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ABSTRACT
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1. INTRODUCTION
:94 &4/<(6@ $&>6%0/6"#/"64 $0 % > 60/ (6746 740$;& #(&#46&

>(6 7%/% #4&/46 ()46%/(60A 3/ 64)6404&/0 % 0$;&$> #%&/ >6%#/$(&
(> /94 $&$/$%, #%)$/%, $&-40/14&/ <9$,4 &(/ #(&/6$="/$&; 7$B
64#/,+ /( >"/"64 64-4&"40A D(6 /9$0 64%0(&C 647"#$&; /94 &4/B
<(6@ $&>6%0/6"#/"64 #(0/ $0 044& =+ ()46%/(60 %0 % @4+ 76$-46
>(6 1%?$1$I$&; 7%/% #4&/46 )6(> /0A :94 04%6#9 >(6 4>> #$4&/
%&7 ,(<B#(0/ 7%/% #4&/46 &4/<(6@ >%=6$#0 9%0 1(/$-%/47 04-B
46%, 6404%6#9 )6()(0%,0 $& 64#4&/ +4%60 JKLCKMCNOPNMQA :9404
)6()(0%,0 %776400 % 0$1$,%6 04/ (> #9%,,4&;40 Re.g., 647"#$&;
#(0/C $1)6(-$&; =$04#/$(& =%&7<$7/9C %&7 $&#64%0$&; >%",/
/(,46%&#4S ="/ %7()/ -46+ 7$>>464&/ %))6(%#940A D(6 4?%1B
),4C 0(14 %6#9$/4#/"640 "04 (&,+ 0<$/#940 /( >(6<%67 /6%>B
∗G&$-460$/+ (> T%,$>(6&$%C U46@4,4+
†3T*3C U46@4,4+
‡3&/4, !%=0C U46@4,4+
§G&$-460$/+ (> H%09$&;/(&

'461$00$(& /( 1%@4 7$;$/%, (6 9%67 #()$40 (> %,, (6 )%6/ (> /9$0 <(6@ >(6
)460(&%, (6 #,%006((1 "04 $0 ;6%&/47 <$/9("/ >44 )6(-$747 /9%/ #()$40 %64
&(/ 1%74 (6 7$0/6$="/47 >(6 )6(> / (6 #(1146#$%, %7-%&/%;4 %&7 /9%/ #()$40
=4%6 /9$0 &(/$#4 %&7 /94 >",, #$/%/$(& (& /94 > 60/ )%;4A :( #()+ (/946<$04C /(
64)"=,$09C /( )(0/ (& 046-460 (6 /( 647$0/6$="/4 /( ,$0/0C 64V"$640 )6$(6 0)4#$> #
)461$00$(& %&7W(6 % >44A
5TX T(YZ[: N\K\C Y(-41=46 O\ P ]4#41=46 O N\K\C '9$,%74,)9$%C
G*5A
T()+6$;9/ N\K\ 5TX KBLM\OB\LL^BKWK\WKK AAA_K\A\\A

> # =4/<44& 046-460 JKMC NOQ <9$,4 (/9460 64V"$64 /9%/ 046-460
)%6/$#$)%/4 $& )%#@4/ >(6<%67$&; JKLC NLC NMQA
H9$,4 /9464 $0 % #,4%6 &447 >(6 % 0("&7 14/9(7(,(;+ >(6

#(1)%6$&; 7$>>464&/ &4/<(6@ %6#9$/4#/"640C /9464 9%0 /( 7%/4
=44& ,$//,4 <(6@ $& /9$0 7$64#/$(&A *"#9 % #(1)%6$0(& $0 #9%,B
,4&;$&; >(6 1",/$),4 64%0(&0A D$60/C /9464 %64 1%&+ 7$14&B
0$(&0 /9%/ #9%6%#/46$I4 )46>(61%&#4C e.g., ,%/4&#+C =%&7<$7/9C
)(<46C #(0/C >%$,"64 640$,$4&#4 %&7 0( >(6/9A 5 04#(&7 #9%,B
,4&;4 $0 7"4 /( /94 >"&7%14&/%, 7$>>464&#40 $& )6()(047 &4/B
<(6@ 740$;&0 /9%/ 1%@4 $/ 7$>> #",/ /( $74&/$>+ % ,4-4, ),%+$&;
> 4,7 >6(1 <9$#9 /( #(1)%64 7$>>464&/ 0(,"/$(&0A D(6 4?%1B
),4C $& /6%7$/$(&%, &4/<(6@0C (&4 1$;9/ 0$1),+ #("&/ 0<$/#9
#(0/0 ="/ >(6 %6#9$/4#/"640 /9%/ 6("/4 )%#@4/0 /96(";9 046-460
(&4 1"0/ 74/461$&4 9(< /( %))(6/$(& /94 #(0/ (> 046-460 /9%/
)%6/$#$)%/4 $& 0"#9 )%#@4/ >(6<%67$&;A 5 > &%, #(1),$#%/$(&
$0 /94 -%6$("0 >%#/(60 /9%/ 76$-4 #(0/0 %&7 /94 $1)%#/ >"/"64
/64&70 $& 046-46 %&7 &4/<(6@ 4V"$)14&/ 1%+ 9%-4 (& %&+
#(1)%6$0(& 76%<& >6(1 /94 #%)%=$,$/$40 %&7 #(0/0 (> #"664&/
4V"$)14&/A
3& /9$0 )%)46C <4 1%@4 /<( #(&/6$="/$(&0 /9%/ /(;4/946

#(&0/$/"/4 % > 60/ %//41)/ %/ "&7460/%&7$&; /94 /6%74B(>>0 $&B
-(,-47 $& /94 740$;& (> 7%/% #4&/46 &4/<(6@ %6#9$/4#/"640A
D$60/C <4 )6()(04 % 14/9(7(,(;+ >(6 40/$1%/$&; %&7 #(1B

)%6$&; /94 #(0/0 (> 04-46%, 7%/% #4&/46 &4/<(6@ %6#9$/4#/"640
R`OSA :( % > 60/ %))6(?$1%/$(&C ("6 %))6(%#9 $0 =%047 (&
04//$&; % /%6;4/ )46>(61%&#4 ,4-4, $& /4610 (> /94 @4+ )46B
>(61%&#4 14/6$#0 (> &4/<(6@ #%)%#$/+ %&7 ,%/4&#+ %&7 /94&
#(1)%6$&; /94 &4/<(6@ #(0/0 $&#"6647 =+ 7$>>464&/ 740$;& ()B
/$(&0 <94& )6(-$0$(&47 /( 0"0/%$& /9$0 /%6;4/ )46>(61%&#4A
*4#(&7C "0$&; /94 )6()(047 14/9(7(,(;+C <4 #(&7"#/ %

#(0/ %&%,+0$0 (> 04-46%, 64)6404&/%/$-4 %6#9$/4#/"640 R`LSA 3&
("6 %&%,+0$0C <4 "04 #"664&/ 1%6@4/ )6$#40 %&7 )(<46 #(&B
0"1)/$(& > ;"640 >(6 9%67<%64 4V"$)14&/ %&7 4?),(64 9(<
/4#9&(,(;+ /64&70 1%+ $1)%#/ ("6 #(&#,"0$(&0A 3& %77$/$(&C
<4 %&%,+I4 64,%/$-4 #(0/0 $& % 1%&&46 /9%/ $0 %;&(0/$# /( %=B
0(,"/4 )6$#4 -%,"40 %&7 $& %& %0+1)/(/$# #(&/4?/A
:94 641%$&746 (> /9$0 )%)46 $0 (6;%&$I47 %0 >(,,(<0A 3&

*4#/$(& N <4 )6(-$74 %& (-46-$4< (> /94 740$;& 0)%#4 >(6
7%/% #4&/46 &4/<(6@0 %&7 a"0/$>+ ("6 04,4#/$(& (> % 01%,, 04/
(> 64)6404&/%/$-4 740$;&0A 3& *4#/$(& OC <4 740#6$=4 ("6
14/9(7(,(;+ >(6 #(1)%6$&; 7$>>464&/ &4/<(6@ 740$;&0 %&7
/94& )6404&/ ("6 640",/0 $& *4#/$(& LA H4 #(&#,"74 <$/9 %
7$0#"00$(& (> /94 $1),$#%/$(&0 (> ("6 > &7$&;0 %&7 )(/4&/$%,
7$64#/$(&0 >(6 >"/"64 <(6@A



2. DATA CENTER NETWORK DESIGNS
b"6 ;(%, $0 /( #(1)%64 7$>>464&/ 7%/% #4&/46 &4/<(6@ %6B

#9$/4#/"640A :(<%67 /9$0C <4 0/%6/ <$/9 % 9$;9B,4-4, #,%00$B
> #%/$(& (> 7%/% #4&/46 &4/<(6@ 740$;&0 =%047 (& <9$#9 <4
&%66(< ("6 0/"7+ /( 04-46%, %6#9$/4#/"64 $&0/%&#40A :94 1%&+
)6()(0%,0 >(6 &4?/B;4&46%/$(& 7%/% #4&/46 &4/<(6@ %6#9$/4#B
/"640 JKLCKMCNOPNMQ /%6;4/ % 0$1$,%6 ;(%,c&%14,+C 0"))(6/B
$&; 9$;9 =$04#/$(& =%&7<$7/9 =4/<44& -46+ ,%6;4 &"1=460
(> 046-460 $& % #(0/B4>>4#/$-4 1%&&46c="/ %7()/ -46+ 7$>B
>464&/ %))6(%#940 /( %#9$4-$&; /9$0A 5 @4+ 7$14&0$(& %,(&;
<9$#9 /9404 )6()(0%,0 7$>>46 $0 /94 >(61 (> 9%67<%64 4V"$)B
14&/ "047 /( >(6<%67 (6 )6(#400 &4/<(6@ /6%>> #A :9$0 ,4%70
"0 /( #,%00$>+ 740$;&0 $&/( /9644 =6(%7 #%/4;(6$40 %,(&; /9$0
7$14&0$(&A
3& switch-only %6#9$/4#/"640C )%#@4/ >(6<%67$&; $0 $1),4B

14&/47 4?#,"0$-4,+ "0$&; 0<$/#940A :6%7$/$(&%, 7%/% #4&B
/46 &4/<(6@0 /9%/ (6;%&$I4 0<$/#940 $& % 0$1),4 /644 /()(,B
(;+ JKdQ >%,, "&746 /9$0 #%/4;(6+ %0 7( 64#4&/ )6()(0%,0 0"#9
%0 e!N JNOQ %&7 /94 <(6@ (> Z,BD%640 et al. JKMQ /9%/ $&/46B
#(&&4#/ 0<$/#940 $& 1(64 0()9$0/$#%/47 /()(,(;$40 0"#9 %0
>%/ /6440A b"6 04#(&7 #%/4;(6+C <9$#9 <4 /461 hybrid %6B
#9$/4#/"640C $&#,"74 740$;&0 $& <9$#9 )%#@4/0 %64 >(6<%6747
"0$&; % #(1=$&%/$(& (> 0<$/#940 %&7 046-460 %0 4?41),$> 47
=+ 0+0/410 0"#9 %0 UT"=4 JNLQ %&7 ]T4,, JNMQA D$&%,,+C
<4 9%-4 server-only 7%/% #4&/46 %6#9$/4#/"640 <9$#9 7( &(/
64,+ (& 0<$/#940 >(6 )%#@4/ >(6<%67$&;A 3&0/4%7C 4%#9 046-46
),%+0 % 7"%, 6(,4 P 6"&&$&; 64;",%6 %)),$#%/$(&0 %&7 %,0( 64B
,%+$&; /6%>> # =4/<44& 046-460A Z-46+ 046-46 $0 7$64#/,+ #(&B
&4#/47 /( % >4< (/946 046-460 /( >(61 % 7%/% #4&/46B<$74 $&B
/46#(&&4#/ /()(,(;+ (> 046-46B/(B046-46 ,$&@0A 5="B!$=749
et al. JKLQ )6()(04 0"#9 % 740$;& $& <9$#9 046-460 %64 $&/46B
#(&&4#/47 $& % /9644 7$14&0$(&%, /(6"0 /()(,(;+A 3& 0(14
04&04C 0<$/#9B(&,+ %&7 046-46B(&,+ 740$;&0 #%& =4 -$4<47
%0 /94 /<( 4?/6414 )($&/0 $& /94 740$;& 0)4#/6"1 (> 9+=6$7
%6#9$/4#/"640A
3& 0#()$&; ("6 %&%,+0$0C <4 1%74 /<( @4+ #9($#40A D$60/C

<4 #9(04 /( >(#"0 (& 7%/% #4&/460 $& <9$#9 4%#9 046-46 9%0
K\2=)0 #(&&4#/$-$/+ 6%/946 /9%& /94 #"664&/ K2=)0A b"6 6%B
/$(&%,4 $& /9$0 <%0 0$1),+ /9%/ 7$0#"00$(&0 %6("&7 ");6%7$&;
046-46 #(&&4#/$-$/+ >6(1 K2=)0 /( K\2=)0 %64 %,64%7+ "&B
746<%+ $& $&7"0/6+A 3& >%#/C 0(14 #,("7 #(1)"/$&; )6(-$7460
9%-4 %,64%7+ 0/%6/47 /( (>>46 K\2=)0 #(&&4#/$-$/+ <$/9 >",,
=$04#/$(& =%&7<$7/9 >(6 9$;9 )46>(61%&#4 #(1)"/$&; JOQA
X(64(-46C 4?$0/$&; /644B=%047 &4/<(6@ %6#9$/4#/"640 %))4%6
%74V"%/4 >(6 046-460 <$/9 K2=)0 #(&&4#/$-$/+ %&7 94&#4 %&+
(-469%", (> 7%/% #4&/46 &4/<(6@0 R%/ <9$#9 )($&/ #(1)%6$&;
740$;& ()/$(&0 9%0 ;64%/46 64,4-%&#4S $0 1(64 ,$@4,+ /( %#B
#(1)%&+ %& ");6%74 /( 046-46 #(&&4#/$-$/+A U4#%"04 0#%,$&;
/6%7$/$(&%, /644B=%047 %6#9$/4#/"640 /( 046-460 <$/9 K\2=)0
#(&&4#/$-$/+ $0 )6(=,41%/$# R>(6 64%0(&0 740#6$=47 $& JKMQSC
<4 4,$1$&%/4 /9$0 740$;& >6(1 #(&0$746%/$(&A
b"6 04#(&7 14/9(7(,(;$#%, 74#$0$(& 9%0 /( 7( <$/9 6("/B

$&; $& 0<$/#9B(&,+ %6#9$/4#/"640A T"664&/ Z/946&4/ 6("/$&;
)6(/(#(,0 =%047 (& #(&0/6"#/$&; 0)%&&$&; /6440 0#%,4 )((6,+
/( ,%6;4 7%/% #4&/46 0$I40f /94 $00"40 $&-(,-47 9%-4 =44& >64B

V"4&/,+ 7(#"14&/47 %&7 04-46%, (&;($&; 4>>(6/0 )6()(041(7B
$> 47 6("/$&; %,;(6$/910 /9%/ %776400 /9404 )6(=,410 JKMC NOC
NdCOKCOOQA 3& ("6 0/"7+C <4 %00"14 %& $74%,$I47 6("/$&; )6(B
/(#(, /9%/ >(6<%670 )%#@4/0 %,(&; /94 09(6/40/ )%/9R0S /( /94
740/$&%/$(&C <$/9 ,(%7B=%,%&#$&; %#6(00 /94 04/ (> 0"#9 )%/90
/( 1%@4 >",, "04 (> /94 %-%$,%=,4 &4/<(6@ #%)%#$/+A 31),$#$/,+C
/9$0 %00"140 /9%/ #"664&/ )6(=,410<$/9 Z/946&4/ 6("/$&;<$,,
=4 %77640047 $& &4?/B;4&46%/$(& 7%/% #4&/46 &4/<(6@0 %&7
/9%/ /94 640",/$&; 740$;& <$,, 4>> #$4&/,+ 4?),($/ %-%$,%=,4 &4/B
<(6@ #%)%#$/+A D"6/946C =+ "0$&; $74%,$I47 6("/4 04,4#/$(&C
/94 )46>(61%&#4 (> % 0<$/#9B=%047 740$;& =4#(140 ,%6;4,+
74)4&74&/ (& /94 $&/46B0<$/#9 /()(,(;+ 04,4#/47 %&7 ,400 (&
$00"40 0"#9 %0 %776400$&;A X(0/ )6()(0%,0 >(6 &4< 0<$/#9B
(&,+ 740$;&0 09%64 0$1$,%6 /()(,(;$40 R/+)$#%,,+ % >(61 (>
T,(0 &4/<(6@SC 7$>>46$&; 1(64 (& 9(< 6("/$&; %&7 %776400B
$&; %64 $1),414&/47A E4&#4 <4 #%& &%66(< ("6 >(#"0 /(
% #%&7$7%/4 0<$/#9B(&,+ %6#9$/4#/"64 P <4 04,4#/ /94 >%/B/644
=%047 )6()(0%, (> Z,BD%640 et al. P %&7 4?)4#/ /9%/ ("6 640",/0
%64 6(";9,+ 64)6404&/%/$-4 (> 0<$/#9B(&,+ )6()(0%,0 =%047 (&
0$1$,%6 /()(,(;$40A
H$/9 /9404 14/9(7(,(;$#%, #9($#40 $& ),%#4C ("6 0/"7+ #(1B

)%640 /94 >(,,(<$&; >("6 7%/% #4&/46 &4/<(6@ 740$;&0A
(1) FatTree-based switch-only networks: 50 14&/$(&47
%=(-4C <4 #9((04 /94 >%/B/644 =%047 )6()(0%, (> Z,BD%640 et
al. >6(1 /94 #,%00 (> 0<$/#9B(&,+ &4/<(6@ 740$;&0A H4 64>46
/( /9$0 %0 *HBD%/:644A 3& *HBD%/:644C 0<$/#940 %64 $&/46B
#(&&4#/47 $& % >(,747BT,(0 /()(,(;+f 046-460 >(61 /94 ,4%-40
$& /9$0 /644 %&7 4%#9 046-46 $0 #(&&4#/47 /( (&4 0<$/#9 )(6/A
H4 #(1)"/4 6("/40 (-46 /9$0 /()(,(;+ %0 740#6$=47 %=(-4A
H4 =4,$4-4 /9%/ "0$&; e!N <(",7 &(/ #9%&;4 ("6 9$;9B,4-4,
#(&#,"0$(&0C 0$&#4 e!N %,0( "040 % T,(0 /()(,(;+AK

(2) de Bruijn-based server-only networks: 3& #(&0$746$&;
046-46B(&,+ &4/<(6@ 740$;&0C <4 0/%6/47 <$/9 046-460 $&/46B
#(&&4#/47 $& % O]B/(6"0 %0 $& T%1T"=4 JKLQA E(<4-46 <4
>("&7 /9%/ /9$0 740$;& #(&0$0/4&/,+ 0">>4647 R$& =(/9 )46>(6B
1%&#4 %&7 #(0/S 64,%/$-4 /( ("6 (/946 740$;&0 %&7 /9%/ /9$0
<%0 7"4 /( /94 64,%/$-4,+ ,(&; 6("/$&; )%/90 $& % /(6"0c
O(N1/3) 9()0C <$/9 N 046-460AN
*$&#4 /94 &(/$(& (> % 046-46B(&,+ &4/<(6@ 740$;& $0 =6(%746

/9%& /94 0)4#$> # #9($#4 (> /()(,(;+ 1%74 $& T%1T"=4C <4
,((@47 >(6 /()(,(;$40 /9%/ <(",7 (-46#(14 /9$0 ,$1$/%/$(&
)%6/$#",%6 /( % ,(<B7$14&0$(&%, /(6"0A 5 &%/"6%, %,/46&%/4
$0 % 74 U6"$a& /()(,(;+ =4#%"04 $/ 9%0 %& ()/$1%, 7$%14/46
Rlog N S ;$-4& % #(&0/%&/ 74;644 (> /94 &(740A 3& % 74 U6"$a&
;6%)9 (> 7$14&0$(& n %&7 =%04 kC 4%#9 -46/4? 9%0 % 64)64B
04&/%/$(& (> ,4&;/9 n $& =%04 k Ri.e., <$/9 -%,"40 \CAAACk − 1SA
:9"0C /94 04/ (> -46/$#40 $0 V = {(0, ..., 0), (0, ..., 1), . . . , (k−

K50 (6$;$&%,,+ )6()(047 $& JNOQC e!N "040 94/46(;4&4("0 ,$&@ #%B
)%#$/$40 %&7 $0 1(64 7$>> #",/ /( 0#%,4 /( K\2=)0 =%&7<$7/9 )46
046-46A D(6 0$1),$#$/+C <4 &%66(< /94 0#()4 (> ("6 #(1)%6$0(& %&7
(&,+ "04 9(1(;4&4("0 ,$&@ #%)%#$/$40 $& /9$0 )%)46A
N3& %77$/$(& /( /94 )46>(61%&#4 )4&%,/+C ,(&;46 )%/90 640",/ $&
9$;946 #(0/ =4#%"04 ,(&;46 )%/9 ,4&;/90 ,4%7 /( % 9$;946 /(/%, -(,B
"14 (> /6%>> # %&7 94&#4 /94 &4/<(6@ 1"0/ =4 )6(-$0$(&47 >(6 9$;946
#%)%#$/+A



1, ..., k − 1)}A :94 47;40 %64 =4/<44& &(740 (> /94 >(61
((a1, ..., an), (b1, ..., bn)) <9464 a2 = b1C a3 = b2CAAAC an =
bn−1C i.e., /94 4&7)($&/ $74&/$> 460 %64 09$>/47 =+ (&4 7$;$/A
:9"0C &(740 9%-4 k &4$;9=(60A *$&#4 74 U6"$a& $0 % 7$64#/47
;6%)9 <9$,4 &4/<(6@ ,$&@0 %64 =$7$64#/$(&%,C <4 "04 % 1(7B
$> 47 -460$(& (> % 74 U6"$a& ;6%)9 <9464 ,$&@0 %64 #(&0$7B
4647 "&7$64#/47 Re.g., 044 JOgQSA 3& /9$0 ;6%)9C &(740 9%-4 R%/
1(0/S 2k &4$;9=(60C 0$1$,%6 /( % 74 U6"$a& ;6%)9 <9464 /94
$74&/$> 460 (> /94 &4$;9=(60 (> 4%#9 &(74 %64 09$>/47 =(/9 ,4>/
%&7 6$;9/A
!$@4 /94 /(6"0C % 74 U6"$a& ;6%)9 64V"$640 % 01%,, %&7 #(&B

0/%&/ &"1=46 (> #(&&4#/$(&0 )46 046-46 ="/ 9%0 % 1"#9 =4/B
/46 <(60/B#%04 )%/9 ,4&;/9 (> logk N A H94& 64V"$6$&; >",,
=$04#/$(& =%&7<$7/9C <4 >("&7 /9%/ % 74 U6"$a& /()(,(;+ 64B
7"#47 #(0/0 =+ NBO× 64,%/$-4 /( % O]B/(6"0C <9$,4 )6(-$7$&;
4V"$-%,4&/ )46>(61%&#4 4-4& >(6 01%,, &4/<(6@ 0$I40 0"#9
%0 KMC\\\ 9(0/0A 50 4?)4#/47C 7"4 /( /94 7$>>464&/ 0#%,$&;
)6()46/$40C /9404 7$>>464&#40 $&#64%04 <$/9 /94 &4/<(6@ 0$I4A
H4 /9"0 $&/6(7"#4 % &4< h*.eB74U6"$a&i 046-46B(&,+ &4/B

<(6@ 740$;& $& <9$#9 046-460 <$/9$& % 6%#@ %64 #(&&4#/47
<$/9 % 74 U6"$a& ;6%)9A U4/<44& 6%#@0 <4 %,0( "04 74 U6"$a&
;6%)90A :( )6(-$74 /94 &4#400%6+ =$04#/$(& =%&7<$7/9C <4
#64%/4 r $74&/$#%, 74 U6"$a& ;6%)90 =4/<44& 6%#@0C <9464 r
$0 /94 &"1=46 (> 046-460 $& % 6%#@A X(64 )64#$04,+C $> <4
(6746 /94 046-460 $& 4%#9 6%#@ >6(1 1 /( rC 046-460 ,%=4,47
1 >6(1 4%#9 6%#@ %64 )%6/ (> (&4 74 U6"$a& ;6%)9 =4/<44&
/94 6%#@0C 046-460 ,%=4,47 2 %64 )%6/ (> %&(/946 $74&/$#%, 74
U6"$a& ;6%)9C %&7 0( >(6/9A :9"0C ("6 %6#9$/4#/"64 #(&0$0/0 (>
r + C 74 U6"$a& ;6%)90C <9464 C $0 /94 &"1=46 (> 6%#@0A C
(> /9404 ;6%)90 %64 $&0$74 6%#@0 R/+)$#%,,+ 01%,,46SC %&7 r (>
/941 %64 =4/<44& 6%#@0A
Y(/4 /9%/ *.eB74U6"$a&C 0$1$,%6 /( T%1T"=4C %#9$4-40 %

,(< >%&("/ %/ /94 rack ,4-4, $& /94 04&04 /9%/ >(6 % =%04Bk
$&/46B6%#@ 74 U6"$a& /()(,(;+C R046-460 $&S % ;$-4& 6%#@ $0
#(&&4#/47 /( R046-460 $&S 2k (/946 6%#@0A 3&/"$/$-4,+C /9$0
0$1),$> 40 <$6$&; #(1),4?$/+ 0$&#4 /94 #%=,40 4?$/$&; % 6%#@
%64 h%;;64;%/%=,4i $&/( % 01%,, &"1=46 (> $&/46B6%#@ %;;64B
;%/40A b&4 76%<=%#@ (> /94 74 U6"$a& /()(,(;+ 64,%/$-4 /(
/94 O]B/(6"0 $0 /9%/ 0(14 $&/46B6%#@ ,$&@0 #%& =4 ,(&;46 /9%&
$& % /(6"0C <9464 1(0/ $&/46B6%#@ ,$&@0 %64 =4/<44& $114B
7$%/4,+ %7a%#4&/ 6%#@0A b"6 640",/0 R$& `LS 0";;40/ /9%/ /9$0
%77$/$(&%, #(0/ $0 01%,,C %&7 94&#4 <4 744147 /94 /6%74(>>
<(6/9<9$,4A
D$&%,,+C $& %77$/$(& /( /94 74 U6"$a& /()(,(;+C <4 %,0( #(&B

0$74647 /94 #,%00 (> 4?)%&746 ;6%)90 0$&#4 /9404 (>>46 9$;9
=$04#/$(& =%&7<$7/9C ,(< 7$%14/46 %&7 ,(< 74;644 /()(,(B
;$40A 3& )%6/$#",%6C <4 9%-4 4?)46$14&/47<$/9 6%&7(1 ;6%)90
R@&(<& /( =4 ;((7 4?)%&7460S %&7 64#(67 74;644W7$%14/46
;6%)90 JLQ <$/9 4V"%, 74;644 %&7 7$%14/46A H4 /+)$#%,,+
>("&7 /9%/ /9404 (>>4647 %& %77$/$(&%, ∼K\j #(0/ 0%-$&;0
64,%/$-4 /( /94 74 U6"$a& /()(,(;$40A E(<4-46C =4#%"04 6("/B
$&; (-46 0"#9 % /()(,(;+ $0 1(64 #(1),4? /9%& (-46 % 74
U6"$a& (6 /(6"0 %&7 =4#%"04 /9404 ;6%)90 %64 1(64 7$>> #",/
/( %&%,+I4C <4 ()/47 >(6 /94 74 U6"$a& %0 ("6 64)6404&/%/$-4

046-46B(&,+ &4/<(6@ 740$;& $& /9$0 )%)46AO

(3) BCube and (4) de Bruijn-based hybrid networks: D6(1
/94 #,%00 (> 9+=6$7 &4/<(6@ %6#9$/4#/"640C <4 0/%6/47 <$/9 /94
]T4,, JNMQ %&7 UT"=4 JNLQ )6()(0%,0A 3& ("6 /40/0C ]T4,,
#(&0$0/4&/,+ %#9$4-47 0$1$,%6 )46>(61%&#4 %/ % 9$;946 #(0/
#(1)%647 /( %/ ,4%0/ (&4 (> /94 (/946 /()(,(;$40C %&7 94&#4
<4 7( &(/ #(&0$746 ]T4,, >"6/946 $& /9$0 )%)46A
T,(046 4?%1$&%/$(& (> UT"=4 64-4%,47 /9%/C %0 % )($&/ $&

/94 740$;& 0)%#4 (> 9+=6$7 %6#9$/4#/"640C UT"=4 0@4<0 1(64
/(<%67 /94 h0<$/#9 94%-+i 4&7 (> /94 0)4#/6"1 $& /94 04&04
/9%/ 0<$/#940 /%@4 (& % ;64%/46 09%64 (> /94 a(= (> )%#@4/
>(6<%67$&; /9%& 7( 046-460A D(6 4?%1),4C $& /94 )%6/$#",%6
$&0/%&/$%/$(& (> UT"=4 /9%/ <4 %64 "0$&; RK = 2SC (-46 g\j
(> )%#@4/ >(6<%67$&; $0 7(&4 =+ 0<$/#940A :( =4//46 #(-46
/94 0)4#/6"1 (> 9+=6$7 &4/<(6@ 740$;&0C <4 /9"0 $&/6(7"#4 %
&4< 9+=6$7 &4/<(6@ %6#9$/4#/"64 $&0)$647 =+ /94 74 U6"$a&B
=%047 046-46B(&,+ &4/<(6@ $&/6(7"#47 4%6,$46A */%6/$&; <$/9
/94 *.eB74U6"$a& 740$;&C <4 64),%#4 /94 intraB6%#@ 046-46B
=%047 74 U6"$a& /()(,(;+ <$/9 % 0$&;,4 :()B(>B.%#@ R:(.S
0<$/#9f i.e., 4-46+ 046-46 $0 #(&&4#/47 /( /94 :(. 0<$/#9
<$/9$& $/0 6%#@ %&7 %,, /6%>> # =4/<44& 046-460 $& /94 0%14
6%#@ > (<0 /96(";9 /94 :(. 0<$/#9A :9"0 % 046-46 9%0 &(
7$64#/ ,$&@0 /( %&+ (/946 046-46 <$/9$& $/0 6%#@f /94 $&/46B
6%#@ #(&&4#/$-$/+ =4/<44& 046-460 641%$&0 $74&/$#%, /( /9%/
$& *.eB74U6"$a&A H4 /461 /9$0 9+=6$7 %6#9$/4#/"64 %0 EkB
74U6"$a&A 3& % EkB74U6"$a& /()(,(;+C 4%#9 046-46 9%0 2k+1
,$&@0 %&7 % <(60/B#%04 )%/9 ,4&;/9 (> logkC + 2C <9464 k $0
/94 =%04 (> /94 $&/46B6%#@ 74 U6"$a& ;6%)9 %&7 C $0 /94 &"1B
=46 (> 6%#@0A D(6 4?%1),4C $& % 0#4&%6$( <$/9 k = 3 %&7
C = 243C EkB74U6"$a& 9%&7,40 l\j (> )%#@4/ >(6<%67$&;
$& 046-460 %&7 (&,+ O\j $& 0<$/#940 /9"0 (>>46$&; % "04>",
#("&/46<4$;9/ /( /94 EkBUT"=4 9+=6$7 740$;&A
Discussion: H4 /9"0 #(1)%64 >("6 0)4#$> # &4/<(6@ 740$;&0
P % >%/B/644 $&/46#(&&4#/ (> (&,+ 0<$/#940 R*HBD%/:644SC %
74 U6"$a& $&/46#(&&4#/ (> (&,+ 046-460 R*.eB74U6"$a&SC /94
0<$/#9B94%-+ UT"=4 9+=6$7 REkBUT"=4S %&7 /94 046-46B94%-+
74 U6"$a&+:(. 9+=6$7 &4/<(6@ REkB74U6"$a&SA 3/ $0 $1)(6B
/%&/ /( &(/4 /9%/ <4 7( &(/ #,%$1 /9%/ /9404 0(,"/$(&0 %64
/94 =40/C (6 4-4& =6(%7,+ 64)6404&/%/$-4C (> /94$6 #,%00 (> 0(B
,"/$(&0f 6%/946C <4 )$#@ /9404 %0 /94+ 64)6404&/ /94 #"664&/
0/%/4B(>B/94B%6/ >6(1 4%#9 740$;& #,%00 %&7 ,((@ /( #(1)%64
/941 %0 % 0/%6/$&; )($&/ >(6 >"/"64 <(6@ (& 64> &$&; %&7 "&B
7460/%&7$&; 740$;& ()/$(&0A 3& )%6/$#",%6C <4 4?)4#/ ("6
<(6@ /( =4 64,4-%&/ =4#%"04 %,, /94 >("6 /()(,(;$40 /9%/ <4
"04 9%-4 0$1$,%6 %0+1)/(/$# =49%-$(60C $& /9%/ /94 7(1$&%&/

O3& =(/9 % 74 U6"$a& (6 /(6"0 /()(,(;+C 6("/$&; 74#$0$(&0 %64 1%74
;6447$,+ =%047 (& ,(#%, 0/%/4 Re.g., /94 $74&/$> 460 (> % &(74m0 $114B
7$%/4 &4$;9=(60SA U+ #(&/6%0/C 6("/$&; (-46 % 6%&7(1 ;6%)9 <(",7
64V"$64 % #(1)"/%/$(& =%047 (& @&(<,47;4 (> /94 4&/$64 &4/<(6@C (6
% )64#(1)"/%/$(& /9%/ 9(,70 >(6<%67$&; 0/%/4 4&/6$40 >(6 4%#9 &(74
$& /94 ;6%)9A b& /94 (/946 9%&7C /94 %6#9$/4#/"640 =%047 (& 6%&B
7(1 ;6%)90 9%-4 /94 %=$,$/+ /( 0#%,4 1(64 4%0$,+ #(1)%647 /( >(6
4?%1),4 /94 %6#9$/4#/"640 =%047 (& 74 U6"$a& ;6%)90C <9$#9 $74B
%,,+ 64V"$64 /94 &"1=46 (> 9(0/0W6%#@0 /( =4 % 0/6$#/ )(<46 (> /94$6
=%04A R:4#9&$V"40 "0$&; -$6/"%, &(740 #(",7 %,,4-$%/4 0(14 (> /9404
#(&#46&0AS H4 ,4%-4 %& 4?),(6%/$(& (> /9$0 /()$# /( >"/"64 <(6@A



640("6#4 "047 >(6 >(6<%67$&; R0<$/#9 )(6/0C Y3T )(6/0C T'G
#(640S 0#%,40 %0 NlogN <9464 N $0 /94 &"1=46 (> &(740
$& /94 /()(,(;+ R`LAOSA *$&#4 $&/46#(&&4#/ /()(,(;$40 9%-4
=44& 0/"7$47 4?/4&0$-4,+ $& /94 ,$/46%/"64 R%&7 /9"0 >4< =$;
0"6)6$040 %64 4?)4#/47 $& 740$;&$&; >"&7%14&/%,,+ 7$>>464&/
/()(,(;$40SC <4 4?)4#/ ("6 > &7$&;0 /( =4 "04>", 4-4& >(6 >"B
/"64 7%/% #4&/46 %6#9$/4#/"640 "0$&; (/946 /()(,(;$40A

3. METHODOLOGY
H94& #(1)%6$&; 7%/% #4&/46 &4/<(6@0C /94 /<( =6(%7 %?40

%,(&; <9$#9 <4 <(",7 ,$@4 /( 4-%,"%/4 7$>>464&/ %6#9$/4#/"640
%64 #(0/ %&7 )46>(61%&#4A 3& %##("&/$&; #(0/0C <4 #(&0$746
=(/9 /94 #%)$/%, 4?)4&7$/"64 %&7 )(<46 #(&0"1)/$(& 7"4 /(
/94 &4/<(6@B64,%/47 $&>6%0/6"#/"64A :9404 %64 746$-47 >6(1
/94 #(0/ %&7 )(<46 )6(> ,4 (> /94 &4/<(6@0m -%6$("0 #(1B
)(&4&/ )%6/0C <9$#9 >(6 /94 0(,"/$(&0 <4 #(&0$746 $&#,"74n
0<$/#940C #%=,40C 046-46 &4/<(6@ $&/46>%#4 #%670 RY3T0S %&7
046-46 T'G #(640 "047 /( >(6<%67 )%#@4/0 =+ 9+=6$7 %&7
046-46B(&,+ %6#9$/4#/"640A H4 14%0"64 )46>(61%&#4 $& /4610
(> /<( 14/6$#0n /94 #%)%#$/+ R=$04#/$(& =%&7<$7/9S /9%/ /94
&4/<(6@ 0"))(6/0 %&7 /94 ,%/4&#+ $& 6("/$&; =4/<44& 046-460A
5& %77$/$(&%, )46>(61%&#4 14/6$# /9%/ 1$;9/ =4 #(&0$74647
$0 640$,$4&#4 (6 /94 &4/<(6@m0 %=$,$/+ /( h6("/4 %6("&7 >%$,B
"64i (> $&7$-$7"%, #(1)(&4&/0A H4 ,4%-4 %& 4-%,"%/$(& (>
640$,$4&#4 /( >"/"64 <(6@C ="/ <4 &(/4 /9%/ /94 /()(,(;$40 <4
0/"7+ R>%/B/6440C 74 U6"$a& ;6%)90 %&7 UT"=4 ;6%)9S %,, 9%-4
% ,%6;4 &"1=46 (> )%/90 =4/<44& %&+ /<( 4&7B)($&/0f 94&#4
<4 4?)4#/ %,, /9404 /()(,(;$40 /( =4 64%0(&%=,+ 640$,$4&/ %/
,(< >%$,"64 6%/40A
:94 #9%,,4&;4 $& %//41)/$&; % #(1)%6%/$-4 0/"7+ 0/410

>6(1 /94 ,%6;4 &"1=46 (> )%6%14/460 0$1",/%&4("0,+ %/ ),%+A
:94 &4/<(6@ $& 4%#9 (> ("6 0(,"/$(&0 $0 #(&0/6"#/47 >6(1
1",/$),4 9%67<%64 #(1)(&4&/0C 4%#9 <$/9 $/0 #(6640)(&7B
$&; )46>(61%&#4C )(<46 %&7 #(0/ #9%6%#/46$0/$#0C ,4%7$&; /(
% 6%&;4 (> )(00$=,4 )46>(61%&#4B/(B#(0/ /6%74(>>0A D(6 4?B
%1),4C $& % 046-46B(&,+ &4/<(6@C $> <4 7("=,4 /94 &"1=46 (>
Y3T0 %/ 4%#9 046-46 R$&#64%0$&; Y3TB64,%/47 #(0/SC <4 (=/%$&
% /()(,(;+ <$/9 9$;946 )46B&(74 74;644 %&7 94&#4 09(6/46
)%/90 R$1)6(-$&; )46>(61%&#4S ="/ %,0( ,(<46 9()B#("&/ R$&B
#"66$&; ,(<46 T'G #(0/0 0$&#4 046-460 >(6<%670 ,400 /6%>> #SA
3& %77$/$(&C <4 1"0/ #(&0$746 9(< 7$>>464&/ 0(,"/$(&0 =49%-4
>(6 7$>>464&/ 7%/% #4&/46 0$I40 %&7 %)),$#%/$(& <(6@,(%70A
5/ % 9$;9 ,4-4,C ("6 %))6(%#9 /( =6$&;$&; (6746 /( /94 )%B

6%14/46 0)%#4 $0 /( > 60/ %66%&;4 R=+ #(&0/6"#/$(&S >(6 /94 7$>B
>464&/ 0(,"/$(&0 /( %#9$4-4 6(";9,+ 0$1$,%6 )46>(61%&#4 %&7
/94& #(1)%64 /94 /(/%, #(0/ (> /94 640",/%&/ #(&0/6"#/47 &4/B
<(6@0A Z>>4#/$-4,+C <4 %0@ <9%/ /94 #(0/ (> /94 &4/<(6@ $0
/( %#9$4-4 % )%6/$#",%6 /%6;4/ )46>(61%&#4 ,4-4,A :9"0 <4
#%& 4-%,"%/4 %&7 #(1)%64 /94 #(0/ (> ("6 >("6 0(,"/$(&0 >(6
-%6+$&; &4/<(6@ 0$I4 %&7 /%6;4/ )46>(61%&#4A
b"6 14/9(7(,(;+ /9"0 #(&0$0/0 (> /94 >(,,(<$&; /9644 0/4)0A

(1) Equalize latency (path lengths): H4 > 60/ %66%&;4 >(6 /94
/()(,(;$40 $& /94 >("6 740$;&0 <4 #(&0$746 /( 9%-4 6(";9,+
0$1$,%6 6("/$&; )%/9 ,4&;/90A H4 7( 0( =+ > &4B/"&$&; 7$>B
>464&/ /()(,(;+ )%6%14/460 0"#9 %0 /94 &"1=46 (> ,4-4,0 %&7
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Figure 1: Hop count

)(6/0 )46 0<$/#9 R>(6 *HBD%/:644C EkBUT"=4 %&7EkB74U6"$a&S
%&7 /94 >%&("/ %/ 4-46+ 046-46 R>(6 *.eB74U6"$a& %&7 EkB
74U6"$a&SA U"/ <4 %,0( 9%-4 /( 1%@4 0"64 /94 640",/$&; /()(,(B
;$40 %64 >4%0$=,4 $& /4610 (> /94 &4#400%6+ 9%67<%64 64V"$64B
14&/0A 3& )%6/$#",%6C <4 9%-4 /( 1%@4 0"64 /9%/ /94 0<$/#9
)(6/ #("&/ %&7 /94 &"1=46 (> Y3T0 )46 046-46 #%& =4 )6%#B
/$#%,,+ %#9$4-47A 3& /9$0 )%)46C <4 64V"$64 /94 0<$/#9 )(6/
#("&/ /( =4 %/ 1(0/ dg %&7 /94 1%?$1"1 &"1=46 (> &4/<(6@
)(6/0 )46 046-46 /( =4 (& /94 (6746 (> KN R#(6640)(&7$&; /( N
Y3T0W046-46C %00"1$&; gB)(6/ Y3T0 %0 %-%$,%=,4 /(7%+ JMQSA
D$;A K )6404&/0 /94 640",/%&/ %-46%;4 %&7 1%?$1"1 )%/90

<4 (=/%$& >(6 4%#9 (> /94 0(,"/$(&0 >(6 $&#64%0$&; 7%/% #4&/46
0$I4 Ri.e., &"1=46 (> 046-460SA 2$-4& /94 )64-$("0 #(&0/6%$&/0
%&7 /94 7$>>464&/ /()(,(;$#%, 740$;&0C $/ $0 7$>> #",/ /( 4?%#/,+
1%/#9 /94 ,%/4&#+ =4/<44& /94 7$>>464&/ %6#9$/4#/"640C ="/ <4
=4,$4-4 /94 640",/0 $& D$;A K %64 0">> #$4&/,+ #,(04 >(6 ("6 )"6B
)(04 (> % 9$;9B(6746B=$/ #(1)%6$0(&A :94 EkBUT"=4 %&7
*HBD%/:644 1%?$1"1 )%/90 %64 )6%#/$#%,,+ 64)6404&/47 =+
0/4) >"&#/$(&0C $&#64%0$&; 4-46+ /$14 /94 > ?47 h,4-4,i )%B
6%14/46 $&#64%040C i.e., /94 K )%6%14/46 (> UT"=4 %&7 /94
&"1=46 (> ,4-4,0 >(6 /94 >(,747 T,(0f <4 "04 N %&7 O %0 /94
-%,"40 >(6 /9404 /<( )%6%14/460 $& D$;A KA H4 "04 k = 3
>(6 /94 74 U6"$a& /()(,(;$40C >(6 =(/9 /94 $&/6% %&7 $&/46 6%#@
;6%)90A 3& ;4&46%,C /94 )%/9 ,4&;/9 %0 <4,, %0 /94 #(1)(&4&/
64V"$6414&/0 0#%,4 ,(;%6$/91$#%,,+ <$/9 /94 &"1=46 (> &(740
>(6 %,, /94 04,4#/47 /()(,(;$40 R044 LAOSC %&7 /9"0 0$1$,%6 =4B
9%-$(6C %,/9(";9 $& ,%6;46 a"1)0C #%& =4 4?)4#/47 >(6 %,, 7%/%
#4&/46 0$I40A
E4&#4C %>/46 /9$0 0/4) <4 #(&0/6"#/ /()(,(;$40 (> 6(";9,+

4V"%, )%/9 ,4&;/9 >(6 4%#9 (> /94 0(,"/$(&0 <4 #(&0$746C %&7
/9$0 4>>4#/$-4,+ &(61%,$I40 /94 ,%/4&#+ 14/6$#A
(2) Equalize capacity: 2$-4& /()(,(;$40 <$/9 0$1$,%6 )%/9
,4&;/90C <4 &4?/ %66%&;4 >(6 /9404 /()(,(;$40 /( 9%-4 4V"%,
#%)%#$/+A D(6 /9$0C <4 > 60/ 04,4#/ % /%6;4/ $&)"/ /6%>> # <(6@B
,(%7 %&7 /94& provision /94 &4/<(6@ <$/9 /94 #%)%#$/+ 64B
V"$647 /( 0"))(6/ /9$0 $&)"/ ,(%7A '6(-$0$(&$&; $& /9$0 #(&/4?/
$1),$40 4&0"6$&; 0">> #$4&/ 0<$/#9 #%)%#$/+ R>(6 0<$/#9B=%047
0(,"/$(&0S (6 /9%/ 046-460 9%-4 0">> #$4&/ Y3T0 %&7 #(640 /(
%##(11(7%/4 /94 740$647 /6%>> # ,(%7A D(6 4?%1),4C 0%+ /9%/
$& % 74 U6"$a& /()(,(;+C /94 /6%>> # 741%&70 %64 0"#9 /9%/
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Figure 2: Component requirements per server, 60k
server network
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Figure 3: Cost comparison - current prices
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Figure 4: Equipment cost breakdown for a 60k network
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Figure 5: Per server network power consumption
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Table 1: Per Server Cabling Cost Estimates.
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Figure 6: Total network cost normalized by number of
servers after 5 years of operation at current prices
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Figure 7: Networking cost per server – future scenarios
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("0 04#/$(& 64)6404&/0 % )%6/$#",%6 0&%)09(/ $& /$14A X(64
;4&46%,,+C (&4 1$;9/ ,((@ /( 9$0/(6$#%, )6$#4 /64&70 %0 $&B
7$#%/$-4 (> >"/"64 (&40A E$0/(6$#%,,+C T'G )6$#40 >%,, $& )6(B
)(6/$(& /( X((64m0 ,%< R% KAM^× )6$#4 76() )46 +4%6S <9$,4
&4/<(6@ 4V"$)14&/ )6$#40 76() =+ =4/<44& KALl×PKAM× )46

+4%6 R/94 >(6146 =%047 (& 9$0/(6$#%, 0%,40 64)(6/0 <4 <464
%=,4 /( (=/%$&C /94 ,%//46 (& /94 <$74,+ #$/47 Y$4,04&m0 ,%<
JdQSA b"6 )6(a4#/$(&0 R4?/6%)(,%/$&; ("6 )64-$("0 640",/0 =%047
(& /94 %=(-4 )6$#4 /64&7P<4 (1$/ ;6%)90S 09(< /9%/C (-46
%&+ 64%0(&%=,4 /$14 )46$(7C /9$0 /64&7 9%0 1$&$1%, $1)%#/
(& /94 64,%/$-4 %0040014&/ (> 0<$/#9 vs. 046-46 =%047 740$;&0A
:9$0 $0 =(/9 =4#%"04 /94 7$>>464&#4 $& )6$#4 74#,$&4 $0 01%,,
%&7 =4#%"04 046-46B#4&/6$# 740$;&0 =4%6 % 9$;9 Y3TB64,%/47
#(0/ <9$#9 <4 %00"14 0#%,40 %0 &4/<(6@ 4V"$)14&/A

Price trend#2: low-cost switches :94 )94&(14&%, ;6(</9
$& 7%/% #4&/460 %&7 #,("7 #(1)"/$&; 9%0 ,47 /( %& %;;640B
0$-4,+ #(1)4/$/$-4 1%6@4/ >(6 K\2 Z/946&4/ 0<$/#940 %&7 /94
4?)4#/%/$(& /9%/ 0<$/#9 )6$#40 %64 )($047 >(6 76%1%/$# 64B
7"#/$(&0 JKNQA X(64 0)4#$> #%,,+C 7$0#"00$(&0 <$/9 4&/46)6$04
7%/% #4&/46 ()46%/(60 64-4%, /9%/ 0<$/#940 >6(1 p"%&/% JK\Q
%/ % )6$#4 (> %))6(?$1%/4,+ _K\\ )46 K\2 )(6/ %64 &(< (&
/94 1%6@4/ R<4 <464 &(/ %=,4 /( (=/%$& % >(61%, V"(/4S %&7
$/ $0 64%0(&%=,4 /( 4?)4#/ (/946 0<$/#9 -4&7(60 <$,, >(,,(<
0"$/A D$;A l ),(/0 /94 $1)%#/ (> 0"#9 ,(<B#(0/ 0<$/#940c<4
%00"14 _d\ )46 K\2 0<$/#9 )(6/ RKWM (> ("6 #"664&/ )6$#4 40B
/$1%/4S %&7 /94 64046-47B#(64 #(0/ 1(74,A Y(/ 0"6)6$0$&;,+C
,(<B#(0/ 0<$/#940 )"/0 /94 0<$/#9B=%047 *HBD%/:644 >%6 %94%7
(> /94 )%#@c(-46 M× #94%)46 /9%& *.eB74U6"$a& %&7 N×
#94%)46 /9%& 4-4& /94 =40/ 9+=6$7 740$;&A

Price trend #3: low-cost NICs T%& 9+=6$7 %&7 046-46B=%047
740$;&0 64#(-46 >6(1 /94 =,(< 7"4 /( ,(<B#(0/ 0<$/#940F 5
64%0(&%=,4 4?)4#/%/$(& $0 /9%/ Y3T )6$#40 <$,, %,0( 76() <$/9
;6(<$&; 74),(+14&/0 %0 046-460 %64 ");6%747 /( K\2=)0Y3T0
R<9$#9C (> #("604C #%& (&,+ >(,,(<0 ");6%740 /( /94 0<$/#9B
$&; $&>6%0/6"#/"64SA ]$0#"00$(&0 <$/9 Y3T 740$;&460 64$&B
>(6#4 /94 )(00$=$,$/+ (> 0"#9 % /64&7 0$&#4 /94 1%&">%#/"6B
$&; #(0/0 (> Y3T0 %64 ,(< %&7 94&#4 /94 )6$#4 $0 ,%6;4,+ (>
741%&7A H4 /9"0 %00"14 % 0$1$,%6 M× 647"#/$(& $& Y3T
)6$#40 R/( _O\ )46 K\2 )(6/C (6 _K^\ >(6 % gB)(6/ Y3T <9$#9
$0 &(/ 1"#9 9$;946 /9%& #"664&/ )6$#40 >(6 K2=)0 Y3T0S %&7
),(/ /94 640",/%&/ #(0/0 $& D$;"64 lR#SA 50 4?)4#/47C #94%)
Y3T0 94,) 046-46B=%047 740$;&0 ="/ #%&&(/ >",,+ #,(04 /94
;%) /( *HBD%/:644 <$/9 #94%) 0<$/#940 <9$#9 64/%$& % =4B
/<44& KAM×BOAM× 0%-$&;0 (-46 9+=6$7 %&7 046-46B(&,+ 74B
0$;&0A

Price trend #4: “for free” cores 5 #(11(& 64%#/$(& <4
4&#("&/4647 $& 09%6$&; /94 640",/0 (> ("6 0/"7+ <%0 /9%/ <4
<464 <6(&;W"&>%$6 /( #9%6;4 046-46B(&,+ =%047 740$;&0 >(6
/94 #(0/ (> #(640A :9%/ #(64 #("&/0 %64 4?)4#/47 /( 0#%,4
6%)$7,+ %&7 /9%/C 4-4& /(7%+C 046-46 ()46%/(60 7( &(/ >",,+ "/$B
,$I4 /94 1",/$#(64 #%)%=$,$/+ (> /94$6 046-460 %&7 94&#4 %&+
#(640 "047 >(6 )%#@4/ )6(#400$&; 4004&/$%,,+ #(14 h>(6 >644iA
:9464 %64 =(/9 a"0/$> 47 %&7 74=%/%=,4 %0)4#/0 /( /9$0 ,$&4 (>
64%0(&$&; %&7 4-4& 0(14 7$0%;64414&/ %1(&;0/ /94 %"/9(60
64;%67$&; /94 -%,$7$/+ (> /9$0 %6;"14&/A E4&#4C >(6 #(1B
),4/4&400 <4 #(&0$746 /94 $1)%#/ (> $;&(6$&; #(64 #(0/0 %,B
/(;4/946C 09(<& $& D$;"64 lR7SA H4 044 /9%/ $& /9$0 0#4&%6$(C
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Figure 8: Comparison between switch-based and server-based architectures for different price ratios of cores / NIC
ports (Y-axis) and switch ports / NIC ports (X-axis)

046-46B=%047 %))6(%#940 7( %#9$4-4 ,(<46 #(0/0C %#9$4-$&;
#(0/ 76()0 (> NMBOMj #(1)%647 /( *HBD%/:644A

Technology trend: integrated µswitches, hybrid cores?
2$-4& /94 $1)%#/ (> ,(<B#(0/ 0<$/#940C <9%/ %-4&"40 1$;9/
046-46 -4&7(60 4?),(64 /( ;4/ =%#@ $& /94 ;%14F H4 0)4#"B
,%/4 (& /<( )(00$=$,$/$40A :94 > 60/ $0 /9%/ 046-46 -4&7(60 $&B
#(6)(6%/4 0(14 >(61 (> 0<$/#9$&; #%)%=$,$/+ $&0$74 /94 046-46P
<4 #%,, /9$0 % 046-46 µ0<$/#9A *"#9 % µ0<$/#9 1$;9/ =4 ,(B
#%/47 <$/9$& % 046-46m0 'T34 (6 3Wb 9"=A ]$0#"00$(&0 <$/9 %6B
#9$/4#/0 0";;40/ /9$0 $0 %#9$4-%=,4 %/ -$6/"%,,+ &( %77$/$(&%,
1%&">%#/"6$&; #(0/f $& >%#/C 64#4&/ $&/4;6%/47 h'T34 =6$7;B
$&;i /4#9&(,(;$40 %64 % 0/4) $& /9$0 7$64#/$(& J^QA :94 4>>4#/
(> % 046-46 µ0<$/#9 $0 /9%/ )%#@4/0 /9%/ %64 &(/ 740/$&47 >(6
/94 046-46 %&7 /9%/ 64V"$64 ,$//,4W&( 0()9$0/$#%/47 )6(#400$&;
#%& =4 h/"6&47 %6("&7i %/ /94 µ0<$/#9 <$/9("/ =4$&; #()$47
/( 141(6+ (6 $1)(0$&; (& /94 T'G0A *"#9 % µ0<$/#9 $0
%@$& /( '%?0(& et al.m0 )6()(0%, >(6 % h09"&/$&;i Y3T JNKQA
*"#9 % µ0<$/#9 <(",7 =4 )6(;6%11%=,4 0( /9%/ /94 T'G0
R%&7 94&#4 0(>/<%64S 9%-4 ",/$1%/4 #(&/6(, (-46 <9$#9 > (<0
;4/ )6(#40047 =+ /94 µ0<$/#9 vs. /94 #(640A 5& %,/46&%/4
%))6(%#9 <(",7 =4 >(6 046-460 /( 9%-4 94/46(;4&4("0 #(640
<9464 0()9$0/$#%/47 R%&7 4?)4&0$-4S #(640 %64 "047 >(6 %)),$B
#%/$(& )6(#400$&; <9$,4 0$1),46C ,(<B#(0/ #(640 #%& =4 747B
$#%/47 /( )%#@4/ >(6<%67$&;A 3& =(/9 /9404 )6()(0%,0C /94
4>>4#/ $0 /( (>> (%7 0(14 /6%>> # >6(1 /94 T'G0A H4 V"%&B
/$>+ /9$0 $1)%#/ =+ %00"1$&; /9$0 ,4%70 /( % βj 647"#/$(&
$& #(64 #(0/0f <4 "04 β = 90j R/9$0 $0 %71$//47,+ % 0(14B
<9%/ %6=$/6%6+ #9($#4 ="/ %,/46&%/4 -%,"40 #%& =4 #(&0$74647
$& % 0/6%$;9/>(6<%67 1%&&46SA D$;"64 lR4S ),(/0 /94 640",/$&;
#(0/0A H4 044 /9%/ 0"#9 /4#9&(,(;+ #(",7 #,(04 /94 ;%) $& /94
#(0/ (> 0<$/#9 vs. 046-46B=%047 740$;&0A

Discussion G,/6% ,(< #(0/ 0<$/#940 %))4%6 $11$&4&/ %&7 (>B
>46 0<$/#9B=%047 %6#9$/4#/"640 % 74#$0$-4 #(0/ %7-%&/%;4A 3>
<4 /%@4 ,(<B#(0/ 0<$/#940 %0 % ;$-4&C #%& 046-46B=%047 74B
0$;&0 #(1)4/4F b"6 640",/0 9464 0";;40/ 046-46B=%047 74B
0$;&0 #%& =4 #(0/ #(1)4/$/$-4 (&,+ $> R%S <4 9%-4 #(6640)(&7B
$&;,+ ,(<B#(0/ Y3T0 and R=S 046-46 #(640 #(14 >(6 R#,(04
/(S >644 (6 &4< >4%/"640 /9%/ $&/4;6%/4 ,(<B#(0/ 0<$/#9$&;

#%)%=$,$/+ $&/( 046-460 4146;4A Z-4& <$/9 /9404 #9%&;40
9(<4-46C 046-46B=%047 %6#9$/4#/"640 %64 1(0/,+ 4V"$-%,4&/
%&7 &(/ 9$;9,+ 0")46$(6 /( 0<$/#9B=%047 0(,"/$(&0A 2$-4&
/9%/ 046-46B=%047 %6#9$/4#/"640 64)6404&/ % 6%7$#%, 09$>/ $& 74B
),(+47 $&>6%0/6"#/"64C <4 0)4#",%/4 /9%/ /94+ %64 "&,$@4,+ /(
044 0$;&$> #%&/ %7()/$(& unless /94+ (>>46 % 0$;&$> #%&/ %7B
-%&/%;4 %,(&; % 740$;& 7$14&0$(& &(/ #(&0$74647 9464A H4
0)4#",%/4 /9%/ /<( 7$64#/$(&0 <(6/9 4?),(6$&; %64n RKS /94 64,B
%/$-4 1%&%;4%=$,$/+ (> 7$>>464&/ 740$;&0 %&7 RNS % &4/<(6@m0
%=$,$/+ /( 0"))(6/ 6$#946 $&B&4/<(6@ )6(#400$&; %0 64#4&/,+
)6()(047 =+ *+1=$(/$# .("/$&; JKLQA

4.3 Analysis
3& /9$0 04#/$(&C <4 $&-40/$;%/4 #(0/ $& % 1(64 %=0/6%#/ 1%&B

&46C %//41)/$&; /( 74#("),4 ("6 64,%/$-4 6%&@$&; (> 0(,"/$(&0
>6(1 0)4#$> # %=0(,"/4 4V"$)14&/ )6$#40A 3& (/946 <(670C <4
/6+ /( %&0<46 /94 V"40/$(&n <9%/ %64 /94 )6$#$&; #(&7$/$(&0
"&746 <9$#9 % ;$-4& %6#9$/4#/"64 ("/)46>(610 (/9460F

4.3.1 Qualitative Analysis
H4 >(#"0 (& % 7%/% #4&/46 (> g\C\\\ 9(0/0A 3& /94 >(,,(<B

$&; 04#/$(&C <4 %&%,+I4 /94 %0+1)/(/$# =49%-$(6 %&7 09(<
/9%/ 0$1$,%6 =49%-$(60 %64 4?)4#/47 >(6 %&+ 7%/% #4&/46 0$I4A
D$;A ^ V"%,$/%/$-4,+ 09(<0 /94 %6#9$/4#/"64 /9%/ %#9$4-40

/94 ,(<40/ 4V"$)14&/ #(0/ (-46 /94 >",, 0)%#4 (> #(0/ 14/B
6$#0 Ri.e., 0<$/#9C Y3TC %&7 T'GSA D(6 64%7%=$,$/+ )"6)(040C
<4 > %//4& /94 /9644B7$14&0$(&%, )6$#4 0)%#4 =+ &(61%,$I$&;
/94 0<$/#9 %&7 T'G #(0/0 <$/9 640)4#/ /( Y3T #(0/0A :9%/
$0C <4 #(&0$746 /94 $1)%#/ (> -%6+$&; /94 6%/$( (> /94 )6$#4
(> % 0<$/#9 )(6/ /( /9%/ (> % Y3T )(6/ RXB%?$0S %&7 /94 6%B
/$( =4/<44& /94 )6$#4 (> % T'G #(64 %&7 /9%/ (> % Y3T )(6/
RY B%?$0SA D$;"64 ^ %,0( ),(/0 /94 )%6/$#",%6 7%/% )($&/0 #(6B
640)(&7$&; /( #"664&/ )6$#40 <$/9 64046-47 %&7 09%647 #(640C
,(<B#(0/ 0<$/#940C ,(<B#(0/ Y3T0C %&7 µ0<$/#940C )6(-$7B
$&; 0(14 $&0$;9/ =49$&7 /94 640",/0 )6404&/47 $& /94 )64-$("0
04#/$(&0A
:( "&7460/%&7 /9404 640",/0C ,4/ "0 %&%,+I4 /94 =("&7%6+

=4/<44& *HBD%/:644 %&7 EkBUT"=4 $& D$;A ^A D(6 /9$0 &4/B
<(6@ 0$I4C *HBD%/:644 "040 % /9644B,4-4, >%/B/644 /()(,(;+
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Figure 9: Quantitative Data for Fig. 8

*HBD%/:644 EkBUT"=4 EkB74U6"$a& *.eB74U6"$a&
SP oO(log N) SP oO(log N) SP oO(1) SP o0
NP oO(1) NP oO(log N) NP oO(log N) NP oO(log N)
Co0 CoO(log N) CoO(log N) CoO(log N)

Table 2: Asymptotic hardware requirements per server. N is the
number of hosts, SP is the number of switch ports, NP is the number
of NIC ports, and C is the number of cores.

R%0 $& JKMQS <$/9 M 0<$/#9 )(6/0 )46 046-46 %&7 (&4 Y3T )(6/f
(& /94 (/946 9%&7C EkBUT"=4 "040 O 0<$/#9 )(6/0C O Y3T
)(6/0C %&7 N #(640A R:9$0 7%/% $0 %,0( )6404&/47 $& D$;A NAS
G0$&; /9$0 =64%@7(<&C (&4 #%& 4%0$,+ 746$-4 /94 4V"%/$(& /(
74,$1$/ *HBD%/:644 >6(1 EkBUT"=4 %0 5Sprice + Nprice =
3Sprice + 3Nprice + 2CpriceC <9464 Sprice $0 /94 )6$#4 >(6 %
0<$/#9 )(6/C Cprice $0 /94 )6$#4 >(6 % #(64C %&7 Nprice $0 /94
)6$#4 (> % Y3T )(6/A ]$-$7$&; =+NpriceC /9$0 4V"%/$(& 640",/0
$& /94 =("&7%6+ 04)%6%/$&; /94 /<( %6#9$/4#/"640 $& D$;A ^A
]"4 /( 0)%#4 ,$1$/%/$(&0C <4 7( &(/ 4?),%$& /94 641%$&$&;
=("&7%6$40C ="/ <4 #(&0$746 /94 %0+1)/(/$# =49%-$(6 &4?/A

4.3.2 Quantitative Analysis
5>/46 044$&; <9$#9 %6#9$/4#/"64 $0 =4//46 $& <9$#9 #$6#"1B

0/%&#4C <4 &(< 14%0"64 /94 %1),$/"74 (> /94 640",/0 09(<&
)64-$("0,+A D$;"64 d )6404&/0 % V"%&/$/%/$-4 -$4< >(6 /<(
h9(6$I(&/%,i ,$&40 $& D$;A ^C (&4 /9%/ #6(0040 /96(";9 /94
1%6@46 >(6 #"664&/ )6$#40 <$/9 /94 64046-47 #(640 1(74, RD$;A
dR%SS %&7 (&4 /96(";9 /94 1%6@46 >(6 #"664&/ )6$#40 <$/9 /94
09%647 #(640 1(74, RD$;A dR=SSA :9$0 #9%6/ 09(<0 /9%/ /94
046-46 =%047 %6#9$/4#/"640 #%& =4 V"$/4 4?)4&0$-4 #(1)%647
/( 0<$/#9 =%047 (&40 <94& /94 #(0/ (> % 0<$/#9 )(6/ $0 -46+
#,(04 /( /9%/ (> % Y3T )(6/A 3/ %,0( 09(<0 /9%/ /94 #(0/ (>
% 0<$/#9 )(6/ 9%0 /( =4 a"0/ % =$/ 1(64 RKAMBNAM×S /9%& /9%/
(> % Y3T )(6/ /( 1%@4 046-46B=%047 %))6(%#940 #(0/ 4>> #$4&/
<94& "0$&; /94 09%647 #(640 #(0/ 1(74,A

4.3.3 Asymptotic Behavior Discussion
3& /94 )64-$("0 04#/$(&0 <4 %&%,+I47 7%/% #4&/46 0$I40 ")

/( g\@ 046-460C %&7 >(6 /9404 0$I40 <4 "047 0$1",%/$(&0 /(
#(1)"/4 )64#$04 &"146$#%, 40/$1%/40A 5 &%/"6%, V"40/$(&
$0 9(< 7( /9404 640",/0 0#%,4 %0+1)/(/$#%,,+C 40)4#$%,,+ >(6
-46+ ,%6;4 7%/% #4&/46 0$I40F :%=,4 N )6404&/0 /94 9$;9 ,4-4,
%0+1)/(/$# =49%-$(6 (> /94 &4/<(6@$&; 4V"$)14&/ 64V"$64B

*HBD%/:644 EkBUT"=4 EkB74U6"$a& *.eB74U6"$a&
SP oL SP o1/2L SP o1 SP o0
NP o1 NP o1/2L NP oL NP oL
Co0 Co1/2L CoL CoL

Table 3: Asymptotic hardware requirements per server in relation to
L, the path length.

14&/0 >(6 /94 /40/47 /()(,(;$40A RH4 "04 /94 0%14 %00"1)B
/$(&0 (& 64V"$647 )46>(61%&#4AS D(6 0$1),$#$/+C $& :%=,4 N <4
$;&(64 %,, #(&0/%&/0 $&#,"7$&; /94 0<$/#9 >%& ("/ %&7 /4610
01%,,46 /9%& log N Al Y(/4 /9%/ /94 )46>(61%&#414/6$#0 9%-4
/94 0%14 %0+1)/(/$# =49%-$(6 >(6 %,, /()(,(;$40C i.e., /94 1%?B
$1"1 )%/9 ,4&;/9 $0 O(log N) 9()0A
:%=,4 N 7(40 &(/ %,,(< "0 /( $&>46 %0+1)/(/$# =49%-$(6

$& % >(61%/ 0$1$,%6 /( D$;A ^ =4#%"04 /94 ,%//46 64V"$640 /94
%00(#$%/47 #(&0/%&/0A 3& (6746 /( %66$-4 %/ % 0$1$,%6 64)6404&B
/%/$(&C <4 )6(#447 %0 >(,,(<0A D$60/ <4 4?)6400 /94 4V"$)B
14&/ 64V"$6414&/0 >6(1 :%=,4 N $& /4610 (> /94 %-46%;4 )%/9
,4&;/9C i.e., 64),%#$&;N =+ % >"&#/$(& (> L R/94 )%/9 ,4&;/9SC
%&7 <$/9 #(&0/%&/0 (=/%$&47 >6(1 /94 0)4#$> # /()(,(;$40 <4
#(&0/6"#/A H4 /94& 04/ /94 )%/9 ,4&;/9 /( =4 4V"%, >(6 %,, %6B
#9$/4#/"640 %&7 09(< /94 640",/$&; 4V"$)14&/ 64V"$6414&/0
$& :%=,4 OA Y(/4 /9%/ <4 $;&(64 /94 %77$/$-4 #(&0/%&/0 <$/9
640)4#/ /( LC %&7 /94 1",/$),$#%/$-4 #(&0/%&/0 <4 "04 %64 /94
%0+1)/(/$# -%,"40C <9$#9 %))6(?$1%/4 /94 4?%#/ -%,"40 #(6B
640)(&7$&; /( % 0)4#$> # 7%/% #4&/46 0$I4A 5,0(C /9404 #(&B
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