
!

"#$%&'(#(!')!*+,-.$/'#0!12/+2#/#(!3#/+!45/#6$7!
8'.'%2$5+9:!;'.5$2#('&!')!;7$((#)#6$/#'&!<,/+'0(! !

=-0%-#,2!">!<'&/,?'@!AB!C-7#'!">!<'&/,?'DB!E9-&!F>!F#.@B!G3,!C>!H,/IJB!;+2#(/#$&!">!F7'(,@B!!
K$L#&,!!M7$(6+N,OB!P1!Q3$N$RB!S,2+$20!1>!<T77,2OB!CT2%,&!M,-/+$&JB!1&02,$(!E>!E#,7(6+,2@BU!AA!

!

@!",5/>!')!M#'.,0#6$7!V&%#&,,2#&%B!;'7-.L#$!G&#W,2(#/9B!H,3!X'2NB!HX!@YYDOB!GK1!
D!",5/>!')!<$/+,.$/#6(B!E$2W$20!G&#W,2(#/9B!;$.L2#0%,B!<1!YD@UZB!GK1!
U!",5/>!')!*$0#'7'%9B!;'7-.L#$!G&#W,2(#/9B!H,3!X'2NB!HX!@YYDOB!GK1!

J!=$(,2[!-&0!<,0#I#&[8,6+&'7'%#,!S.LEB!M,27#&B!S,2.$&9!
O!",5/>!')!H,5+2'7'%9!$&0!*+,-.$/'7'%9B!S,'2%[1-%-(/[G&#W,2(#/9B!S\//#&%,&B!S,2.$&9!

R!",5/>!')!*$0#'7'%9B!S,'2%[1-%-(/[G&#W,2(#/9B!S\//#&%,&B!S,2.$&9!
!"#$%&'()*+(&,#-./0123&4#5%$67,48()**+($99-//:123&4#5%$67,4(

!

!
!

!"#$%&'$!"#$%&'( )#*+'#,#$&$-( &$&./*#*( 0"123( &$)( *4556'-(
7%+-6'( ,&+8#$%*( 09:;3( &'%( 4*%)( -6( +.&**#</( '%+6$*-'4+-%)(
&=*6'5-#6$( +6%<<#+#%$-( )#*-'#=4-#6$*( 6<( -8%( 5'6>#,&.(
#$-%'58&.&$?%&.(@6#$-*(&*(&<<%+-%)(6'($6-(&<<%+-%)(=/('8%4,&-6#)(
&'-8'#-#*A( B8%( 5%'<6',&$+%( 6<( %&+8( +.&**#<#+&-#6$( ,%-86)( #*(
C4&$-#<#%)(4*#$?( -8%( .%&7%D$D64-(,%-86)A("12( #*( *86E$( -6(/#%.)(
8#?8(*%$*#-#7#-#%*F(E8#.%(9:;(/#%.)*(8#?8(*5%+#<#+#-#%*A((
!

]>! ]H8*4"G;8]4H!

1552'^#.$/,79! @>U! .#77#'&! 1.,2#6$&(! $2,! $)),6/,0! L9!
2+,-.$/'#0! $2/+2#/#(! _*1`! a@b>! P$/#,&/(! (-)),2#&%! )2'.! *1!
,^5,2#,&6,!.#70!/'!(,W,2,!#&)7$..$/#'&!')!/+,!(9&'W#$7!')!/+,!
?'#&/(! a@BDb>!8+,2,! #(!&'!N&'3&!6-2,! )'2!*1c!+'3,W,2B! #/! +$(!
L,,&! (+'3&! /+$/! (9.5/'.(! 6$&! L,! 2,0-6,0!3#/+!.,0#6$/#'&B!
2,(/B!$&0!,^,26#(,!#)!/2,$/,0!0-2#&%!/+,!,$279!(/$%,(!aDb>!8+-(B!#/!
#(!62-6#$7!/'!0#$%&'(,!$!5$/#,&/!3#/+!*1!$(!,$279!$(!5'((#L7,>!

45/#6$7! /'.'%2$5+9!_48`!#(!$!52'.#(#&%!#.$%#&%!.'0$7#/9!
)'2!,$279!0#$%&'(#(!')!*1!L,6$-(,! #/! #(!2,7$/#W,79!#&,^5,&(#W,!
$&0! &'&[#&W$(#W,>! "#)),2,&6,(! #&! '5/#6$7! 52'5,2/#,(! ')! /+,!
(9&'W#$7! #&! )#&%,2! ?'#&/(! 3#/+! $&0! 3#/+'-/! *1! 6$&! L,!
W#(-$7#I,0! #&! 48! 2,6'&(/2-6/#'&(! ')! /+,! (6$//,2#&%! $&0!
$L('25/#'&! 6',))#6#,&/! 0#(/2#L-/#'&(! aUBJBOb>! 8+,2,! $2,! .$&9!
2,$('&(!/+$/!$66'-&/!)'2!/+,!6+$&%,!#&!'5/#6$7!52'5,2/#,(!')!/+,!
(9&'W#$7!)7-#0!$&0!(-22'-&0#&%!/#((-,B!#&67-0#&%!$&!#&62,$(,!#&!
3+#/,!L7''0!6,77(>!]/!2,.$#&(!/'!L,!0,/,2.#&,0!3+$/!#(!/+,!L,(/!
5'((#L7,!3$9!/'!0#$%&'(,!*1!%#W,&!/+$/!/+,!'5/#6$7!52'5,2/#,(!
')!?'#&/(!3#/+!*1!$2,!(#%&#)#6$&/79!$7/,2,0>!

]&! /+#(! 5$5,2!3,! L-#70! -5'&! ,))'2/(! 52,W#'-(79! 2,5'2/,0! #&!
2,),2,&6,(! aRb! $&0! adb! /+$/! $//,.5/(! /'! 6'22,6/79! 0#$%&'(,!
5$/#,&/(! 3#/+! $&0! 3#/+'-/! *1! -(#&%! 67$((#)#6$/#'&! .,/+'0(>!
e,! 67$((#)9! 67#&#6$7! 0$/$! -(#&%! 7#&,$2! 0#(62#.#&$&/! $&$79(#(!
_="1`!$&0!(-55'2/!W,6/'2!.$6+#&,!_Kf<`>!

]]>! <V8E4"K!

;6! <$=$(>?7">?327@@%AB(
! e,!52,(,&/!2,(-7/(!L$(,0!'&!67#&#6$7!0$/$!)2'.!@OZ!0#(/#&6/!
#.$%,(c! gZ! )#&%,2(! $2,! $)),6/,0! 3#/+! *1! $&0! RY! $2,! &'/!
$)),6/,0>! e,! )'6-(! '&! ),$/-2,(! )2'.! /+,! 2,6'&(/2-6/,0!

$L('25/#'&!6',))#6#,&/!0#(/2#L-/#'&>!8+,!),$/-2,(!')!#&/,2,(/!$2,!
/+,! .$^#.-.! _#$C`B! .#&#.-.! _#%A`B! W$2#$&6,! _D$?`B! $&0!
.$^#.-.h.#&#.-.! 2$/#'! _?$=%3`! $62'((! $77! W'^,7(! #&! /+,!
2,6'&(/2-6/,0!0#(/2#L-/#'&>!
! i'2! ,$6+! #.$%,!3,! ,^/2$6/! ),$/-2,(! '&79! )2'.! $! 2,%#'&! ')!
#&/,2,(/>! 8+,! 2,%#'&! ')! #&/,2,(/! #(! 0,)#&,0! (-6+! /+$/! /+,! P]P!
?'#&/! #(! #&67-0,0B! '&79! 2,?,6/#&%! W$7-,(!3#/+#&!D..! )2'.! /+,!
L'-&0$29>!8+#(!#(!0'&,!/'!$W'#0!L'-&0$29!$2/#)$6/(!/+$/!.#%+/!
L,! 62,$/,0! L9! /+,! 2,6'&(/2-6/#'&! 52'6,((! $&0! 6$&! 5'/,&/#$779!
0'.#&$/,!/+,!0#(/2#L-/#'&!')!),$/-2,(!')!#&/,2,(/!adb>!
! 177! 5$/#,&/(! +$W,! -&0,2%'&,! .$%&,/#6! 2,('&$&6,! #.$%#&%!
_<*]`B! -7/2$('-&0! _GK`B! $&0! 67#&#6$7! 0#$%&'(#(! ,^$.(B! $&0!
+$W,! (-L(,j-,&/79! L,,&! 0#$%&'(,0! L9! .,0#6$7! ,^5,2/(! $&0!
67$((#)#,0!$(!,#/+,2!$)),6/,0!'2!&'/!$)),6/,0!L9!*1!aJBRBdBZb>!!
! !
E6! F&$@@%G%2$=%3A(H7=93,@(
! 8+,!7,$W,[A['-/!.,/+'0!#(!-(,0!/'!j-$&/#/$/#W,79!$((,((!/+,!
5,2)'2.$&6,!')!,$6+!67$((#)#6$/#'&!$7%'2#/+.>!1!(-L(,/!')!0$/$!
_gYk`!#(!-(,0!/'!/2$#&B!3+#7,!/+,!2,.$#&#&%!0$/$!_@Yk`!#(!-(,0!
/'!0,/,2.#&,!/+,!(,&(#/#W#/9!_I7`B!(5,6#)#6#/9!_I>`B!$&0!X'-0,&!
#&0,^!_X`!')!/+,!67$((#)#6$/#'&!.,/+'0!agb>!
! V$6+!$7%'2#/+.!0,/,2.#&,(! /+,!0,6#(#'&!L'-&0$29! /+$/!L,(/!
(,5$2$/,(! /+,!0$/$! #&/'! /3'!67$((,(:!$)),6/,0!$&0!&'/!$)),6/,0>!
P$2$.,/,2! (5$6,! #(!.-7/#0#.,&(#'&$7c! ,$6+! ),$/-2,! 2,52,(,&/(!
'&,!0#.,&(#'&>!e,!52,(,&/!2,(-7/(!#&!DB!UB!$&0!J!0#.,&(#'&(>!!
! ;7$((#)#6$/#'&! .,/+'0(! W$29! #&! /+,! /95,! ')! 0,6#(#'&! 57$&,!
-(,0! /'!(,5$2$/,! /+,! /3'!%2'-5(>!=#&,$2!0#(62#.#&$&/!$&$79(#(!
0,/,2.#&,(!/+,!L,(/!7#&,!_#&!D"`!/+$/!(,5$2$/,(!/+,!/3'!%2'-5(>!
8+,! 0,6#(#'&! '&! $! %#W,&! 0$/$! 5'#&/! #(! .$0,! L$(,0! '&! #/(!
0#(/$&6,! )2'.!,$6+! 67$((! 6,&/2'#0! a@YB@@b>!Kf<!0#)),2(! )2'.!
="1!#&!#/(!$L#7#/9!/'!%,&,2$/,!6'.57,^!0,6#(#'&!57$&,(>!="1!
$&0! Kf<! $2,! )'2.$779! /2,$/,0! #&! a@YB@DB@Ub! $&0! a@YB@Jb!
2,(5,6/#W,79>!

]]]>! *VKG=8K!

! i#%>!@!#(!$&!,^$.57,!')!$&!Kf<!0,6#(#'&!L'-&0$29c!$)),6/,0!
5$/#,&/(! $2,! (,5$2$/,0! )2'.! +,$7/+9! 5$/#,&/(>! *,(-7/(! $/!
RYY<EI! -(#&%! ="1! $2,! 52,(,&/,0! #&! 8$L7,! @>! 8+,! L,(/!

978-1-4244-6923-9/10/$26.00 ©2010 IEEE



!

6'.L#&$/#'&! ')! (,&(#/#W#/9B! (5,6#)#6#/9B! $&0! X'-0,&! #&0,^! #(!
lY>ZOBY>Z@BY>RRm! $&0! #(! %#W,&! #&! /3'[0#.,&(#'&(! L9!D$?! $&0!
#%A>!8+,!7$2%,(/!(,&(#/#W#/9B!(5,6#)#6#/9B!$&0!X'-0,&!#&0,^!$2,!
Y>gUB! Y>Z@B! $&0! Y>RRB! 2,(5,6/#W,79>! 8+,! L,(/! 2,(-7/(! $2,!
'L/$#&,0! #&! /3'[0#.,&(#'&(>! 8+,! 7'3,(/! 67$((#)#6$/#'&! 2,(-7/(!
$7('!'66-2!#&!/3'[0#.,&(#'&(>!
! ;7$((#)#6$/#'&!2,(-7/(!$/!RYY<EI!-(#&%!Kf<!$2,!52,(,&/,0!
#&! 8$L7,! D>! 8+,! L,(/! 6'.L#&$/#'&! ')! (,&(#/#W#/9B! (5,6#)#6#/9B!
$&0!X'-0,&! #&0,^! #(!lY>ZDB!Y>ZUB!Y>RJm!$&0! #(! %#W,&! #&! /3'[
0#.,&(#'&(!L9!D$?!$&0!?$=%3>!!

!
! ]&! %,&,2$7B! ="1! 2,(-7/(! +$W,! +#%+,2! (,&(#/#W#/#,(! /+$&!
2,(-7/(! )2'.! Kf<>! 8+,! 7$2%,(/! (,&(#/#W#/9! 52'W#0,0! L9! Kf<!
_Y>ZD`!#(!(.$77,2!/+$&!$77!L-/!'&,!(,&(#/#W#/9!W$7-,!52'W#0,0!L9!
="1>! K#.#7$279B! Kf<! 2,(-7/(! (+'3! 7$2%,2! (5,6#)#6#/9! /+$&!
="1! 2,(-7/(>! 1%$#&B! /+,! (.$77,(/! (5,6#)#6#/9! )2'.! Kf<! #(!
7$2%,2! /+$&! .'(/! (5,6#)#6#/#,(! $//$#&,0! L9! ="1>! 8+,! 7$2%,(/!
(#&%7,! (5,6#)#6#/9! W$7-,! 'L/$#&,0!3#/+! Kf<! #(! Y>Zg! $&0! #/! #(!
%#W,&!L9!/+,!),$/-2,(!#$C!$&0!?$=%3>!
! e,! &'/,! /+$/! /+,! L,(/! 2,(-7/(! $2,! 'L/$#&,0! #&! /3'[
0#.,&(#'&(>! E'3,W,2B! 3,! $7('! &'/,! /+,! 7'3,(/! 67$((#)#6$/#'&!
2,(-7/(!$7('!'66-2!#&!/3'[0#.,&(#'&(>!

!

]f>! ;4H;=GK]4H!

e,! +$W,! 52,(,&/,0! 67$((#)#6$/#'&! 2,(-7/(! ')! $L('25/#'&[
6',))#6#,&/!0#(/2#L-/#'&(!#&!$!($%#//$7!62'(([(,6/#'&!/+2'-%+!/+,!

P]P! ?'#&/! #&! @OZ! #&0#W#0-$7! )#&%,2(! _gZ! $)),6/,0B! RY! &'/!
$)),6/,0`>! 8+,! ),$/-2,(! -(,0! )'2! 67$((#)#6$/#'&! $2,! /+,!
.$^#.-.B!.#&#.-.B! 2$/#'B! $&0! (/$&0$20!0,W#$/#'&! $62'((! $77!
W'^,7(!3#/+#&!$! 2,%#'&!')! #&/,2,(/>!e,!+$W,!(+'3&!/+$/! /+,(,!
)'-2! 5$2$.,/,2(! (+'3! (-))#6#,&/! (,5$2$/#'&! $/! $! .'0-7$/#'&!
)2,j-,&69!')!RYY!<EI!/'!$77'3!67$((#)#6$/#'&!-(#&%!="1!$&0!
Kf<>!8+,!(,&(#/#W#/9!#(!'L/$#&,0!3#/+!="1!_Y>gU`B!3+#7,!/+,!
7$2%,(/!(5,6#)#6#/9!#(!'L/$#&,0!3#/+!Kf<!_Y>Zg`>!!

! e,!+$W,!(+'3&!/+,2,!#(!&'!67,$2!6'22,7$/#'&!L,/3,,&!/+,!
&-.L,2! ')! 5$2$.,/,2(! -(,0! )'2! 67$((#)#6$/#'&! _#>,>! /+,!
0#.,&(#'&$7#/9!')!/+,!67$((#)#6$/#'&!.,/+'0`!$&0!(-66,((!')!/+,!
67$((#)#6$/#'&! .,/+'0>! ]/! #(! $7('! &'/! 9,/! 67,$2! #)! /+,2,! #(! $!
5$2/#6-7$2!),$/-2,!/+$/!3'2N(!L,(/>!

1;FH4e=V"SV<VH8!

8+#(!3'2N!3$(!(-55'2/,0!#&!5$2/!L9!$!%2$&/!)2'.!/+,!H$/#'&$7!
]&(/#/-/,! ')! 12/+2#/#(! $&0!<-(6-7'(N,7,/$7! $&0! KN#&! "#(,$(,(!
_H]1<K[D*Y@! 1*JRDOO`! $&0! /+,! H$/#'&$7! ;$&6,2! ]&(/#/-/,!
_OGOJ;1@DRO@U[YU`!$/!/+,!H$/#'&$7!]&(/#/-/,(!')!E,$7/+!!

*ViV*VH;VK!

@>! 12/+2#/#(! "#(,$(,! ;,&/,2B! $66,((,0! '&7#&,! C$&-$29! U@(/B! DY@Y>! :!
+//5:hh333>$2/+2#/#(>'2%h0#(,$(,[6,&/,2>5+5n0#(,$(,o#0pU@>!

D>! <,0#6#&,H,/>6'.B! $66,((,0! C$&-$29! U@(/B! DY@Y>!!
+//5:hh333>.,0#6#&,&,/>6'.h2+,-.$/'#0o$2/+2#/#(h5$%,g>+/.>!

U>! 1>E>!E#,7(6+,2B!;>">!F7'(,B!1>!K6+,,7B!M>!<'$[1&0,2('&B!<>!M$6N+$-(B!
G>!H,/IB!C>!M,-/+$&B!K$%#//$7!=$(,2!45/#6$7!8'.'%2$5+9!)'2!].$%#&%!')!
*+,-.$/'#0!i#&%,2!C'#&/(B!P+9(>!<,0>!M#'>!Jg_d`!_DYYJ !̀@@Jd[@@RU>!

J>! 1>F>!K6+,,7B!<>!M$6N+$-(B!1>">!F7'(,B!M>!<'$[1&0,2('&B!G>C>!H,/IB!F>!
E,2.$&&B!C>!M,-/+$&B!S>!<T77,2B!S>*>!M-2.,(/,2B!1>E>!E#,7(6+,2B!i#2(/!
67#&#6$7!,W$7-$/#'&!')! ($%#//$7! 7$(,2!'5/#6$7! /'.'%2$5+9! )'2!0,/,6/#'&!')!
(9&'W#/#(!#&!$2/+2#/#6!)#&%,2!?'#&/(B!1&&!*+,-.!"#(!RJ!_DYYO`!DUg[DJO>!!

O>! E>F>! F#.B! 1>E>! E#,7(6+,2B! 1! P"V[6'&(/2$#&,0! KqP! $7%'2#/+.! )'2!
'5/#6$7!/'.'%2$5+9!L$(,0!'&!/+,!)2,j-,&69[0'.$#&!,j-$/#'&!')!2$0#$/#W,!
/2$&(),2B!]&W,2(,!P2'L7,.(!DO!_DYYg`!Y@OY@Y>!

R>! ;>">!F7'(,B!1>">!F7'(,B!G>C>!H,/IB!C>!M,-/+$&B!1>E>!E#,7(6+,2B!45/#6$7!
/'.'%2$5+#6! 0,/,6/#'&! ')! 2+,-.$/'#0! $2/+2#/#(! 3#/+! 6'.5-/,2[$#0,0!
67$((#)#6$/#'&! (6+,.,(B! #&! <-7/#.'0$7! M#'.,0#6$7! ].$%#&%! ]fB! KP]V!
]&/,2&$/#'&$7!K9.5'(#-.!'&!M#'.,0#6$7!45/#6(!P2'6>!d@d@B!5$5,2!ad@d@!
@@b!_DYYg`>!

d>! G>C>! H,/IB! C>! M,-/+$&B! 1>E>! E#,7(6+,2! 1EB! <-7/#5#^,7! (9(/,.! )'2!
%#%$+,2/I!)2,j-,&69[0'.$#&!'5/#6$7!#.$%#&%!')!)#&%,2!?'#&/(B!*,W#,3!')!
K6#,&/#)#6!]&(/2-.,&/(!dg!_DYYZ`!YUJUY@>!

Z>! ;>">! F7'(,B! 1>">! F7'(,B! G>! H,/IB! CB! M,-/+$&B! 1>E>! E#,7(6+,2B!<-7/#[
5$2$.,/,2! 67$((#)#6$/#'&(! ')! '5/#6$7! /'.'%2$5+#6! #.$%,(B! C'-2&$7! ')!
M#'.,0#6$7!45/#6(!@U_YO`!_DYYZ`!YOYOYU>!

g>! *>! ;+#&B! M>X>! =,,B! P2#&6#57,(! $&0! 52$6/#6,! ')! 67#&#6$7! /2#$7! .,0#6#&,B!
V7(,W#,2!K6#,&6,!r!8,6+&'7'%9B!GK1B!DYYR>!

@Y>! K>C>!"#^'&B!*>S>!M2,2,/'&B!;'.5$2#('&!')!5,2)'2.$&6,!')!)#W,!6'..'&!
67$((#)#,2(! 2,52,(,&/,0! $(! L'-&0$29! .,/+'0(:! V-67#0,$&! "#(/$&6,! /'!
;,&/2'#0(B! =#&,$2! "#(62#.#&$&/! 1&$79(#(B! q-$02$/#6! "#(62#.#&$&/!
1&$79(#(B!=,$2&#&%!f,6/'2!q-$&/#I$/#'&!$&0!K-55'2/!f,6/'2!<$6+#&,(B!
$(! 0,5,&0,&/! '&! 0$/$! (/2-6/-2,B! ;+,.'.,/2#6(! $&0! ]&/,77#%,&/! =$L!
K9(/,.(!gO!_DYYg`!@s@d>!

@@>! S>C>! <6=$6+7$&B! "#(62#.#&$&/! $&$79(#(! $&0! (/$/#(/#6$7! 5$//,2&!
2,6'%&#/#'&B!H,3!X'2NB!e#7,9B!@ggD>!

@D>! e>C>!F2I$&'3(N#B! P2#&6#57,(! ')!<-7/#W$2#$/,!1&$79(#(B!4 )̂'20B!4^)'20!
G&#W,2(#/9!P2,((B!@gZZ>!

@U>! H>! ;2#(/#$&#&#B! C>! K+$3,[8$97'2B! 1&! ]&/2'0-6/#'&! /'! K-55'2/! f,6/'2!
<$6+#&,(B!;$.L2#0%,B!;$.L2#0%,!G&#W,2(#/9!P2,((B!DYYY>!

@J>! ;>!;'2/,(B!f>!f$5&#NB!K-55'2/[f,6/'2!H,/3'2N(B!<$6+#&,!=,$2&#&%!DYB!
DdU[Dgd!_@ggO`>!

!

8$L7,!D:!Kf<!;=1KK]i];18]4H!*VKG=8K!18!RYY<EQ>!

P$2$.,/,2!K5$6,! K,! K5! X!

D$?8(#$C( Y>d@! Y>ZY! Y>O@
D$?8(#%A( Y>ZY! Y>ZU! Y>RU
D$?8(?$=%3( GAHI( GAHJ( GAKL
#$C8(?$=%3( Y>dD! GAHM( Y>RY
#%A8(?$=%3( Y>RR! Y>Zd! Y>OU

D$?8(#$C8(#%A( Y>dU! Y>ZY! Y>OU
D$?8(#%A8(?$=%3( Y>ZU! Y>dZ! Y>R@
#$C8(#%A8(?$=%3( Y>dR! Y>Z@! Y>OR

D$?8(#$C8(#%A8(?$=%3( Y>ZY! Y>ZD! Y>RD

!

8$L7,!@:!="1!;=1KK]i];18]4H!*VKG=8K!18!RYY<EQ>!

P$2$.,/,2!K5$6,! K,! K5! X!

D$?8(#$C( Y>ZO! Y>dO! Y>RY
D$?8(#%A( GAHN( GAHO! GAKK
D$?8(?$=%3( Y>ZY! Y>dd! Y>Od
#$C8(?$=%3( Y>ZU! Y>RR! Y>Jg
#%A8(?$=%3( GAMJ! Y>RD! Y>OO

D$?8(#$C8(#%A( Y>ZD! Y>dR! Y>Og
D$?8(#%A8(?$=%3( Y>ZJ! Y>dO! Y>Og
#$C8(#%A8(?$=%3( Y>Zg! Y>d@! Y>RY

D$?8(#$C8(#%A8(?$=%3( Y>ZR! Y>dO! Y>RD
!
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