cro ssta lk. It u ses L agrangian relaxa t ion techn ique

and is eff icien t fo r non2congested rou t ing reg ion s.

T he track perm u ta t ion a lgo rithm [ 25 ] sw ap s track s
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to avo id cro ssta lk fo r grid deta il rou t ing. It so lves a

m ixed in teger linear p rogramm ing to decide w h ich

track shou ld be perm u ted. Sim ila r to the spacing

a lgo rithm , it is eff icien t fo r rou t ing area w ith m o re

unu sed track s.

R eferences[26, 27 ] in troduced deta iled rou t ing

a lgo rithm s to m in im ize cro ssta lk. R eference [ 26 ]

in troduced the w ire pertu rba t ion a lgo rithm. By

defin ing BP I (basic pertu rba t ion in terva l) , it can

accu ra tely ca lcu la te the best w ire po sit ion to m in i2
m ize cro ssta lk. Bu t in o rder to ob ta in op t im al so lu2
t ion, th is a lgo rithm con sum ed m uch t im e. C ro ssta lk

m in im iza t ion a lgo rithm fo r river rou t ing w as p ro2
po sed in R ef. [ 27 ]. It m in im ized cro ssta lk by con2
vert ing tw o adjacen t para llel w ires in to sta ir2
shaped w ires and u sing net f low m ethod to d is2
t ribu te resou rce in the river rou t ing reg ion. W ith

fixed p in on the top öbo t tom in the riverside, there

is a lim ita t ion of its m in im iza t ion capab ility.

Som e algo rithm s reduce cro ssta lk after g loba l

rou t ing. O ne is the tw o2part a lgo rithm , reg ion2
based cro ssta lk risk est im at ion and cro ssta lk re2
duct ion, described in R ef. [28 ]. T here is a h igh t im 2
ing com p lex ity in part tw o. R eference [ 29 ] p ro2
po sed the iS INO algo rithm. It elim ina tes cro ssta lk

by in sert ing sh ields.

R esearchers find tha t it is m o re flex ib le if they

reduce no ise in the p rocess of g loba l rou t ing. A few

recen t w o rk s[ 30, 31 ] have addressed cro ssta lk avo id2
ance techn iques th roughou t g loba l rou t ing phase.

In R ef. [ 30 ], g loba l rou t ing w ith cro ssta lk con2
st ra in ts has been stud ied. It con structs Steiner t ree

w ith a co st funct ion includ ing cro ssta lk con sidera2
t ion. If the cro ssta lk of in it ia l rou t ing so lu t ion st ill

exceeds the g iven bound, then do rip up. R eference

[ 31 ] p ropo sed the GS INO algo rithm. It g ives a

Steiner t ree co st funct ion con ta in ing the est im ated

sh ield num ber. T hu s, the g loba l rou ter can reduce

the to ta l sh ield num ber and even tua lly reduce the

to ta l rou t ing area. T he ob ject ive of the tw o algo2
rithm s is to m in im ize cro ssta lk effects. Bo th of

them do no t take t im ing and congest ion op t im iza2
t ion in to con sidera t ion. Am ong these app roaches,

there is st ill an ab sence of perfo rm ance ( includ ing

coup ling no ise, t im ing, and rou tab ility ) op t im iza2
t ion a lgo rithm s fo r g loba l rou t ing.

T he m ain con tribu t ion of th is paper is tha t the

coup ling no ise, t im ing perfo rm ance, and rou tab ility

are stud ied sim u ltaneou sly a t g loba l rou t ing level.

R egard ing w ire leng th as the ob ject ive and let t ing

t im ing, RL C coup ling no ise, and rou tab ility be the

con stra in ts, th is paper p resen ts a perfo rm ance op t i2
m izat ion globa l rou t ing a lgo rithm under m u lt i2con2
st ra in ts. T h is a lgo rithm has been im p lem en ted and

the g loba l rou ter is ca lled CEE2Gr.

2　Prel im inar ies

2. 1　D ef in it ion s

W e assum e tha t the w ho le ch ip is d ivided in to

a rectangu lar array of N row×N co l cells ca lled g loba l

rou t ing cells (GRC s). Global rou t ing graph (GR G)

is the dual graph of GRC s, w h ich is com po sed of

the grid lines and cro ssings. F igu re 1 show s an ex2
am p le GR G that ho lds 4×4 GRC s. N ode v i rep re2
sen ts the cen ter po in t of GRC i. T he edge link s node

v i and node v j is nam ed as e, l is ca lled the length of

edge e, w h ich equals the d istance betw een node v i

and node v j. A non2negat ive num ber ce, ca lled edge

capacity, is assigned to the edge e. ce ind ica tes the

num ber of ava ilab le t rack s betw een every tw o co r2
responding GRC s.

F ig. 1　Global rou ting graph (GR G)

T hu s, a net can be specif ied as a set of nodes

in GR G. T hen, the p rob lem of rou t ing a net in

GR G can be described as a Steiner t ree p rob lem of

specif ied nodes in GR G.
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2. 2　Nota tion s

T he fo llow ing no ta t ion s are u sed in th is pa2
per.

N the set of nets.

E the set of GR G edges.

E h the set of ho rizon ta l GR G edges.

E v the set of vert ica l GR G edges.

CLM one co lum n of ho rizon ta l edges.

ROW one row of vert ica l edges.

N n the to ta l num ber of nets.

N e the to ta l num ber of GR G edges.

l t the leng th of edge t.

f t the num ber of u sed track s in edge t.

f m ax the m ax im um f fo r a ll edges.

h (CLM ) the num ber of u sed track s in CLM.

hm ax the m ax im um h fo r a ll CLM s.

w (ROW ) the num ber of u sed track s in ROW.

w m ax the m ax im um w fo r a ll ROW s.

Χ w eigh t facto r, betw een 0 and 1.

Η w eigh t facto r, betw een 0 and 1.

sn t sh ield num ber in edge t.

ot ob stacles in edge t.

ct capacity of edge t.

T ( i, j ) delay from sou rce i to sink j.

T D ( i, j ) delay con stra in t from souce i to sink j.

s ( i) sink set of net i.

e ( i) edge set of net i.

K ij L SK value of sou rce sink pair i, j.

K ij L SK bound of sou rce sink pair i, j.

K it L SK value of net segm en t i in edge t.

K it L SK bound of net segm en t i in edge t.

k i, j coup ling coefficien t betw een net i, j.

L ij m u tual inductance betw een net i, j.

L i self inductance of net i.

Αit a param eter rela ted to sen sit ive ra te.

Βt a con stan t fo r edge t.

S it m arker to ind ica te w hether edge t con2
ta in s net i.

L to ta l w ire leng th.

2. 3　Problem form ula tion

L et

S it=
1, edge t is u sed by the Steiner t ree of net i

0, o therw ise

　　T hat m ean s, S it is a k ind of m arker to ind ica te

w hether the edge t con ta in s net i.

T hen w e get the fo llow ing p rob lem fo rm u la2
t ion:

M in im ize　L = ∑
N n

i= 1
∑

N e

t= 1

S it l t

Sub ject to:

f t = ∑
N n

i= 1
S it + sn r + ot≤ ct, Π t∈ E (1)

T ( i, j ) ≤ T D ( i, j ) , Π i∈N , Π j ∈ s ( i) (2)

K ij ≤ K ij , Π i∈N , Π j ∈ s ( i) (3)

　　 Fo rm u la ( 1 ) is the congest ion con stra in t,

w h ich fo rb ids the overflow on each GR G edge. Fo r2
m u la (2) guaran tees tha t the actua l delay value of

sou rce i to sink j , T ( i, j ) is no m o re than its co rre2
sponding t im ing con stra in t T D ( i, j ) , and fo rm u la

( 3 ) sets the upper bound of L SK, K ij fo r each

sou rce sink pair i, j , and the actua l L SK value of

th is pa ir, K ij cou ld no t exceed tha t.

3　RLC no ise m odel

T he L SK m odel fo r RL C cro ssta lk [ 23, 31 ] is u sed

in th is paper. D ifferen t from earlier no ise m od2
els[ 20, 21 ] , the L SK m odel con siders coup ling induc2
tance betw een adjacen t and non2ad jacen t sen sit ive

nets and po in ts ou t coup ling inductance cou ld no t

be igno red w h ile clock frequency is m o re than

1GH z.

Fo r any tw o net segm en ts N it and N j t in GR G

edge t, the induct ive coup ling coefficien t betw een

them is

k it, j t =
L it, j t

L itL j t

(4)

w here L it, j t is the m u tua l inductance betw een N it

and N j t, and L it and L j t are the self inductance fo r

N it and N j t, respect ively. A fo rm u la2based K eff m od2
el has been developed in R ef. [ 23 ] to ca lcu la te the

coup ling coefficien ts k it, j t. Fu rtherm o re, the to ta l

am oun t of induct ive coup ling induced on N it can be
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rep resen ted by the sum of the induct ive coup ling

coefficien ts.

K it = ∑
j≠i

k it, j t (5)

Fo r a ll net segm en ts N j t’s a re sen sit ive to N it.

To con sider the effect of in terconnect leng th

and the genera l case w here the to ta l coup ling is no t

un ifo rm in a ll rou t ing reg ion s, a leng th2sca led K eff

(L SK) m odelw as p ropo sed in R ef. [31 ],w here the

L SK value is defined as

K ij = ∑
t

l tK it (6)

w here l t is the leng th of edge t and K it is to ta l cou2
p ling fo r N it.

4　Globa l router CEE-Gr

4. 1　Outl ine of CEE-Gr

T he globa l rou ter CEE2Gr con sists of tw o

parts:

(1) Gr: t im ing and congest ion op t im iza t ion.

( 2 ) CEE: cro ssta lk est im at ion and elim ina2
t ion.

Gr first ly genera tes an in it ia l rou t ing so lu t ion

con sidering congest ion and t im ing op t im iza t ion.

T hen, CEE elim ina tes the cro ssta lk from the so lu2
t ion by in sert ing sh ields and gets a m id2resu lt. F i2
nally, regard the m id2resu lt as inpu t and send it to

Gr fo r itera t ion s. T he flow chart of CEE2Gr is

show n in F ig. 2.

F ig. 2　T he flow chart of CEE2Gr

T he p seudo code of CEE2Gr is as fo llow s:

Step1, Call Gr to generate a m in im um w ire length in it ial

so lu tion X 0 w ithout congestion and tim ing vio la2
t ion;

Step2, X 1= CEE (X 0) ;

Step3, If (no edge overflow in X 1) do go to step4;

E lse do go back to step1 to generate a new so lu2
t ion;

Step4, X 2= Gr (X 1) ;

F ig. 3　P seudo code of CEE2Gr

4. 2　Part One: Gr

T he ob ject ive of Gr is w ire leng th and the con2
st ra in ts are congest ion and t im ing. T he t im ing

analysis and op t im iza t ion m ethod u sed in Gr fo l2
low s crit ica l2netw o rk2based techno logy in troduced

in R ef. [17 ].

To reduce congest ion, Gr u ses SST T ( search

space traversing techno logy) [ 2 ] and con siders inde2
penden t of net o rdering [ 3 ].

4. 3　Part Two: CEE

T he flow chart of CEE is show n in F ig. 2. T h is

sub2sect ion in troduces CEE in deta il.

( 1) L SK bound budget ing: W e part it ion the

L SK bound at each sink of a net in to the GR G

edges belonging to the sou rce2sink path s. T here are

tw o stra teg ies fo r budget ing:

(a) CBUD (un ifo rm dist ribu ted cro ssta lk bud2
get ing) st ra tegy

T h is st ra tegy un ifo rm ly part it ion s the L SK

bound in to edges acco rd ing to their leng th, and it is

based on fo rm u la:

K it =
K ij

l t
(7)

　　 If the segm en t N it is shared w ith m u lt ip le

pa th s sta rt ing from the sam e sou rce to d ifferen t

sink s, w e u se the m in im um value com pu ted fo r

these pa th s acco rd ing to Eq. (1).

(b ) CBL P ( linear p rogramm ed cro ssta lk bud2
get ing) st ra tegy

CBUD distribu tes L SK bound acco rd ing to

segm en t leng th w ithou t con sidera t ion of its conges2
t ion. To overcom e th is sho rtcom ing, CBL P part i2
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t ion s the L KS bound by so lving a linear p rogram 2
m ing p rob lem.

In one dim en sion case, there are on ly ho rizon2
ta l w ires rou t ing in one row. U sing the no ta t ion s

above, the one dim en siona l p rob lem cou ld be de2
scribed as

M in im ize　 f m ax = m ax{f tûΠ t∈ E }

Sub ject to

∑
i∈t

Αt K it + Βt + ∑
N n

i= 1
S it + O t≤ f m ax , Π t∈ E

(8)

∑
t∈e ( i)

l t K it≤ K ij , Π i∈N 　and　Π j ∈ s ( i) (9)

∑
i∈t

Αit K it + Βt≥ 0, Π t∈ E (10)

　　T he left of Eq. (10)

∑
i∈t

Αit K it + Βt = sn t

is an experien t ia l equa t ion rep resen t ing the sh ield

num ber in edge t ob ta ined in R ef. [ 29 ], so it cou ld

no t be negat ive. Αit is a param eter rela ted to sen si2
t ive ra te, and Βt is a con stan t fo r edge t.

Fo r the tw o2dim en siona l p rob lem , w e can de2
rive sim ila r fo rm u la below :

M in im ize　 Χhm ax + Ηw m ax

Sub ject to

∑
t∈CLM
∑

i∈t

Αt K it + Βt + ∑
N n

i= 1
S it + O t ≤ hm ax,

Π CLM ∈ E h　　 (11)

∑
t∈ROW
∑

i∈t

Αt K it + Βt + ∑
N n

i= 1

S it + O t ≤w m ax ,

Π ROW ∈ E v　　 (12)

∑
t∈e ( i)

l t K it≤ K ij , Π i∈N 　and　Π j ∈ s ( i)

(13)

∑
i∈t

Αit K it + Βt≥ 0, Π t∈ E (14)

　　 (2) C ro ssta lk elim ina t ion in each reg ion: A c2
co rd ing to each K it com pu ted in step 413 (1) , th is

step app lies sim u la ted annea ling m ethod in each re2
gion to in sert sh ields, so tha t the cro ssta lk of a ll re2
gion s is w ith in bound value.

(3) L oca l refinem en t: Check each net to elim i2
nate po ssib le rem nan t cro ssta lk and delete unnec2
essary sh ields so the fina l a rea is m in im ized.

F irst, to elim ina te rem nan t cro ssta lk, the net

N it w ith m o st crit ica l cro ssta lk vio la t ion is cho sen,

and the sh ield w ill be in serted in to the least con2
gested reg ion R t on N i’s pa th.

Second, to reduce to ta l a rea, the m o st congest2
ed reg ion R j is cho sen, and the slack K i2K th of a ll

nets in R j is com pu ted. If po ssib le, sh ield cou ld be

deleted w hen K th increases p roperly.

T he p seudo code of CEE is as fo llow s:

11 Get X 0, L SK bound at each net sink and rem nant GRG

resources on each edge as input.

21 Fo r (each global rou ting tree in X 0) do:

D istribu te L SK bound at sink po in t on to each GRG

edge th is tree occup ies, the resu lt is K it fo r net i in

edge t. CBUD o r CBL P strategy could be app lied fo r

th is calcu lation.

31Fo r (each GRG edge) do:

Calcu late the actual L SK value K it w ith L SK model

fo r each net in th is edge.

Compare K it w ith K it.

If (all K it is no mo re than K it) do go fo r nex t edge.

E lse, app ly sim ulated annealing m ethod to elim inate

cro sstalk in th is edge.

4. Fo r (each GRG edge) do:

Calcu late K it w ith L SK model fo r each net in th is

edge to verify non2vio lation, if find any rem nant

cro sstalk vio lation, insert one sh ield, and recalcu2

late.

5. Fo r (each GRG edge) do:

If ( there is at least one sh ield in th is edge) do

5a. Remove one sh ield from th is edge and calcu late

K it w ith L SK model fo r each net in th is edge.

If (no vio lation) do, go back to 5a.

E lse, add one sh ield and go fo r nex t edge.

F ig. 4　P seudo code of CEE2Gr

5　Exper im en ta l results and d iscus2
s ion

　　T he globa l rou ter CEE2Gr is im p lem en ted in

the C language. It run s on a SUN V 880 w o rk sta2
t ion w ith U n ix O S. T here are tw o runn ing m odes:

T m ode is t im ing2driven m ode;W m ode is non2t im 2
ing2driven m ode. W e on ly reduce congest ion in W

m ode, and op t im ize bo th congest ion and t im ing per2
fo rm ance in T m ode.
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5. 1　Benchmark Da ta

W e tested th ree M CN C benchm ark s under

012Λm techno logy. Sen sit ivity ra te of 015 is g iven

to a ll nets and a random sen sit ivity m atrix is crea t2
ed. L SK bound at each sink is set to be 1000. T ab le

1 summ arizes the benchm ark data sets.

T ab le 1　Benchm ark data

C ircu it N um ber of net Grid

C2 745 9×11

C5 1764 16×18

C7 2356 16×18

5. 2　Results

T he experim en ta l resu lts a re show n in T ab les

2 and 3.

5. 3　D iscussion

(1) T he cro ssta lk is seriou s in the in it ia l rou t2
ing so lu t ion of a ll these test cases. CEE2Gr can e2

lim ina te a ll cro ssta lk by adding sh ields. CEE2Gr is

eff icien t in cro ssta lk est im at ion and elim ina t ion.

(2) Row 4 in T ab le 2 show s tha t the increase

in w ire leng th of CEE2Gr is on ly from 2% to 4% ,

and w hen the circu it sca le goes la rger, the increase

ra t io s get sm aller.

( 3) T he m in im um redundancy of delay ( re2
qu iredD elay2cu rren tD elay ) , deno ted as M in2R in

T ab le 2 and show n in row 9 and raw 10 in T ab le 2,

is a lm o st unaffected. So, CEE2Gr m ain ta in s the ef2
fect iveness in t im ing op t im iza t ion of Gr.

( 4) W e no t ice tha t the CBL P stra tegy con2
sum es m o re rou t ing area ( see row 5 and row 10 in

T ab le 3) than CBUD stra tegy since CBL P in serts

m o re sh ields. T he reason is tha t the ob ject ive func2
t ion of the linear p rogramm ing p rob lem is to m in i2
m ize the track u t ility of the m o st congested GR G

edges. To do tha t, it m u st g ive such edges a rela t ive

h igh K it, so K it of m any o ther edges is set very low

T ab le 2　Comparison betw een Gr and CEE2Gr w ith CBUD

C ircu it C2 C5 C7

W mode

(Gr) W ire lengthöΛm 459786 1297814 1545454

(CEE2Gr) W ire lengthöΛm 473588 1336102 1564408

Increase in w ire length 3. 00% 2. 95% 1. 23%

O verflow edge num ber 0 1 0

T mode

(Gr) W ire lengthöΛm 466288 1298210 1569038

(CEE2Gr) W ire lengthöΛm 468836 1326670 1570882

Increase in w ire length 0. 55% 2. 19% 0. 16%

(Gr) M in2R - 0. 007417 0. 006431 0. 000910

(CEE2Gr) M in2R - 0. 006042 0. 010355 0. 003196

O verflow edge num ber 0 1 0

T ab le 3　Comparison betw een CBUD and CBL P in CEE2Gr

C ircu its C2 C5 C7

W ire length of Gr in W modeöΛm 459786 1297814 1545454

Sink num ber that vio lates the cro sstalk bound 583 1570 1845

CEE2Gr

(CBUD )

Sh ield num ber 158 483 595

A rea 154×200 273×298 346×380

W ire lengthöΛm 473588 1336102 1564408

Increase in w ire length 3. 00% 2. 95% 1. 23%

O verflow edge num ber 0 1 0

CEE2Gr

(CBL P)

Sh ield num ber 422 1315 1769

A rea 150×229 267×343 344×448

W ire lengthöΛm 478240 1330950 1580938

Increase in w ire length 4. 01% 2. 55% 2. 30%

O verflow edge num ber 3 2 3
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o r even zero. In o rder to sa t isfy such low o r zero

cro ssta lk bounds, m uch m o re sh ields m u st be in2
serted in to these reg ion s. T hu s, it m akes CBL P u se

m uch m o re sh ields than CBUD does.

(5) U sing sim u la ted annea ling m ethod to in2
sert sh ields in to each reg ion m akes CEE2Gr requ ire

long runn ing t im e, w h ich is abou t 40m in fo r C2,

and m uch longer fo r la rger circu its.

6　Conclus ion and future work

RL C coup ling no ise, t im ing perfo rm ance, and

rou tab ility in g loba l rou t ing phase are stud ied in

the paper. A m u lt i2con stra in t perfo rm ance op t i2
m izat ion globa l rou ter, ca lled CEE2Gr, is p resen t2
ed. T he experim en ta l resu lts a re p rom ising. T he

experim en ta l resu lts show tha t the CEE2Gr rou ter

is ab le to do as fo llow s:

(1) T ack le coup ling no ise, t im ing perfo r2
m ance, and rou tab ility sim u ltaneou sly;

(2) T ake coup ling inductance in to con sidera2
t ion;

(3) O b ta in good rou t ing resu lts;

(4) Efficien t ly elim ina tes cro ssta lk th rough2
ou t the p rocess of g loba l rou t ing by in sert ing

sh ields, w h ich has lit t le influence on w ire leng th

and t im ing perfo rm ance.

A s fu tu re w o rk, w e p lan to reduce the t im e

com p lex ity of CEE2Gr and find bet ter st ra teg ies

fo r bound part it ion ing.
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CEE-Gr: 一个在多约束下进行性能优化的总体布线器3

张　凌1　经　彤1　洪先龙1　许静宇1　X iong J in jun2　H e L ei2

(1 清华大学计算机科学与技术系, 北京　100084)

(2 D epartm ent of E lectrical Engineering, U C at L o s A ngeles, L o s A ngeles, CA 9009521594, U SA )

摘要: 提出了一个在多约束下进行性能优化的总体布线算法. 研究了在总体布线阶段同时进行RL C 耦合噪声 (串

扰)、时延性能和布线拥挤优化的问题. 根据所提出的算法思想已实现了相应的总体布线器: CEE2Gr. 并对所实现

的总体布线器CEE2Gr进行了M CN C 电路例子的测试,得到令人满意的结果.
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