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)2$0,0 &6, *&6,+ )*+,0 *< &6, >'>,%'3, &* 0&2%%1 520&'34 >+,(
)'*$0 )*9>$&'34 >*5,+? B& '0 +2+,%: ,20: &* ;2%23), 2 0'34%,
>'>,%'3, 2)+*00 0,8,+2% )*+,0?
@, 4,& 0'9'%2+ +,0$%&0 5'&6 >$+, B. <*+52+7'34g 628'34 2

>2)A,& 05'&)6 )*+,0 06*$%7 ;, 28*'7,7? E*+ &6, +,0& *< &6'0
>2>,+ 5, &+,2& &6'0 20 4'8,31 237 ,=29'3, &6, +,92'3'34 '0(
0$,0 &* ;, 277+,00,7 &* 4,& 4**7 >,+<*+923), 56'%, A,,>'34
2 >2)A,& *3 2 0'34%, )*+,?

O( )*P-$ PR+C/SS)*L
C6, 8,+: < +0& ,%,9,3& *< 23: -%')A <*+52+7'34 >2&6 '0 +,(

0>*30';%, <*+ <,&)6'34 >2)A,&0 <+*9 2 [B- 237 '0 )2%%,7 2
.*%%W,8'), L.WM?
/3&'% +,),3&%:1 &6, '3>$& >+*),00'34 2+)6'&,)&$+,520 +2&6,+

0&+2'46&<*+52+7g &6,+, 520 2 0&+')& *3,(&*(*3, 200*)'2&'*3
;,&5,,3 23 '3&,+<2), 237 2 .W? Z*5,8,+1 5'&6 &6, 278,3&
IC6,0, 4+2>60 628, ;,,3 0'9>%'< ,7 &* ,20, &6, >+,0,3&2&'*3 ;: +,(
9*8'34 %*5('9>2)& ,%,9,3&0?

5igure 3< ! simJle software router strategy for inJut
Jrocessing Pfour forwarding JatCs sCownR(

*< 62+752+, 9$%&'(]$,$'341 3,5 >*00';'%'&',0 628, ,9,+4,7
56')6 5, ,=>%*+, ;,%*5?

O(' SimJle )nJut !JJroacC
E'4$+, _ 06*50 &6, *+'4'32% '3>$& 2+)6'&,)&$+, $0,7 ;:

2 7,<2$%& -%')A )*3< 4$+2&'*3? ^3 2 9$%&'()*+, 0:0&,91 &*
'3)+,20, 244+,42&, '3>$& ;2375'7&6 ,2)6 '3&,+<2), )23 ;,
j;*$37k &* 2 0>,)'< ) )*+, ;: 200'43'34 &6, )*++,0>*37'34
.W &* &6, -%')A &6+,27 5'&6 2<< 3'&: &* &62& )*+,? @'&6*$&
62+752+, 9$%&'(]$,$'341 '& '0 62+7 &* $0, 9$%&'>%, )*+,0 '3
>2+2%%,% &* 6237%, &6, '3>$& &20A <*+ 23 '3&,+<2), ;,)2$0, &6'0
5*$%7 +,0$%& '3 $32)),>&2;%, >2)A,& +,(*+7,+'34?
C6'0 0'9>%, 2>>+*2)6 620 &5* )*30,]$,3),0 <+*9 2 >,+(

<*+923), >*'3&(*<(8',5? E'+0&1 &6, 92='9$9>+*),00'34 >*5,+
&62& )23 ;, 7,7')2&,7 &* >+*),00'34 23 '3>$& '3 2 0*<&52+,
+*$&,+ '0 *3, )*+,? B37,,71 $0'34 2 0'34%, )*+, &* <,&)6 OP
;:&, >2)A,&0 <+*9 2 FK Q;U '3&,+<2), 5, *;&2'3,7 O?`Y#>>0?
C6'0 '0 *3%: P`l *< &6, 3*9'32% ;2375'7&6? .,+<*+9'34 27(
7'&'*32% >,+(>2)A,& >+*),00'34 *3 &6, )*+, ;,:*37 &6'0 <,&)6
*>,+2&'*3 5'%% +,7$), >,+<*+923), <$+&6,+?
S <$+&6,+ 7*530'7, *< &6'0 2>>+*2)6 2+'0,0 56,3 &+2<< )

%*27 *3 7'<<,+,3& '3&,+<2),0 '0 $3,]$2%? B3 &6'0 )*99*3 )20,
0*9, '3>$& &20A0 5'%% ;, '7%'341 >*%%'34 ,9>&: ]$,$,0 237
520&'34 ):)%,0 *3 &6, 200*)'2&,7 )*+,0?

O(. ! More 5leSible !JJroacC
C* +,0*%8, &6,0, '00$,01 5, $0, 62+752+, 9$%&'(]$,$'34

*3 9*7,+3 [B-0? C6'0 0>%'&0 23 '3&,+<2), '3&* 9$%&'>%, j0$;(
'3&,+<2),0k1 ,2)6 )*30'0&'34 *< 2 62+752+, ]$,$, 92>>,7
'3&* &6, ^V 20 '&0 *53 7,8'), &62& )23 ;, j;*$37k &* 2 -./
)*+,? -*9;'3,7 5'&6 G,),'8,+(V'7, V)2%'34 LGVVM &* %*27
;2%23), '3)*9'34 < *50 *3&* &6,0, ]$,$,0 5'&6'3 &6, [B-1
&6'0 2%%*50 9*+, < ,=';%, '3>$& >+*),00'34 2%%*)2&'*3?
/0'34 9$%&'(]$,$'341 5, )23 +,):)%, $3$0,7 '3>$& >+*(

),00'34 >*5,+ ;: 2$&*92&')2%%: +,200'43'34 '& &* ;$0',+ '3&,+(
<2),0? C* 7* 0*1 5, ;'37 2 0,& *< '3&,+<2),0 &* 2 0,& *< )*+,0
20 '%%$0&+2&,7 '3 E'4? P? U2)6 >6:0')2% '3&,+<2), '0 0>%'& '3&*
20 923: 62+752+, ]$,$,0 20 &6,+, 2+, )*+,0 ;*$37 &* &6, 0,&
*< '3&,+<2),0? C* >*%% &6,0, ]$,$,01 ,2)6 )*+, +$30 *3, '3>$&
&20A >,+ 0$;('3&,+<2),? U2)6 )*+, &6,3 <,&)6,0 >2)A,&0 <+*9
2%% &6, '3&,+<2),0 '3 &$+31 0'9>%: j0A'>>'34k 23 ,9>&: ]$,$,?
S0 GVV 6206,0 *3 2 >,+(< *5 ;20'01 &6, >+*;%,9 *< >2)A,&
+,*+7,+'34 5'&6'3 < *50 '0 ,%'9'32&,7?
@, &,0&,7 &6'0 0),32+'* 5'&6 092%% >2)A,&0 237 j7'0)2+7(

'34k .W01 237 9,20$+,7 2 +2&, *< O?IR#>>0 >,+ '3&,+<2),



5igure K< ! strategy using Cardware multi-Uueuing(
56,3 2%% &6, '3&,+<2),0 5,+, <$%%: %*27,7 $0'34 P )*+,0 237 P
[B-0? C6'0 '0 2)&$2%%: 2 +,7$)&'*3 '3 &6, >,+()*+, <*+52+7'34
>,+<*+923), )*9>2+,7 &* &6, 32'8, 2>>+*2)6 '3 0,)&'*3 R?F?
C62& &6,+, '0 3* ;,3,< & '0 3*& 0$+>+'0'341 20 &6, 2'9 *<

&6'0 2>>+*2)6 '0 &* 2%%*5 2$&*92&') +,7'+,)&'*3 *< $3$0,7 '3(
>$& >+*),00'34 ):)%,0 29*340& 2 0,& *< '3&,+<2),0g ;,)2$0,
,2)6 )*+, >*%%0 0,8,+2% '3&,+<2),0 '& '0 %,00 %'A,%: &* +$3 *$& *<
72&2 &* <,,7 '&0 <*+52+7'34 >2&60? B3 &6, ,=>,+'9,3& 2;*8,1
&6,+, 2+, 3* $37,+%*27,7 '3&,+<2),01 6,3), 3* ;,3,< &? B3(
7,,71 5, 2%0* *;0,+8,7 &62& _ )*+,0 )*$%7 2)6',8, 2 %'3, +2&,
*< FKQ;>0 5'&6 OP ;:&, >2)A,&0 *3 2 0'34%, '3&,+<2), $0'34 _
62+752+, ]$,$,0?

O(3 Reducing ConteSt SwitcC Costs
C6, '3>$& 2+)6'&,)&$+, 2;*8, 0$<<,+0 <+*9 2 0$;&%, >,+<*+(

923), '00$,? U2)6 )*+, 6*0&0 0,8,+2% '3>$& &20A0i 56,3 &6,0,
4,& 0)6,7$%,7 *3 23 ,9>&: 62+752+, ]$,$,1 &6,: 3*& *3%:
520&, -./ ):)%,0 56'%, )6,)A'34 &6, ]$,$,1 ;$& &6,: 2%0*
'3)$+ 2 -%')A )*3&,=& 05'&)6 '3 ,=)6234, <*+ 3* $0,<$% 5*+A?
C6'0 '0 3*& <$3729,3&2%1 ;$& '0 >$+,%: +,%2&,7 &* &6, 7,<2$%&
-%')A 9*7,% *< 92>>'34 *3, >*%% 7,8'), &* ,2)6 '3&,+<2),?

5igure O< ReJlacing multiJle PollDeNices elements witC
a single MultiJlePolldeNice element(
C* 29*+&'N, &6, *8,+6,27 *< 2)),00'34 +'34 ;$<<,+0 *3 &6,

[B-1 2 -%')A .W +,270 2 ;$+0& *< >2)A,&01 3,),002+: <*+ 6'46
>,+<*+923),? Z*5,8,+1 '3 &6, E'4? P )*3< 4$+2&'*31 06*$%7
23: 62+752+, ]$,$, 628, <,5,+ >2)A,&0 &623 &6, 2%%*5,7

;$+0&1 &6, )*++,0>*37'34.W '0 %'9'&,7 &* &6, 3$9;,+ *< >2)A(
,&0 '3 &62& ]$,$,? C6'0 062+'34 +,7$),0 ,<< )',3):1 20 &6,
>*%%'34 *8,+6,27 '0 &6,3 j>2'7k <*+ <,5,+ >2)A,&0?
C* 9'&'42&, &6,0, ,<<,)&01 2 3$9;,+ *< 62+752+, ]$,$,0

)23 ;, 200'43,7 &* 2 0'34%, ,%,9,3& LE'4? RM? C6'0 +,7$),0
&6, %'A,%'6**7 &62& 23 ,%,9,3& 5'%% >+*),00 3* >2)A,&01 0'3),
'& 620 9*+, ]$,$,0 &* &+: &* >*%% >2)A,&0 <+*9? @6,+, 2
>*%%,7 ]$,$, 620 <,5,+ >2)A,&0 &623 &6, ;$+0& %'9'&1 &6, ,%(
,9,3& )23 &6,3 >*%% &6, 3,=& ]$,$, &* 92A, $> &6, ;$+0&?
.*%%'34 0,8,+2% ]$,$,0 '3 0$)),00'*3 7*,0 '3)$+ 0,8,+2% &'9,0
&6, *8,+6,27 +,%2&,7 &* 2)),00'34 &6, 62+752+,1 ;$& &6,0, 2+,
'3)$++,7 5'&6'3 2 0'34%, ,%,9,3& )*3&,=& 05'&)61 &6$0 +,7$)(
'34 &6, *8,+2%% )*0&? B3 >+2)&'),1 56,3 <$%%: %*27,71 &6, '3>$&
]$,$,0 ;$'%7 &* 2 +,20*32;%, 0'N, 23:52:?
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5igure V< )mJroNement witC four interfaces Jolled by
eacC core
C* ]$23&'<: &6,0, ,<<,)&01 5, '9>%,9,3&,7 23 ,=&,37,7

.*%%W,8'), ,%,9,3& &62& >*%%0 9$%&'>%, 62+752+, ]$,$,0 *3
7'<<,+,3& [B-0 5'&6'3 2 0'34%, 0)6,7$%'34 ):)%,? E'4$+, O
06*50 &6, '3)+,20, '3 >2)A,& +2&, *< &6, )*3< 4$+2&'*3 5'&6
&6, ,=&,37,7 .W ,%,9,3& >*%%'34 P ]$,$,0 *3 P 0,>2+2&, '3(
&,+<2),0 LF ]$,$, >,+ '3&,+<2),M1 20 '3 E'4? R1 )*9>2+,7 &*
&6, )*3< 4$+2&'*3 '3 E'4? P? C6'0 2>>+*2)6 >,+<*+90 ;,&5,,3
IKl 237 _Kl ;,&&,+1 7,>,37'34 *3 &6, ;2&)6'34 82%$, <*+
&6'0 <*$+ '3&,+<2), 0),32+'*? @'&6 9*+, '3&,+<2),0 5, 5*$%7
,=>,)& &* 628, 23 ,8,3 ;'44,+ '9>+*8,9,3&1 20 ;*&6 &6, +,(
7$)&'*3 '3 0)6,7$%2;%, ,%,9,3&0 237 )*3&,=&(05'&)6,0 >,+
>2)A,& 5*$%7 ;, +,7$),7? E'32%%: 5, )23 ,=&+2)& &6, >,+(
<*+923), &6, $37,+%:'34 62+752+, '0 )2>2;%, *<?

V( +-$P-$ PR+C/SS)*L
C6, 0)6,7$%2;%, ,%,9,3& *< 2 -%')A *$&>$& &20A '0 )2%%,7 2

C*W,8'), LCWM? C6'0 '0 $0$2%%: &6, %20& ,%,9,3& *< 2 <*+52+7(
'34 >2&6 237 '&0 ;20') \*; '0 &* &+2309'& >2)A,&0 &* 23 *$&>$&
'3&,+<2),? C6, >,+<*+923), *< 2 9$%&'()*+, +*$&,+ 7,>,370
)+'&')2%%: *3 6*5 &6, )*+,0 7'8'7, $> &6'0 &20A?

V(' +utJut Processing !rcCitectures
c,<*+, &6, ,+2 *< 62+752+, 9$%&'(]$,$'341 &6,+, 5,+, &5*

;20') 52:0 &* 7* *$&>$& >+*),00'34? C6, 0'9>%,0& LE'4? YL2MM
$0,0 *3, CW &* 6237%, 23 '3&,+<2),? C:>')2%%: 2 +*$37(+*;'3
0)6,7$%,+ 9$%&'>%,=,0 &6, 82+'*$0 -%')A ]$,$,0 200*)'2&,7
5'&6 &6, CW *3&* '&? B3 2 &:>')2% +*$&,+1 &6,0, ]$,$,0 5'%%
)*9, <+*9 7'<<,+,3& '3)*9'34 '3&,+<2),0? @6'%, 0'9>%,1 &6'0
*$&>$& 2+)6'&,)&$+, +,]$'+,0 &62& >2)A,&0 *<&,3 05'&)6 )*+,0
2& %,20& *3), &* +,2)6 &6, CW1 0'3), &6, )*++,0>*37'34 .W0
92: ;, 200'43,7 &* 7'<<,+,3& )*+,0?
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5igure W< -ncoordinated outJut Jrocessing

V,8,+2% CW0 )23 2%0* 062+, 23 *$&>$& '3&,+<2),1 20 06*53
'3 E'4? YL;M? C6'0 2>>+*2)6 28*'70 &6, 3,,7 <*+ >2)A,&0 &*
05'&)6 )*+,01 237 2%0* 2%%*50 &6, >+*),00'34 >*5,+ 7,7')2&,7
&* 23 '3&,+<2), &* ;, '3)+,20,7 ;: 2%%*)2&'34 0,8,+2% )*+,0 &*
'&? Z*5,8,+1 '& 2%0* +,]$'+,0 %*5 %,8,% %*)A'34 &* )**+7'32&,
2)),00 &* &6, '3&,+<2), 62+752+, <+*9 0,8,+2% ,%,9,3&0?
E'32%%:1 5'&6 &6, 278,3& *< 62+752+, 9$%&'(]$,$'341 0,8(

,+2% )*+,0 )23 2)),00 *3, *$&>$& '3&,+<2), 5'&6*$& &6, 3,,7
<*+ 0*<&52+, %*)A'34 ;: ;'37'34 ,2)6 )*++,0>*37'34 CW &*
*3, *< &6, '3&,+<2),o0 9$%&'>%, 62+752+, *$&>$& ]$,$,0 LE'4? YL)MM?
C* )*9>2+, &6,0, 2%&,+32&'8,01 5, +23 23 ,=>,+'9,3& 5'&6

'3)+,20'34 3$9;,+0 *< 0'9>%, <*+52+7'34 >2&60 )*3&2'3'34
\$0& 23 '3>$& &20A1 23 *$&>$& &20A1 237 2 -%')A ]$,$, )*33,)&(
'34 &6, &5*? E*+ &6, 0),32+'* '3 E'4? YL2M1 &6, 0'34%, *$&>$&
&20A1 062+,7 ;: 2%% E.01 '0 200'43,7 &* 2 )*+, *3 -./F? C6,
'3>$& &20A0 2+, 2%%*)2&,7 &* <+,, )*+,01 0&2+&'34 5'&6 &6*0, *3
-./F? E*+ &6, *&6,+ &5* 0),32+'*01 &6, <$%% 0'9>%, E.0 2+,
2%%*)2&,7 &* 0'34%, )*+,01 242'3 >*>$%2&'34 -./F < +0&?
C6, 244+,42&,7 &6+*$46>$& '0 06*53 '3 E'4? a? -%,2+%:

2 0'34%, CW >,+ *$&>$& >*+& :',%70 &6, 5*+0& >,+<*+923),?
C6'0 '0 &* ;, ,=>,)&,7g 0'3), 2 0'34%, *$&>$& &20A '0 0,+8')'34
2%% E.01 &6, )*+, 6237%'34 &6, &20A )233*& A,,> $> 237 0*
&6'0 0),32+'* '0 -./(%'9'&,7? @6,3 *3%: *3, E. '0 $0,71
6*5,8,+1 5, 0,, &62& &6'0 )*3< 4$+2&'*3 0&'%% >,+<*+90 0%'46&%:
5*+0, &623 &6, &5* *&6,+0? C6'0 '0 )2$0,7 ;: &6, >2)A,&0

05'&)6'34 )*+,01 2%;,'& &6+*$46 &6, 062+,7 f_ )2)6,?
B3 &6, 0,)*37 0),32+'* LE'4? YL;MM 244+,42&, >,+<*+923),

7,)+,20,0 0'43'< )23&%: 56,3 &6, < <&6 E. '0 277,7? C6'0 '0
;,)2$0,1 $> $3&'% &62& >*'3&1 &6, %*)A $0,7 <*+ 0:3)6+*3'N2(
&'*3 520 *3%: 2)),00,7 <+*9 -./K1 237 &6$0 '&0 82%$, 0&2:,7
<+,06 '3 &6, f_ )2)6, *< &62& -./? c$& 5'&6 &6, 277'&'*3 *<
&6, < <&6 E.1 E.0 2+, 3*5 +$33'34 *3 ;*&6 -./01 237 &6'0
)2$0,0 &6, )2)6,7 82%$, *< &6, %*)A &* ;, '382%'72&,7 56,3(
,8,+ 2 CW *3 &6, *&6,+ -./ )6234,0 '&0 82%$,1 <*+)'34 92'3
9,9*+: 2)),00,0 237 0%*5'34 2%% E.0 7*53?
E+*9 &6,0, +,0$%&01 '& '0 )%,2+ &62& 62+752+, 9$%&'(]$,$'34

2<<*+70 820&%: 0$>,+'*+ >,+<*+923), <*+ *$&>$& >+*),00'34
;: ,32;%'34 2 &+$, >2+2%%,% *$&>$& 2+)6'&,)&$+,? Z*5,8,+1 '&
06*$%7 ;, 3*&,7 &62& *3), 2 >2)A,& 620 ;,,3 >%2),7 '3 2 62+7(
52+, ]$,$, *3 23 '3&,+<2),1 &6, )2+7o0 62+752+, 5'%% &+230(
9'& '& *3 &6, %'3A $0'34 &6, [B-o0 '3&,+32% >*%'): L,?4?1 0'9>%,
+*$37(+*;'3 2)+*00 &6, 62+752+, ]$,$,0M? ^3), &6, >2)A,& '0
'3 &6, '3&,+<2), ;$<<,+1 '& '0 *$& *< &6, )*3&+*% *< &6, 0*<&52+,
+*$&,+? @6'%, &6'0 9'46& ;, >,+<,)&%: < 3, 0*9,&'9,01 &6,+,
2+, )20,0 56,+, 2 0*<&52+, +*$&,+ +,]$'+,0 9*+, 27823),7
&+2<< ) )*3&+*% 2& &6, *$&>$&i 5, 0&$7: &6, '9>%')2&'*30 *< &6'0
'3 &6, 3,=& 0,)&'*3?
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5igure X< Performance of basic outJut Jrocessing

V(. Coordinated +utJut Processing
S0 5, 628, 0,,31 62+752+, 9$%&'(]$,$'34 '0 4+,2& 2& 0$>(

>*+&'34 E. >2+2%%,%'N2&'*3? Z*5,8,+1 '< &6, [B- 7*,0 3*&
0$>>*+& <,2&$+,0 0$)6 20 &+2<< ) 92324,9,3& L,?4?1 ;2375'7&6
+,4$%2&'*3M *+ 27823),7 0)6,7$%'34 >*%')',0 L,?4?1 5,'46&,7
<2'+ ]$,$'34M1 &6,0, 9$0& ;, 6237%,7 '3 0*<&52+,1 +,]$'+(
'34 0*<&52+, 0:3)6+*3'N2&'*3 9,)623'090 L,?4?1 %*)A0M ,8,3
56,3 Z@ 9$%&'(]$,$, '0 $0,7 L0,, E'4? `M?
C* 200,00 &6, '9>2)& *< 0$)6 ,=&+2 9,)623'0901 5, '9(

>%,9,3&,7 23 '3&,+<2), 2)),00 )*3&+*% 9,)623'09 ;20,7 *3
2 0'9>%, &*A,3 ;$)A,& ,%,9,3&? C6, ;$)A,& 620 2 7,>&6 ,]$2%

V62+,7
W2&2

-*p*+7'32&,7m*$&>$&
>+*),00'34?
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CW
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5igure Y< Coordinated outJut Jrocessing P' $D Jer coreR



&* &6, 4+,2&,0& ;$+0& 2%%*5,7 &6+*$46 23 '3&,+<2),1 237 < %%0 2&
2 +2&, ,]$2% &* &6, %*34 &,+9 28,+24, &6+*$46>$& 2%%*5,7?
C6, &*A,3 ;$)A,& ,%,9,3& '0 7,0'43,7 &* ;, '30,+&,7 '3 *$&(
>$& &20A0 '3(;,&5,,3 &6, -%')A ]$,$, 237 &6, CW? C6,0, ,%,(
9,3&0 9$0& 2)]$'+, 2 %*)A &* 2)),00 &6, 062+,7 72&2 0&+$)&$+,
&62& +,>+,0,3&0 &6, 0&2&, *< &6, ;$)A,&? @, ,=29'3,7 &5*
0&+2&,4',0 <*+ 2)]$'+'34 &*A,30 <+*9 &6, ;$)A,&g *3, &*A,3 2&
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