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-F',#42'(61. (-4*'1> :'8-,% *- (6:- 40- ='(5-+42'( ='(41',,-1 E-TCP?

A. E-TCP congestion control

N(- '942'( 2( 8-F-,'92(5 40- ='(41',,-1 2+ 4' 06F- 24 ;-06F- +2:2,61 4' =#11-(4 )/A? K#=0 6 ='(41',,-1 *'#,8 40-(

06F- 40- <',,'*2(5 +4-68. +464- *2(8'*S,'++ 4168-'<< =#1F-% *02=0 2+ 6 F6126(4 '< 40- )/A 401'#509#4 <'1:#,6 TZW

W ∗ =
√

2
p − p0

,

*0-1- W ∗ 6(8 p 61- -E#2,2;12#: F6,#-+ 6(8 p0 > 0 2+ 40- 91-8-!(-8 96=>-4 ,'++ 91';6;2,24.? G(+4-68% *- '94 <'1 6

='(41',,-1 4064 :'1- =,'+-,. 1-+-:;,-+ K)/A% (6:-,.

W ∗ =
2

p − p0
, T\W

)0- 6;'F- -E#642'(+ +0'* 4064 40- +4-68.S+464- 96=>-4 ,'++ 91';6;2,24. p *2,, 6,*6.+ ;- ,615-1 406( p 0% 6(8 4064

6+ 40- ;'44,-(-=> ,2(> =696=24. 2(=1-6+-+ 4' 2(!(24.% p∗ 8-=1-6+-+ 4' p0 2( ;'40 =6+-+? )0- 1-6+'( <'1 =0''+2(5 40-

,644-1 2+ 4064 K)/A -O02;24+ 6 :'1- +46;,- ;-06F2'1 64 +4-68. +464- P1`R% *02=0 2+ =6112-8 'F-1 4' 40- (-* ='(41',,-1?

\



)0- -E#2,2;12#: 2( T\W 2+ 6=02-F-8 ;. #+2(5 6 5-(-16,2C-8 MG_& 91'4'=', *240 5-(-16, 2(=1-:-(4 6(8 8-=1-:-(4

4064 61- <#(=42'(+ '< 40- ='(5-+42'( *2(8'* +2C- W % (6:-,. i(W ) 6(8 d(W )? N( 1-=-2F2(5 6 +#==-++<#, 6=>('*,S

-85-:-(4% 40- ='(5-+42'( *2(8'* 2+ 2(=1-6+-8 ;. i(W ) 6(8 '( 1-=-2F2(5 6 96=>-4 ,'++ 2(82=642'(% 40- ='(5-+42'(

*2(8'* 2+ 8-=1-6+-8 ;. d(W )? )0- ;-06F2'1 '< +#=0 6( 6,5'1240: 2+ 8-+=12;-8 ;.

dW

dt
= i(W )

W

τr
− d(W )

W

τr
p T[W

6(8 64 -E#2,2;12#:%

i(W ∗)/d(W ∗) = p.

/':;2(2(5 40- 6;'F- *240 T\W 52F-+

i(W )/d(W ) = (2 + p0W )/W. TeW

H240

i(W ) = 1/b, T`W

<'1 +':- 9616:-4-1 b > 0% 40-( ,-68+ 4'

d(W ) = W/(b(2 + p0W )). TiW

)0- <'1: '< i(W ) =':-+ <1': a2((2=':;-J+ *'1> PZ`R% *0-1- +46;2,24. 1-+#,4+ ='(=-1(2(5 )/AS,2>- ='(5-+42'(

='(41', 6,5'1240:+ 61- ';462(-8?

Setting p0: B'* ,-4J+ +-4 40- 9616:-4-1 p0? L21+4 24 2+ 2:9'146(4 4' #(8-1+46(8 4064 2< 6 ,2(> 2+ ,2504,. #42,2C-8

T2+ ('4 40- ;'44,-(-=> <'1 6(. +-++2'(W% 40-( 24+ ,'++ 91';6;2,24. *2,, ;- C-1'? I'++-+ '(,. '==#1 64 ='(5-+4-8 ,2(>+?

3-(=-% p0 +0'#,8 ;- +-,-=4-8 *02,- >--92(5 2( :2(8 4064 40- ,'++ 91';6;2,24. 2+ ;'#(8-8 <1': ;-,'* ;. p 0 only in

overload conditions? G4 +--:+ 1-6+'(6;,- 40-( 4' =0''+- p 0 '( 40- '18-1 '< 0.01 '1 0.001? I'++ 91';6;2,242-+ 2( 402+

16(5- =6( -6+2,. ;- 8-6,4 *240 401'#50 -240-1 1-416(+:2++2'(% 6+ 2( )/A% '1 401'#50 +2:9,- <'1*618 -11'1 ='11-=42'(

='8-+ +#=0 6+ PZZR?

K#99'+- 4064 *- =6( :'8-, 6 ='(5-+4-8 ,2(> 6+ 6( M/M/1/B E#-#-? G( 402+ =6+-% 40- 96=>-4 ,'++ 91';6;2,24.

6+ 6 <#(=42'( '< 40- *'1>,'68 ρ 2+ 52F-( ;.

PB(ρ) =
1 − ρ

1 − ρB+1
ρB.

H0-( B 2+ +-4 4' 20% 6 ,2(> #42,2C642'( '< 90% 2:9,2-+ 6 96=>-4 ,'++ 91';6;2,24. '<

1 − ρ

1 − ρB+1
ρB = 0.01.

3-(=-<'140% *- +-4 p0 2( US)/A 4' 0.01 2( 40- -O9-=4642'( '< :62(462(2(5 6 ;'44,-(-=> ,2(> #42,2C642'( '< 90%?

[



Setting b: )0- ,6+4 9616:-4-1 4' +-4 2+ b? H02,- p0 6<<-=4+ 40- 4615-4 ,2(> #42,2C642'( '< US)/A% b 06+ 6( 2:96=4

'( 24+ +46;2,24. ;-06F2'1? a2((2=':;- PZ`R 06+ +0'*( 4064% 2( 40- ,2:242(5 1-52'( *0-1- E#-#2(5 8-,6.+ 6(8 E#-#-

-:94.2(5 42:-+ 61- +:6,, 2( 1-,642'( 4' 91'965642'( 8-,6.+% 6 +#<!=2-(4 +46;2,24. ='(8242'( 2+ 4' +-4 b ,615-1 406( 40-

E#-#- ;#<<-1 +2C- B? B'4- 4064 402+ 2+ 41#- 2( '#1 =6+- *0-1- *- 61- ='(=-1(-8 *240 40- =6+- '< ,615- =696=242-+

6(8 ='(+46(4 +2C- ;#<<-1+? K2(=- *- 61- ='(+28-12(5 6 !O-8 ;#<<-1 +2C- B = 20% b 2+ 40-( +-4 4' 25 2( '#1 *'1>?

)0-1-<'1- 40- US)/A ='(5-+42'( ='(41', 6,5'1240: 68X#+4+ 40- ='(5-+42'( *2(8'* W +#=0 4064 *240 -F-1.

+#==-++<#, 6=>('*,-85-:-(4

W ← W + 1/25,

6(8 *240 -F-1. 96=>-4 ,'++ -F-(4

W ← W − W/(25 × (2 + 0.01W )).

)0- 6,5'1240: ='(F-15-+ 4' 6( -E#2,2;12#: *240 +4-68.S+464- ='(5-+42'( *2(8'*

W ∗ =
2

p − 0.01
.

M+ +#::61.% L25#1- 1 2,,#+4164-+ '#1 >-. 28-6 2( 8-+25(2(5 40- US)/A ='(5-+42'( ='(41',,-1? )0- !5#1- 51690+ ;'40

)/A 6(8 US)/AJ+ ,2(> #42,2C642'( 6+ 401'#509#4 2(=1-6+-+? G4 6++#:-+ 4064 40- 96=>-4 +2C- 2+ 1000 ;.4-% 40- 1'#(8

4129 42:- 2+ !O-8 64 100ms% 6(8 40- E#-#- ,'++ 91';6;2,24. <',,'*+ 4064 '< 6( M/M/1/B E#-#- *0-1- B = 20?

N;+-1F- 4064 )/AJ+ ,2(> #42,2C642'( E#2=>,. 81'9+ #(8-1 50% 6+ 24+ 401'#509#4 2(=1-6+-+? H0-1-6+ <'1 US)/A% 6+

24+ 401'#509#4 2(=1-6+-+% 40- ,2(> #42,2C642'( ='(F-15-+ 4' 88%% =,'+- 4' 40- ,2(> #42,2C642'( '< 6( M/M/1/B E#-#-

*240 B = 20 6(8 6 96=>-4 ,'++ 91';6;2,24. '< 0.01?

Discussion: h-<'1- 2(41'8#=2(5 40- ='(5-+42'( +25(6,2(5 :-=06(2+: 2( US)/A% ,-4J+ !1+4 82+=#++ +':- '< 40-

2:9,2=642'(+ '( 40- 91'4'=', 8-+25( ;1'#504 '( ;. 40- (-* ='(5-+42'( ='(41', 6,5'1240:? I-4 N 8-('4- 40- (#:;-1

'< 96=>-4 ,'++-+ 2(=#11-8 ;. 40- ='(41',,-1 8#12(5 6 1'#(8 4129 42:-? )0- -O9-=4642'( '< N +642+!-+ 40- <',,'*2(5

2(-E#6,24. *0-( 40- ='((-=42'( 96++-+ 401'#50 6 ='(5-+4-8 ,2(>%

E[N ] ≥ p0W
∗.

G( 96142=#,61% 24 2+ 2:9'146(4 4' ('4- 4064 E[N ] → ∞ 6+ W ∗ → ∞? )02+ 91-+-(4+ =06,,-(5-+ 2( 40- 8-+25( '<

='(5-+42'(S+25(6,2(5 6(8 ,'++S1-='F-1. <'1 699,2=642'(+ 1-E#212(5 1-,26;,- 8646 8-,2F-1.? L21+4% *0-1-6+ =#11-(4 )/A

=6( 1-6=4 4' '(,. '(- ,'++ -F-(4 9-1 1'#(8 4129 42:-% '#1 (-* ='(41',,-1 2+ 1-E#21-8 4' 1-6=4 4' -F-1. ,'++ -F-(4?

K-='(8% *0-1-6+ =#11-(4 )/A =6( '(,. 1-='F-1 6 ;'#(8-8 (#:;-1 '< ,'++-+ 9-1 1'#(8 4129 42:-% 6(. 1-,26;2,24.

:-=06(2+: ='#9,-8 4' US)/A :#+4 06(8,- 6( #(;'#(8-8 (#:;-1 '< ,'++-+ 9-1 1'#(8 4129 42:-? H- *2,, 6881-++

40- ='(5-+42'(S+25(6,2(5 2++#- 2( 40- (-O4 +#;+-=42'( 6(8 40- 1-,26;2,24. 2++#- 2( 40- (-O4 +-=42'(?

e
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Fig. 1. TCP’s link utilization quickly drops under 50% as its throughput increases. Whereas for E-TCP, as its throughput increases,
the link utilization converges to 88%.

B. Congestion signaling

)0- ='(5-+42'(S+25(6,2(5 :-=06(2+: 2( US)/A 2+ ;6+-8 '( 6 +-,-=42F- 6=>('*,-85-:-(4 4-=0(2E#-? M( US)/A

+-(8-1 :62(462(+ 4*' +-E#-(=- (#:;-1+f congestion control sequence number (cc seq) 6(8 congestion control

acknowledged number (cc ack)? )0-+- 61- +-E#-(=- (#:;-1+ 4064 ,6;-, packets 6(8 0-,9 2(<-1 96=>-4 ,'++-+? M4 40-

+4614 '< 6 ='((-=42'(% cc seq 2+ +-4 4' 0 6(8 cc ack 2+ +-4 4' −1? cc seq 2+ 40- #(2E#- +-E#-(=- (#:;-1 '< 40- 8646

96=>-4 4' ;- +-(4? U6=0 42:- 6 8646 96=>-4 2+ +-(4% 40- =#11-(4 F6,#- '< cc seq 2+ =6112-8 ;. 40- 96=>-4 0-68-1 6(8

cc seq 2+ 40-( 2(=1-6+-8 ;. '(-?

H0-(-F-1 40- 1-=-2F-1 1-=-2F-+ 6 8646 96=>-4% 24 5-(-164-+ 6( 6=>('*,-85:-(4 96=>-4? )0- 6=>('*,-85-:-(4

96=>-4 ='(462(+ 40- <',,'*2(5 4*' !-,8+f

• Highest sequence number (h seq)% 402+ 2+ 40- 0250-+4 +-E#-(=- (#:;-1 40- 1-=-2F-1 06+ -F-1 1-=-2F-8d 6(8

• Bitmap% 402+ 2+ 6 32 ;24 ;24:69 ='11-+9'(82(5 4' +-E#-(=- (#:;-1+ <1': h seq-1 4' h seq-32?

G< 6 +-E#-(=- (#:;-1 2+ 1-=-2F-8% 40- ='11-+9'(82(5 ;24 2+ +-4 4' 1% '40-1*2+- 40- ;24 2+ +-4 4' 0 4' 2(82=64- 6 ,'++? )0-

9#19'+- '< 40- Bitmap 2+ 4' 91'F28- 1-8#(86(=. 2( =6+- 40- 6=>('*,-85-:-(4 96=>-4+ 5-4 ,'+4 2( 40- 1-F-1+- 9640? G<

`



2< Tcc ack < h seqW
:6+> j VOV1d cc ;24:69 :6+>
*02,- Tcc ackk1 < h seq S 3ZW

cc +-E? 2( 40- 569 61- 41-64-8 6+ ,'+4
+,'*8'*(TWd
cc ack kkd

2< Th seq S cc ack > ZW
:6+> j :6+> << Th seq S cc ack S ZWd

*02,- Tcc ack < h seqW
2< T:6+> l bitmap ‖ cc ack jj h seqS1W

'9-(=*(8TWd
-,+-

2< Th seq > cc ack k 3W +,'*8'*(TWd
-,+- ;1-6>d

:6+> j :6+> >> 1d
cc ackkkd

Fig. 2. Pseudo code for congestion signaling process in an E-TCP sender

*- 6++#:- 4064 ;'40 <'1*618 6(8 1-F-1+- 9640+ 06F- 6( 2(8-9-(8-(4 h-1('#,,2 96=>-4 ,'++ 91';6;2,24. '< ,-++ 406(

0.05% 6(8 4064 (' 1-'18-12(5 2+ 0699-(2(5% 40- 91';6;2,24. 4064 6 1-=-2F-8 +-E#-(=- (#:;-1 2+ ('4 6=>('*,-85-8 64

40- +-(8-1 =6( ;- 1-8#=-8 4' ,-++ 406( 10−33 ;. 40- 32 ;24 ;24:69?

)0- congestion control acknowledged number (cc ack) 64 40- +-(8-1 -(+#1-+ 4064 40- ='(5-+42'( ='(41',,-1

*2,, 1-+9'(8 4' -6=0 +-E#-(=- (#:;-1 '(=- 6(8 '(,. '(=-? G4 1-='18+ 40- 0250-+4 h seq 4064 40- ='(5-+42'(

='(41',,-1 06+ 1-+9'(8-8 4'? G< 40- +-(8-1 1-=-2F-+ 6( 6=>('*,-85-:-(4 96=>-4 *240 h seq +:6,,-1 406( cc ack%

40- 6=>('*,-85-:-(4 96=>-4 2+ 82+=618-8? N40-1*2+-% 40- ='(5-+42'( ='(41',,-1 1-+9'(8+ 4' -6=0 +-E#-(=- (#:;-1

;-4*--( cc ack 6(8 h seq? G< 40-1- 61- +-12'#+ 96=>-4 ,'++-+ 2( -240-1 40- <'1*618 9640 '1 40- 1-F-1+- 9640% 40-

+-E#-(=- '< 40- (-O4 #(S1-+9'(8-8 +-E#-(=- (#:;-1 cc ack+1 :6. ;- ,-++ 406( h seq-32% *0-1- 32 2+ 40- ,-(540

'< 40- ;24:69? G( 402+ =6+-% 6,, 40- +-E#-(=- (#:;-1+ 2( 40- 569 61- 41-64-8 6+ ,'+4? M(8 2( '18-1 4' 06(8,- 96=>-4

1-'18-12(5 2( 40- (-4*'1>+% 40- ='(5-+42'( ='(41',,-1 *'#,8 ('4 1-+9'(8 4' 6 :2++2(5 +-E#-(=- (#:;-1 s #(42, 24

1-=-2F-+ 6 h seq ,615-1 406( s + 2? G( =6+- h seq 2+ ,-++ 406( s + 2% 40- +-(8-1 *2,, +-4 cc ack 4' s− 1 6(8 *624 <'1

40- (-O4 6=>('*,-85-:-(4 96=>-4 4' ='(42(#- 40- +25(6,2(5 91'=-++? )02+ +25(6,2(5 91'=-++ 2+ ;-+4 8-+=12;-8 #+2(5

40- 9+-#8' ='8- 2( L25#1- Z?

B'4- 4064 2( 40- ='(5-+42'( +25(6,2(5 :-=06(2+:% 40- +-E#-(=- (#:;-1+ 61- ,6;-,+ '< 40- 96=>-4+ 6(8 61- <'1 40-

9#19'+- '< ='(5-+42'( ='(41', '(,.? US)/A *'1>+ <'1 ;'40 #(1-,26;,- 416(+:2++2'( 6(8 1-,26;,- 416(+:2++2'(% 6(8

40- 1-=-2F-1 (--8+ 4' +-(8 6=>('*,-85:-(4+ 4' 40- +-(8-1 2( ;'40 =6+-+? G( 96142=#,61% US)/AJ+ ='(5-+42'( ='(41',

6,5'1240: 8'-+ ('4 -O02;24 +0619 164- =06(5-+% *02=0 :6. :6>- 24 +#246;,- <'1 699,2=642'(+ ,2>- +41-6:2(5 4064 8'(J4

1-E#21- 1-,26;2,24. ;#4 8' 1-E#21- 6 +:''40 +-(82(5 164-? N( 40- '40-1 06(8% 6(. 1-,26;,- 416(+:2++2'( :-=06(2+:

i



4064 ;#2,8+ #9'( US)/A +0'#,8 06F- 24+ '*( 8646 ,6;-,2(5 6(8 ,'+4 2(<-1-(=- :-=06(2+:% 6(8 40- <#(=42'(+ -(+#12(5

1-,26;2,24. +0'#,8 ;- 8-='#9,-8 <1': 40- ='(5-+42'( ='(41', ;-06F2'1?

C. Packet pacing

)0- US)/A ='(5-+42'( ='(41',,-1 2(0-124+ 40- ='(=-94 '< 6 ]='(5-+42'( *2(8'*^? 3'*-F-1% 40- ='(5-+42'( *2(8'*

2+ <'1 40- 9#19'+- '< -+42:642(5 40- 8-,6. ;6(8*2840 91'8#=4 '(,.% 6(8 US)/A 2+ (' ,'(5-1 6 *2(8'*S;6+-8 91'4'=',%

;#4 6 164-S;6+-8 ='(5-+42'( ='(41', 91'4'=',?

G( 6( US)/A ='(5-+42'( ='(41',,-1% 40- 42:- 2(4-1F6, ;-4*--( 6(. 4*' ='(+-=#42F-,. +-(4 8646 96=>-4+ 2+ 5'F-1(-8

;. 6 164-S='(41', 42:-1? UF-1. 42:- 40- 42:-1 5'-+ '<<% 6 96=>-4 2+ +-(4 6(8 40- 42:-1 2+ 1-+-4? )0- 2(4-1F6, '< 40-

164-S='(41', 42:-1 2+ +-4 6=='182(5 4' 6( -O9'(-(426, 82+412;#42'( *240 24+ :-6( d/W ?

)0- 68'942'( '< -O9'(-(426, 96=2(5 2+ :'42F64-8 ;. <621(-++ ='(+28-1642'(+ 6:'(5+4 6 +:6,, (#:;-1 '< ='((-=42'(+

+0612(5 6 ;'44,-(-=>? G( 402+ =6+-% 2< 40- 42:-1 2(4-1F6, 2+ +-4 821-=4,. 4' d/W % 24 =6( ,-68 4' 82<<-1-(4 ,'++

91';6;2,242-+ -O9-12-(=-8 ;. 82<<-1-(4 +-(8-1+? )0-1-<'1-% 82<<-1-(4 +-(8-1+ ='#,8 06F- 82<<-1-(4 +-(82(5 164-% *02=0

=6#+-+ #(<621(-++? UO9'(-(426, 96=2(5 6F'28+ 402+ 91';,-: 6+ 40- 1-+#,42(5 96=>-4 91'=-++ 64 6 ;'44,-(-=> ,2(> 2+

6991'O2:64-,. A'2++'(? UO9'(-(426, 96=2(5 8'-+ ('4 6<<-=4 40- 401'#509#4 '< 40- ='(5-+42'( ='(41',,-1% *02=0 *-

*2,, 8-:'(+4164- 2( '#1 -O9-12:-(46, 1-+#,4+?

Ga? @UIGMhGIG)"

G( 402+ +-=42'(% *- 91-+-(4 6 1-,26;,- 8646 416(+:2++2'( :-=06(2+: 4064 =6( ;- ='#9,-8 *240 US)/A? )0- 9#19'+-

'< ;#2,82(5 6 1-,26;,- 8646 416(+:2++2'( :-=06(2+: 2( 402+ *'1> 2+ 401--<',8? L21+4% *- +0'* 4064 *240 6 +2:9,-

96=>-4 1-416(+:2++2'( 4-=0(2E#-% ,'+4 96=>-4+ 2( 6( US)/A ='((-=42'( =6( ;- 1-='F-1-8 -<<-=42F-,.? K-='(8% *-

8-:'(+4164- 4064 40- 1-,26;,- 8646 416(+:2++2'( :-=06(2+: 2+ =':9,-4-,. 8-='#9,-8 <1': 40- ='(5-+42'( ='(41',

;-06F2'1 '< US)/A? M(8 ,6+4% 402+ 91'F28-+ 6 <621 ;6+- *0-( =':9612(5 *240 '40-1 -O2+42(5 ='(5-+42'( ='(41',

91'4'=',+ 4064 91'F28- 1-,26;2,24.?

M+ *- 06F- +--(% 2( 6( US)/A ='((-=42'(% 40- -O9-=4-8 (#:;-1 '< 96=>-4 ,'++-+ 8#12(5 6 1'#(8 4129 42:-% E[N ]%

+642+!-+

E[N ] ≥ p0W
∗,

*0-1- W ∗ 2+ 40- +4-68. +464- ='(5-+42'( *2(8'*? M+ W ∗ 51'*+ 4' 2(!(24.% E[N ] 5'-+ 4' 2(!(24. 6+ *-,,? )02+

1-91-+-(4+ 6 +=-(612' *0-1- 40- 1-,26;2,24. :-=06(2+: =#11-(4,. -:9,'.-8 2( )/A =6(('4 9-1<'1: *-,,? )/A

9-1<'1:+ 96=>-4 1-416(+:2++2'( '( 1-=-2F2(5 401-- 8#9,2=64- 6=>('*,-85-:-(4+ '1 961426, 6=>('*,-85-:-(4+? M+ 6

='(+-E#-(=-% 24 1-416(+:24+ '(- 96=>-4 9-1 1'#(8 4129 42:-? UF-( 2< +-,-=42F- 6=>('*,-85-:-(4 TKM/bW PZ3RP13RP\R

2+ #+-8% )/A +42,, <6=-+ 40- <6=4 4064 ,'+4 1-416(+:244-8 96=>-4+ 06F- 4' *624 <'1 42:-'#4+ 2( '18-1 4' ;- 1-416(+:244-8

1V



6562(? )02+ *2,, ;- 91';,-:642= 2< 699,2-8 2( 6 1-,26;,- US)/A ='((-=42'(? M+ 40- -O9-=4-8 (#:;-1 '< 96=>-4 ,'++-+

5'-+ 4' 2(!(24.% 40- -O9-=4-8 (#:;-1 '< ,'+4 1-416(+:244-8 96=>-4+ *'#,8 6,+' 5' 4' 2(!(24.?

N#1 1-,26;,- 416(+:2++2'( :-=06(2+: -:9,'.+ 6( -O4-(+2'( '< 40- +-,-=42F- 6=>('*,-85-:-(4 4-=0(2E#-? L21+4%

40- 8646 61- ,6;-,-8 *240 2(=1-6+2(5 +-E#-(=- (#:;-1+% 6(8 -6=0 96=>-4 0-68-1 =6112-+ 40- +-E#-(=- (#:;-1+ '<

40- 8646 2( 40- 96=>-4? )0- 1-=-2F-1 :62(462(+ 6 1-=-2F2(5 ;#<<-1 *0-1- 8646 6112F-8 '#4 '< '18-1 61- +4'1-8? N( 40-

6112F6, '< 6 8646 96=>-4% 40- 1-=-2F-1 5-(-164-+ 6( 6=>('*,-85-:-(4 96=>-4 6(8 1-4#1(+ 24 4' 40- +-(8-1? G( 402+ =6+-%

2( 688242'( 4' 40- 6=>('*,-85-:-(4+ 1-E#21-8 ;. 40- ='(5-+42'( ='(41', :-=06(2+:% 40- 6=>('*,-85-:-(4 96=>-4

2(=,#8-+ 40- <',,'*2(5 401-- -O416 !-,8+f

• Cumulative acknowledgement (CACK)% 402+ 2+ 40- 0250-+4 +-E#-(=- (#:;-1 '< 40- 8646 4064 40- 1-=-2F-1 06+

-F-1 1-=-2F-8 2( '18-1d

• Triggering sequence number (TSN)% 402+ 2+ 40- ,615-+4 +-E#-(=- (#:;-1 '< 40- 8646 2( 40- 96=>-4 4064 41255-1-8

40- 6=>('*,-85-:-(4d 6(8

• Left edge of TSN’s block (LE)% 402+ 2+ 40- +:6,,-+4 +-E#-(=- (#:;-1 +#=0 4064 40- +-E#-(=- (#:;-1+ <1': LE

4' TSN 06F- 6,, ;--( 1-=-2F-8 ;. 40- 1-=-2F-1?

)0- +-(8-1 >--9+ 6 1-416(+:2++2'( E#-#- 4064 ='(462(+ 40- 8646 4064 06F- ;--( +-(4 '#4 ;#4 06F-(J4 ;--(

6=>('*,-85-8? )0- 1-416(+:2++2'( E#-#- 2+ 82F28-8 2(4' +-5:-(4+ 6=='182(5 4' 40- (#:;-1 '< 42:-+ 40- 8646

2( -6=0 +-5:-(4 06F- ;--( 1-416(+:244-8? N( 40- 6112F6, '< 6( 6=>('*,-85-:-(4 96=>-4% 40- +-(8-1 !1+4 #9864-+

40- 1-416(+:2++2'( E#-#- *240 40- 6=>('*,-85-:-(4+ 2( 40- 96=>-4? )0-( 24 2(<-1+ 96=>-4 ,'++-+ 6=='182(5 4' 40-

41255-12(5 +-E#-(=- (#:;-1 T)KBW 6(8 24+ 9'+242'( 2( 40- 1-416(+:2++2'( E#-#-? M+ 40- 1-416(+:2++2'( E#-#- 2+

82F28-8 2(4' +-5:-(4+ 4064 1-462( 40- 8646 1-416(+:2++2'( 2(<'1:642'(% ,'+4 1-416(+:244-8 96=>-4+ =6( ;- 2(<-11-8

2( 402+ *6.? )0- 8646 2(<-11-8 6+ ,'+4 61- 40-( 1-416(+:244-8% 6(8 40- 1-416(+:2++2'( E#-#- +-5:-(4+ 61- #9864-8

6=='182(5,.? M 1-416(+:2++2'( 42:-1 2+ 6,+' :62(462(-8 <'1 40- +:6,,-+4 +-E#-(=- (#:;-1 2( 40- 1-416(+:2++2'(

E#-#-? H0-(-F-1 40- 42:-1 5'-+ '<<% 40- 8646 *240 40- +:6,,-+4 +-E#-(=- (#:;-1 2( 40- 1-416(+:2++2'( E#-#- 61-

1-416(+:244-8 6(8 40- 42:-1 2+ 1-+-4 4' 40- -+42:64-8 1'#(8 4129 42:-?

)0- 1-,26;,- 416(+:2++2'( :-=06(2+: -<<-=42F-,. 1-='F-1+ 96=>-4 ,'++-+ 4064 '==#1 2( 6( US)/A ='((-=42'(? G(

'#1 -O9-12:-(46, 1-+#,4+% =':9612+'(+ ;-4*--( US)/A 6(8 '40-1 F6126(4+ '< )/A 61- ;6+-8 '( 40- 5''89#4 +--( 64

40- 699,2=642'( ,6.-1% *02=0 :6>-+ 40- =':9612+'( <621?

G( 402+ 1-,26;2,24. :-=06(2+:% 40- +-4 '< +-E#-(=- (#:;-1+ ,6;-,2(5 40- 8646 2+ 2(8-9-(8-(4 '< 40- ='(5-+42'(

='(41', +-E#-(=- (#:;-1+ 4064 ,6;-, 40- 96=>-4+? G( 688242'(% 40- +-(82(5 42:-+ '< 6,, 8646 96=>-4+% 2(=,#82(5

40- 1-416(+:244-8 96=>-4+% 61- 5'F-1(-8 ;. 40- ='(5-+42'( ='(41', :-=06(2+:? M+ 6 ='(+-E#-(=-% 40- 1-,26;2,24.

:-=06(2+: '9-164-+ =':9,-4-,. 2(8-9-(8-(4 '< 40- ='(5-+42'( ='(41', 6,5'1240:?
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U!)/A K-(8-1

:'8#,-

='(5-+42'(
416(+:2++2'(

:'8#,-

96=>-4

1-,26;2,24.
:'8#,-

1-,26;2,24.
:'8#,-

96=>-4+

1-416(+:244-8
6(8

96=>-4+

6=>('*,-85-:-(4 96=>-4+

6=>('*,-85-:-(4
:'8#,-

='(5-+42'( ='(41',

U!)/A @-=-2F-1

='(41',

Fig. 3. E-TCP sender and E-TCP receiver in ns-2

a? G_AIU_UB)M)GNB

H- 06F- 2:9,-:-(4-8 40- US)/A 91'4'=', 2( 40- 96=>-4 ,-F-, (-4*'1> +2:#,64'1 (+SZ PZR? )0- 2:9,-:-(4642'(

2(4-5164-+ 40- ='(5-+42'( ='(41', 6,5'1240: 8-+=12;-8 2( K-=42'( GGG 6(8 40- 1-,26;2,24. :-=06(2+: 8-+=12;-8 2(

K-=42'( Ga? G4 6,+' 2(='19'164-+ 916=42=6, <#(=42'(+ +#=0 6+ +,'* +4614 6(8 1'#(8 4129 42:- -+42:642'(? U6=0 US)/A

='((-=42'( ='(+2+4+ '< 4*' -(8 0'+4 65-(4+f 6( US)/A +-(8-1 6(8 6( US)/A 1-=-2F-1? h'40 40- +-(8-1 6(8 40-

1-=-2F-1 61- 416(+9'14642'( ,6.-1 65-(4+ 4064 ,2- ;-4*--( 40- 699,2=642'( ,6.-1 6(8 40- ,2(> ,6.-1? L25#1- 3 +0'*+ 40-

+41#=4#1- '< 40- US)/A +-(8-1 6(8 40- US)/A 1-=-2F-1 2( (+SZ?

A. E-TCP sender

)0- US)/A +-(8-1 ='(+2+4+ '< 6 96=>-4 416(+:2++2'( :'8#,-% 6 ='(5-+42'( ='(41', :'8#,-% 6(8 6 1-,26;,-

416(+:2++2'( :'8#,- *0-( 1-,26;,- 8646 8-,2F-1. 2+ 1-E#21-8?

Packet transmission module: )0- 96=>-4 416(+:2++2'( :'8#,- +=0-8#,-+ 40- +-(82(5 42:- '< 6,, 8646 96=>-4+ +-(4

<1': 6( US)/A +-(8-1% 2(=,#82(5 40- 1-416(+:244-8 96=>-4+ 2( =6+- 1-,26;,- 8646 8-,2F-1. 2+ 1-E#21-8? G4 :62(462(+

6 164-S='(41', 42:-1 4064 ='(41',+ 40- +-(82(5 2(4-1F6, ;-4*--( 4*' ='(+-=#42F-,. +-(4 96=>-4+? )0- 2(4-1F6, ,-(540+

61- +-4 6=='182(5 4' 6( -O9'(-(426, 82+412;#42'( *240 :-6( τr/W ? τr 2+ 40- -+42:64-8 1'#(8 4129 42:- 6(8 W 2+

40- =#11-(4 ='(5-+42'( *2(8'*% ;'40 '< *02=0 61- 91'F28-8 ;. 40- ='(5-+42'( ='(41', :'8#,-? H0-(-F-1 40- 42:-1

5'-+ '<<% 6 96=>-4 2+ +-(4 6(8 40- 42:-1 2+ 1-+-4? G( 40- =#11-(4 '9-1642(5 +.+4-:+% 40-1- 2+ '<4-( 6 :2(2:#: 42:-1

516(#,6124.? 3'* 4' 2:9,-:-(4 40- 42:-1 2( 1-6, '9-1642(5 +.+4-:+ 2( 6 0250 ;6(8*2840 (-4*'1> 2+ 6( 2++#- '#4 '<

40- +='9- '< 402+ 969-1?

Congestion control module: )0- ='(5-+42'( ='(41', :'8#,- 8-4-1:2(-+ 40- =#11-(4 +-(82(5 164- '< US)/A ;.

-+42:642(5 40- 1'#(8 4129 42:- τr 6(8 8-4-1:2(2(5 40- ='(5-+42'( *2(8'* W ? )0- -+42:642'( '< 40- 1'#(8 4129 42:-
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2(0-124+ 40- 6,5'1240: #+-8 2( )/A% *02=0 2+ 6( -O9'(-(426, *-2504-8 :'F2(5 6F-165- TUH_MW '< 40- +6:9,-8

1'#(8 4129 42:-+? M,+' +2:2,61 4' )/A% 40- 68X#+4:-(4 4' 40- ='(5-+42'( *2(8'* 2( US)/A 06+ 4*' 906+-+f 40- +,'*

+4614 906+- 6(8 40- ='(5-+42'( 6F'286(=- 906+-?

)0- +,'* +4614 906+- 2+ 4' 6==-,-164- 40- ='(5-+42'( *2(8'* 4' 40- -E#2,2;12#: +464- X#+4 6<4-1 40- ='((-=42'(

-+46;,2+0-+? &#12(5 +,'* +4614% -F-1. +#==-++<#, 6=>('*,-85-:-(4 2(=1-6+-+ 40- ='(5-+42'( *2(8'* ;. 1? N(

8-4-=42(5 40- !1+4 96=>-4 ,'++% US)/A 06,F-+ 24+ ='(5-+42'( *2(8'*? G( 40- =6+- 4064 6 +2(5,- US)/A ='((-=42'(

5'-+ 401'#50 40- 9640% 402+ ;12(5+ 40- ='(5-+42'( *2(8'* 4' 40- 8-,6. ;6(8*2840 91'8#=4 '< 40- 9640? K,'* +4614

2+ #+#6,,. <',,'*-8 ;. :6(. 96=>-4 ,'++-+ 8#- 4' 24+ -O=-++2F- *2(8'* 2(=1-:-(4 6(8 40- ='(5-+42'( ='(41',,-1

+0'#,8 ('4 1-+9'(8 4' 6,, '< 40-:? )0-1-<'1-% ,-4 s ;- 40- 0250-+4 +-E#-(=- (#:;-1 40- +-(8-1 06+ -F-1 +-(4 64

40- 42:- '< 8-4-=42(5 40- !1+4 96=>-4 ,'++% US)/A 40-( >--9+ 40- ='(5-+42'( *2(8'* #(=06(5-8 #(42, 24 1-=-2F-+

6=>('*,-85-:-(4 96=>-4+ 41255-1-8 ;. 96=>-4+ *240 +-E#-(=- (#:;-1+ ,615-1 406( s? M<4-1 402+% US)/A -(4-1+ 40-

='(5-+42'( 6F'286(=- 906+-% *0-1- 40- ='(5-+42'( *2(8'* 2+ 68X#+4-8 #+2(5 40- 6,5'1240: 8-!(-8 2( K-=42'( GGG?

Reliable transmission module: )0- 1-,26;,- 416(+:2++2'( :'8#,- 2:9,-:-(4+ 40- 1-,26;,- 8646 416(+:2++2'(

:-=06(2+: 8-+=12;-8 2( K-=42'( Ga? M,, 40- 1-416(+:244-8 96=>-4+ 5-(-164-8 ;. 40- 1-,26;,- 416(+:2++2'( :'8#,-

61- 96++-8 4' 40- 96=>-4 416(+:2++2'( :'8#,-% *0-1- 40-. 61- !1+4 ;#<<-1-8 6(8 40-( +-(4 '#4 2( 6 164- 5'F-1(-8 ;.

40- ='(5-+42'( ='(41', :'8#,-? )0- 1-,26;,- 416(+:2++2'( :'8#,- 2+ #+-8 '(,. *0-( 1-,26;2,24. 2+ 1-E#21-8?

B. E-TCP receiver

)0- US)/A 1-=-2F-1 ='(+2+4+ '< 6 ='(5-+42'( ='(41', 6=>('*,-85-:-(4 :'8#,- 6(8 6 1-,26;2,24. :'8#,- *0-(

1-,26;,- 8646 8-,2F-1. 2+ 1-E#21-8?

Congestion control acknowledgement module: )0- ='(5-+42'( ='(41', 6=>('*,-85-:-(4 :'8#,- 5-(-164-+ 6=S

>('*,-85-:-(4 96=>-4+ <'1 40- 9#19'+- '< ='(5-+42'( ='(41',? K2(=- 24 (--8+ 4' !,, 40- 32 ;24 ;24:69 !-,8 2( 40-

6=>('*,-85-:-(4 96=>-4% 6 !O-8 +2C- ;#<<-1 2+ :62(462(-8 ='11-+9'(82(5,.?

G< 1-,26;,- 8646 8-,2F-1. 2+ 1-E#21-8% ;'40 40- 6112F-8 96=>-4 6(8 40- 6=>('*,-85-:-(4 96=>-4 61- 96++-8 4' 40-

1-,26;2,24. :'8#,-? N40-1*2+-% 40- ='(5-+42'( ='(41', 6=>('*,-85-:-(4 :'8#,- X#+4 96++-+ 40- 6112F-8 96=>-4 4'

40- 699,2=642'( 6(8 1-4#1(+ 40- 6=>('*,-85-:-(4 96=>-4 4' 40- +-(8-1?

Reliability module: )0- 1-,26;2,24. :'8#,- :62(462(+ 6 1-=-2F2(5 ;#<<-1 *0-1- 8646 6112F2(5 '#4 '< '18-1 61- +4'1-8?

N( 1-=-2F2(5 8646 96=>-4+ 6(8 6=>('*,-85-:-(4 96=>-4+ <1': 40- ='(5-+42'( ='(41', 6=>('*,-85-:-(4 :'8#,-% 24

96++-+ 8646 4064 06F- 6112F-8 2( '18-1 4' 40- 699,2=642'(% 6(8 2(='19'164-+ 8646 6=>('*,-85-:-(4+ 8-!(-8 2( K-=42'(

Ga 2( 40- 6=>('*,-85-:-(4 96=>-4+ ;-<'1- 40-. 61- 1-4#1(-8 4' 40- +-(8-1?
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Fig. 4. The dumbbell topology

aG? UnAU@G_UB)MI @UKDI)K

H- 06F- 9-1<'1:-8 (#:-1'#+ -O9-12:-(4+ 4' +4#8. 40- ;-06F2'1 6(8 9-1<'1:6(=- '< US)/A? G( 402+ +-=42'(% *-

91-+-(4 6 +#;+-4 '< 40- -O9-12:-(46, 1-+#,4+ 4' 8-:'(+4164- 40- 91'9-142-+ '< US)/A 6(8 24+ 9-1<'1:6(=- 2( +:6,,

;#<<-1 0250 ;6(8*2840 (-4*'1>+? N#1 -O9-12:-(4+ -:906+2C- 40- <',,'*2(5 401-- ='(=,#+2'(+f

• US)/A :62(462(+ 0250 #42,2C642'( '< 40- ,2(> ;6(8*2840 6(8 '#49-1<'1:+ '40-1 91'4'=',+ *0-( 40- 8-,6.

;6(8*2840 91'8#=4 2+ ,615-? G( 6,, '#1 -O9-12:-(4+% US)/A :62(462(+ 6,:'+4 ='(+46(4 0250 ,2(> #42,2C642'(

2(8-9-(8-(4 '< 40- 2(=1-6+2(5 ;'44,-(-=> ;6(8*2840?

• US)/A 2+ +46;,-? US)/A 1-6=0-+ 40- 91-8-!(-8 -E#2,2;12#: +464-+ 6(8 -O02;24+ +46;,- ;-06F2'1+ 2( 6,, 40-

(-4*'1> +-442(5+ =6112-8 '#4 2( '#1 -O9-12:-(4+?

• US)/A 91-+-1F-+ <621(-++ 6:'(5 :#,429,- ='((-=42'(+? _#,429,- US)/A ='((-=42'(+ +0612(5 6 ;'44,-(-=> ,2(>

*2,, ='(F-15- 4' 6 <621 +464-? )0- ='(F-15-(=- 164- 8-9-(8+ '( 40- (-4*'1> ;6(8*2840 6(8 40- 1'#(8 4129 8-,6.?

H- 6,+' 91-+-(4 -O9-12:-(46, 1-+#,4+ *0-1- US)/AJ+ 9-1<'1:6(=- 2+ +4#82-8 #(8-1 F612'#+ (-4*'1> +-442(5+ +#=0

6+ :#,429,- ;'44,-(-=>+% ,'++. 1-F-1+- 9640+% 6(8 !(24- "'*+? G( 6,, 40-+- -O9-12:-(4+% US)/A -O02;24+ (2=- 6(8

+46;,- ;-06F2'1?

A. Experiment setup

)0- -O9-12:-(4+ 61- 9-1<'1:-8 #+2(5 40- 96=>-4 ,-F-, (-4*'1> +2:#,64'1 (+SZ -O4-(8-8 *240 40- US)/A :'8#,-

6+ 8-+=12;-8 2( K-=42'( a?

_'+4 '< 40- -O9-12:-(4+ #+- 40- 8#:;;-,, 4'9','5. +0'*( 2( L25#1- Y? )0-1- 2+ 6 +2(5,- ;'44,-(-=> ,2(> 2(

40- 4'9','5.? )0- ;#<<-1 64 40- ;'44,-(-=> ,2(> 2+ +-4 4' 20 2( #(24 '< 96=>-4+ 6(8 6 drop-tail E#-#- :6(65-:-(4

+=0-:- 2+ 699,2-8? U6=0 +'#1=- '1 +2(> ='((-=4+ 4' 40- ;'44,-(-=> ,2(> 401'#50 6 #(2E#- -85- ,2(>? )0- -85- ,2(>+

61- 6++25(-8 6 ;6(8*2840 '< 100Gbps% 6 91'965642'( 8-,6. '< 5ms 6(8 6 E#-#- +2C- '< 1000 96=>-4+? D(,-++

+9-=2!-8 '40-1*2+-% 40- 1-68-1 +0'#,8 6++#:- 40- 6;'F- 4'9','5. 6(8 9616:-4-1 +-442(5+? N#1 -O9-12:-(4+ ='F-1

40- ;'44,-(-=> ,2(> =696=242-+ 16(52(5 <1': 100kbps 4' 5Gbps% 6(8 40- 1'#(8 4129 91'965642'( 8-,6. 16(52(5 <1':

50ms 4' 200ms?

H- 92=> 40- <',,'*2(5 F6126(4+ '< )/A 6(8 +4#8. 40-21 9-1<'1:6(=- 2( 6 +:6,, ;#<<-1 -(F21'(:-(4 6+ 6 =':9612+'(f

• TCP NewReno: H- #+- 40- 8-<6#,4 )/A B-*@-(' 2:9,-:-(4642'( 2( (+SZ?

1Y



• HSTCP: 3K)/A 06+ ;--( 2:9,-:-(4-8 2( (+SZ? H- #+- TCP/SACK1 6(8 +-4 )/A windowOption 4' 8?

)0- :'82!-8 +,'*S+4614 2+ 6,+' #+-8 ;. +-442(5 max ssthresh 4' 100?

• STCP: H- #+- 6( 2:9,-:-(4642'( '< K)/A ';462(-8 <1': B'140 /61',2(6 K464- D(2F-1+24. P1R? G( 40- -O9-12S

:-(4+% *- +-4 )/A max ssthresh 4' 100?

• FAST: H- #+- 6( 2:9,-:-(4642'( '< LMK) <1': 40- /DhGB ,6;'164'1. T/DhGB,6;W PiR? M=='182(5 4' 40-

6#40'1J+ 1-='::-(8642'(% *- +-4 α 4' 1000 +' 4064 α/C 2+ 64 ,-6+4 5 42:-+ 51-64-1 406( mi threshold ? 3-1-%

C 2+ 40- 8-,6. ;6(8*2840 91'8#=4 6(8 mi threshold 2+ +-4 4' 0.00075% 40- 8-<6#,4 F6,#- 52F-( ;. 40- 6#40'1?

• TCP NewReno with packet pacing: h. #+2(5 96=>-4 96=2(5% *- :6>- +#1- 4064 40- :2(2:#: 42:- 2(4-1F6,

;-4*--( 4*' ='(+-=#42F-,. '#45'2(5 96=>-4+ 2+ ,615-1 406( 40- -+42:64-8 1'#(8 4129 42:- 82F28-8 ;. 40- =#11-(4

='(5-+42'( *2(8'* +2C-? N40-1*2+-% 6 ='11-+9'(82(5 8-,6. 2+ 688-8 ;-4*--( 40- +-(82(5 42:-+ '< 40- 4*'

96=>-4+?

G( 6,, 40- -O9-12:-(4+% *- +-4 40- )/A *2(8'* ,2:24 4' ;- 10, 000, 000% *02=0 2+ +25(2!=6(4,. ,615-1 406( 40-

8-,6. ;6(8*2840 91'8#=4 '< 6(. 9640 2( 40- -O9-12:-(4+? M,, US)/A ='((-=42'(+ 91-+-(4-8 2( 402+ +-=42'( 91'F28-

1-,26;,- 8646 8-,2F-1.?

B. Single connection single bottleneck

)02+ +-4 '< -O9-12:-(4+ +2:#,64-+ =6+-+ *0-1- 40-1- 2+ '(- +2(5,- US)/A ='((-=42'( 5'2(5 401'#50 40- ;'44,-(-=>

,2(>? )0- -O9-12:-(4+ #+- 40- 8#:;;-,, 4'9','5. 8-+=12;-8 2( 40- 91-F2'#+ +#;+-=42'(? H- F61. 40- ;'44,-(-=> ,2(>

;6(8*2840 <1': 100kbps 4' 5Gbps 6(8 +-4 40- 1'#(8 4129 91'965642'( 8-,6. 4' 50ms% 100ms% 6(8 200ms? U6=0

-O9-12:-(4 +2:#,64-+ 6 8#1642'( '< 300 +-='(8+?

System dynamics: H- !1+4 ,''> 64 40- +.+4-: 8.(6:2=+ 2( '(- '< 40- -O9-12:-(4+? G( 402+ -O9-12:-(4% 40-

;'44,-(-=> ;6(8*2840 2+ +-4 4' 1Gbps 6(8 40- 1'#(8 4129 91'965642'( 8-,6. 100ms? M+ 40- 40- 8646 96=>-4 +2C-

2( 40- -O9-12:-(4 2+ 1040 ;.4-+% 402+ 52F-+ 6 8-,6. ;6(8*2840 91'8#=4 '< 12020 96=>-4+? L1': K-=42'( GGG% *-

*'#,8 40-( -O9-=4 4064 40- ='(5-+42'( *2(8'* +46;2,2C-+ 61'#(8 12020 6(8 40- ;'44,-(-=> ,'++ 164- +46;2,2C-+ 64

p = p0 + 2
w ≈ 0.0102% *02=0 2+ 6 ,244,- 6;'F- 40- 4615-4 ,'++ 164- p0 = 0.01? L25#1- \ 51690+ 40- +6:9,- 9640 '<

40- ='(5-+42'( *2(8'*% 40- ;'44,-(-=> E#-#- ,-(540 6(8 40- ;'44,-(-=> ,2(> ,'++ 164- 6F-165-8 'F-1 -F-1. 10ms? G(

L25#1- \ T=W% *- 6,+' 9,'4 40- =#:#,642F- 96=>-4 ,'++ 164- *02=0 2+ 40- 1642' '< 40- =#:#,642F- ,'+4 96=>-4+ 82F28-8

;. 40- =#:#,642F- 2(=':2(5 96=>-4+ 64 40- ;'44,-(-=> ,2(>? )0- !5#1- 2+ -O6=4,. *064 *- -O9-=4-8f )0- ='(5-+42'(

*2(8'* '< US)/A +46;2,2C-+ 64 6( -E#2,2;12#: =,'+- 4' 12020 6(8 40- ;'44,-(-=> 96=>-4 ,'++ 164- 6 ,244,- 6;'F- 40-

4615-4 ,'++ 164- p0 = 0.01?
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Fig. 5. The congestion window of E-TCP stabilizes at an equilibrium close to 12020 and the bottleneck packet loss rate a little
above the target loss rate p0 = 0.01.
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Fig. 6. E-TCP maintains high link utilization as the bottleneck bandwidth increases while the link utilizations of other protocols
decrease.
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Fig. 7. E-TCP remains stable in the case of multiple connections. The congestion window of each connection stabilizes at 240 and
the packet loss rate at 0.018.
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Fig. 9. E-TCP converges to a fair state among all the connections. And as the bottleneck bandwidth and the round trip propagation
delay increases, the convergence time to the fair state becomes longer, which is determined in part by the per packet response
nature of end-to-end congestion control protocols.
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Fig. 10. E-TCP connections with different round trip times maintain the system in a stable state and the congestion windows of
all connections converge to the same size, which is determined by the packet loss probability of the bottleneck link.
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Fig. 11. E-TCP responses to newly created connections and converges to an equilibrium where fairness is preserved. This figure
shows the experimental results when the round trip propagation delay is set to 50ms.
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Fig. 12. E-TCP responses to newly created connections and converges to an equilibrium where fairness is preserved. As the delay
bandwidth product increases, the convergence to the new equilibrium takes longer time. This figure shows the experimental results
when the round trip propagation delay is set to 100ms.
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Fig. 14. When E-TCP connections go through multiple bottlenecks, they can still get to a stable state.
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Fig. 16. Complementary cumulative distribution of sizes of HTTP responses. For simulations with OC-3 link and OC-12 link, we
multiply these object sizes by some factors.
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G< *- 6++#:- 4064 40- ;'44,-(-=> 1'#4-1 06+ 6 =696=24. '< C % 6 ;#<<-1 +2C- '< B% 6(8 40- 96=>-4 ,'++ 91';6;2,24.

+642+<.2(5

p = (
x

C

)B
,

*0-1- x 2+ 40- 416<!= ,'68% *- 06F- <'1 40- *2(8'* ;6+-8 US)/A =6+-

(x∗)B+1

CB
− x∗p0 =

2
τr

H02,- <'1 40- 164- ;6+-8 US)/A =6+- #(8-1 40- +6:- 6++#:942'(% *- 06F-

(x∗)B+1

CB
− x∗p0 = 2.

/':9612(5 40- 6;'F- 4*' -E#642'(+% 40- *2(8'* ;6+-8 US)/A '<<-1+ 6 0250-1 +-(82(5 164- 2( =6+-+ *0-( 40- 1'#(8

4129 42:- τr < 1% *02,- 40- 164- ;6+-8 US)/A '<<-1+ 6 0250-1 +-(82(5 164- 2( =6+-+ *0-( 40- 1'#(8 4129 42:- τ r > 1?

3'*-F-1% 402+ 82<<-1-(=- *'#,8 ;- (-5,252;,- *0-( 40- ;'44,-(-=> ;6(8*2840 2+ 0250 -('#50? M,+' <'1 40- *2(8'*

;6+-8 +=0-:-% 'F-1-+42:642(5 40- 1'#(8 4129 42:- =6#+-+ 40- *2(8'* ;6+-8 US)/A :-=06(2+: 52F- 6 +:6,,-1 164-%

*02=0 +,2504,. 8-=1-6+-+ 40- ,2(> #42,2C642'(? NF-1-+42:642(5 40- 1'#(8 4129 42:- 2( 40- 164- ;6+-8 +=0-:- *'#,8

('4 =06(5- 40- +-(82(5 164- 64 40- -E#2,2;12#: 6(8 :62(462( 40- ,2(> #42,2C642'(? h-+28-+% *- 06F- +0'*( 4064 40-

164- ;6+-8 ='(5-+42'( ='(41', '<<-1+ @))S<12-(8,.(-++?

G( +#::61.% *- +-- 4064 <'1 ;'40 40- *2(8'* ;6+-8 US)/A 6(8 40- 164- ;6+-8 US)/A% 'F-1-+42:642(5 40- 1'#(8

4129 42:- 2+ +6<-1 406( #(8-1-+42:642(5 24 2( 4-1:+ '< (-4*'1> +46;2,24.? L'1 6 +:6,, ;6(8*2840 (-4*'1>% 40- *2(8'*

;6+-8 US)/A ='(5-+42'( ='(41', 2+ 91-<-16;,- 2( =6+-+ '< +:6,, 1'#(8 4129 42:-+ T,-++ 406( 1 +-='(8W% *02,- 40- 164-

;6+-8 US)/A ='(5-+42'( ='(41', 2+ 91-<-16;,- 2( =6+- '< 6 ,'(5 1'#(8 4129 42:- -(F21'(:-(4? G( 6 0250 ;6(8*2840

(-4*'1>% ;'40 40- *2(8'* ;6+-8 US)/A 6(8 40- 164- ;6+-8 US)/A *2,, *'1> !(-? 3'*-F-1% *0-( @))S<12-(8,.(-++

2+ 91-<-11-8% 164- ;6+-8 US)/A +0'#,8 ;- #+-8?
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C. Experimental results

G( 402+ +#;+-=42'(% *- 61- 5'2(5 4' 91-+-(4 +':- '< 40- -O9-12:-(46, 1-+#,4+ #+2(5 40- 164- ;6+-8 US)/A ='(5-+42'(

='(41', :-=06(2+:? )01'#50 40-+- -O9-12:-(4+% *- +-- 4064

• )0- 164- ;6+-8 US)/A 2+ @)) <12-(8,. 6(8 :62(462(+ 40- +.+4-: +46;,- 2( (-4*'1>+ *0-1- 82<<-1-(4 ='((-=42'(+

06F- F612'#+ 1'#(8 4129 42:-+d

• 40- 164- ;6+-8 US)/A :6>-+ 0250 #42,2C642'( '< 40- ,2(> ;6(8*2840 6(8 :62(462(+ 40- +.+4-: +46;,- 2( (-4*'1>+

*240 6 +2(5,- ;'44,-(-=>d

• 6(8 40- 164- ;6+-8 US)/A :6>-+ 0250 #42,2C642'( '< 40- ,2(> ;6(8*2840 6(8 :62(462(+ 40- +.+4-: +46;,- 2(

(-4*'1>+ *240 :#,429,- ;'44,-(-=>+?

1) Heterogeneous RTT: H- !1+4 1-8' 40- 0-4-1'5-(-'#+ @)) -O9-12:-(4+ =6112-8 2( +-=42'( aGS&? M,, 40- +-442(5+

61- 40- +6:- 6+ #+-8 ;-<'1- -O=-94 4064 *- 61- #+2(5 40- 164- ;6-8 US)/A ='(41',,-1 2( 402+ -O9-12:-(4? L25#1-

1` 51690+ 40- +6:9,- 9640+ '< 40- +-(82(5 164-+ '< 401-- +-,-=4-8 US)/A ='((-=42'(+% 40- +6:- 6+ 40'+- 2( +-=42'(

aGS&? )0- 1'#(8 4129 91'965642'( 8-,6. '< 40- 401-- +-,-=4-8 ='((-=42'(+ 61- 50ms% 100ms 6(8 200ms 1-+9-=42F-,.?

)0- -O9-12:-(46, 1-+#,4+ 2,,#+4164- 4064 40- 164- ;6+-8 US)/A ='((-=42'(+ *240 82<<-1-(4 1'#(8 4129 42:-+ :62(462(

40- +.+4-: 2( 6 +46;,- +464-? )0- +-(82(5 164-+ '< 6,, ='((-=42'(+ ='(F-15- 4' 40- +6:- +9--8 8-4-1:2(-8 ;. 40-

96=>-4 ,'++ 91';6;2,24. '< 40- ;'44,-(-=> ,2(>? )02+ 8-:'(+4164-+ 4064 40- 164- ;6+-8 US)/A 2+ @))S<12-(8,.?

2) Single connection single bottleneck: B'* *- +4#8. 40- ,2(> #42,2C642'( '< 40- 164- ;6+-8 US)/A ='(41',,-1 2(

(-4*'1>+ *240 6 +2(5,- ;'44,-(-=>? H- 1-8' 40- +-4 '< +2(5,- ='((-=42'( +2(5,- ;'44,-(-=> +2:#,642'(+ 9-1<'1:-8 2(

K-=42'( aGSh? H- #+- 40- +2(5,- ;'44,-(-=> 4'9','5. 8-+=12;-8 2( L25#1- Y? H- 40-( F61. 40- ;'44,-(-=> ;6(8*2840

6+ *-,, 6+ 40- 1'#(8 4129 91'965642'( 8-,6.?

M+ ;-<'1-% *- !1+4 =611. '#4 6 =6+- +4#8. *0-1- 40- ;'44,-(-=> ;6(8*2840 2+ +-4 4' 1Gbps 6(8 40- 1'#(8 4129

91'965642'( 8-,6. 2+ +-4 4' 100ms? H- -O9-=4 40- +-(82(5 164- 4' ;- +46;,- 64 120200 96=>-4+ 9-1 +-='(8 6(8 40-

96=>-4 ,'++ 164- 6 ,244,- 6;'F- 0.01? L25#1- 1i 8-:'(+4164-+ 40- -O9-12:-(46, 1-+#,4+? H- =6( +-- 4064 40- +-(82(5

164- '< 40- 164- ;6+-8 US)/A +46;2,2C-+ 64 6( -E#2,2;12#: =,'+- 4' 120200 96=>-4+ 9-1 +-='(8 6(8 40- ;'44,-(-=>

96=>-4 ,'++ 164- 6 ,244,- 6;'F- 40- 4615-4 ,'++ 164- p0 = 0.01% *02=0 :64=0-+ '#1 -O9-=4642'(?

H- +4#8. ,2(> #42,2C642'( '< 40- 164- ;6+-8 US)/A #(8-1 82<<-1-(4 -O9-12:-(46, +-442(5+ *240 F612'#+ ;'44,-(-=>

;6(8*2840 6(8 1'#(8 4129 42:-+? L25#1- ZV 51690+ 40- ,2(> #42,2C642'( '< 164- ;6+-8 US)/A ='(5-+42'( ='(41',,-1? G4

6,+' 9,'4+ 40- ,2(> #42,2C642'( '< 40- *2(8'* ;6+-8 US)/A ='(5-+42'( ='(41',,-1? M+ *- 91-82=4-8% 40- ,2(> #42,2C642'(

'< 164- ;6+-8 US)/A ='(5-+42'( ='(41',,-1 2+ +:6,,-1 406( 40- *2(8'* ;6+-8 US)/A ='(5-+42'( ='(41',,-1 2( +:6,,

;'44,-(-=> ;6(8*2840 (-4*'1>+? M(8 *- 6,+' +-- 4064 6+ 40- (-4*'1> ;6(8*2840 2(=1-6+-+% 40- 164- ;6+-8 US)/A

06+ +2:2,61 ,2(> #42,C642'( 6+ 4064 '< 40- *2(8'* ;6+-8 US)/A?
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Fig. 18. Rate based E-TCP congestion control is RTT-friendly and maintains the system stable when different connections have
various round trip time.
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Fig. 19. The sending rate of the rate based E-TCP stabilizes at an equilibrium close to 120200 packets per second and the
bottleneck packet loss rate a little above the target loss rate p0 = 0.01.
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Fig. 20. The link utilization of rate based E-TCP congestion controller is smaller than the window based E-TCP congestion
controller in small bottleneck bandwidth networks. And we also see that as the network bandwidth increases, the rate based E-TCP
has similar link utilzation as that of the window based E-TCP.
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3) Multiple bottlenecks: H- 1-8' 40- :#,429,- ;'44,-(-=> -O9-12:-(4 =6112-8 2( K-=42'( aGSL #(8-1 40- +6:-

4'9','5. 8-+=12;-8 2( L25#1- 13 6(8 40- +6:- -O9-12:-(46, +-442(5+? L25#1- Z1 8-:'(+4164-+ 40- -O9-12:-(46,

1-+#,4+ #+2(5 164- ;6+-8 US)/A ='(5-+42'( ='(41',,-1+? h'40 40- +-(82(5 164- 8.(6:2=+ 6(8 40- 96=>-4 ,'++ 164-

+-12-+ ='(!1: 4064 40- +.+4-: 06+ 6112F-8 64 6 +46;,- +464-?

aGGG? GB/@U_UB)MI &UAIN"_UB)

G( 402+ +-=42'(% *- +4#8. 40- 2++#- '< 8-9,'.2(5 US)/A 2( 40- =#11-(4 G(4-1(-4% *02=0 ='(+2+4+ '< 1'#4-1+ *240 ,615-

;#<<-1+? H- +0'* ;. +2:#,642'( 4064 40- +46;2,24. =124-12'( 2( a2((2=':;-J+ *'1> PZ`R 2+ +42,, 6 +#<!=2-(4 ='(8242'(

<'1 US)/A 4' ;- +46;,- 2( 40- =6+- '< ,615- ;#<<-1+? H- #+- 40- 8#:;;-,, 4'9','5. 6+ 2( L25#1- Y? )0- ;'44,-(-=>

;#<<-1 +2C- 2+ +-4 -E#6, 4' 40- 8-,6. ;6(8*2840 91'8#=4? G( 40- <',,'*2(5 -O9-12:-(4+% *- +-4 b -E#6, 4' 1.25 42:-+

40- ;'44,-(-=> ;#<<-1 +2C- 6(8 !O 40- 9616:-4-1 p0 64 0.01? N#1 -O9-12:-(46, 1-+#,4+ ='(!1: 4064 40- 164- ;6+-8

US)/A 9-1<'1:+ *-,, 2( (-4*'1>+ *240 ,615- ;#<<-1 +2C-+?

A. System dynamics

M+ ;-<'1-% *- !1+4 +4#8. 40- +.+4-: 8.(6:2=+ #(8-1 40- +-442(5 '< 6 1Gbps ;'44,-(-=> *240 100ms 1'#(8 4129

91'965642'( 8-,6.? )0- ;'44,-(-=> ;#<<-1 +2C- 2+ +-4 -E#6, 4' 40- 8-,6. ;6(8*2840 91'8#=4% *02=0 2+ 12000 96=>-4+?

L25#1- ZZ 8-:'(+4164-+ 40- +-(82(5 164- 8.(6:2=+% 40- E#-#- 8.(6:2=+ 6+ *-,, 6+ 40- =06(5- '< 40- 96=>-4 ,'++

164-? )0- ,615- ;#<<-1 2( 402+ =6+- =6#+-8 6 0#5- 8-,6. 2( 40- ='(5-+42'( <--8;6=>% *02=0 ,-68 4' 6 ;25 'F-1 +0''4

6(8 ,615- (#:;-1 '< 96=>-4 ,'++-+ 6<4-1 40- +,'* +4614 906+-? 3'*-F-1% *- +42,, +-- 4064 40- +.+4-: 4-(8+ 4' 6 +46;,-

+464- 6<4-1 4064? h'40 40- +-(82(5 164- 6(8 40- 96=>-4 ,'++ 164- ='(F-15- 4' 40- -O9-=4-8 -E#2,2;12#: +464-+? )02+

:6. 2:9,. 4064 6 (-* +,'* +4614 :-=06(2+: :6. ;- 8-+21-8 2( 40- =6+-+ '< ,615- ;#<<-1 +.+4-:+ 6(8 40- 2(=1-6+2(5

1'#(8 4129 42:- :6. +-1F- 6+ 6( 2(82=642'( 4' 0-,9 8-4-1:2(- 40- ='11-=4 42:- 4' !(2+0 40- +,'* +4614 906+-? H-

,-6F- 402+ 6+ '(- '< '#1 <#4#1- *'1>?

B. System utilization

B'* *- +0'* 40- 1-+#,4+ *0-( *- 5168#6,,. 2(=1-6+- 40- ;'44,-(-=> 1'#4-1J+ ;#<<-1 +2C- #+2(5 40- 164- ;6+-8

US)/A ='(5-+42'( ='(41',? H- 2(=1-6+- 40- ;'44,-(-=> ,2(> =696=24. <1': 10Mbps 4' 1Gbps 6(8 40- 1'#(8 4129

91'965642'( 8-,6. 2+ +-4 4' 100ms 6(8 200ms 1-+9-=42F-,.? H- +-4 40- ;'44,-(-=> ;#<<-1 +2C- -E#6, 4' 4064 '<

40- 8-,6. ;6(8*2840 91'8#=4? L'1 -O6:9,-% 2( 40- =6+- *0-( 40- ;6(8*2840 2+ +-4 4' 1Gbps 6(8 40- 1'#(8 4129

91'965642'( 8-,6. 200ms% 40- ;#<<-1 2+ +-4 4' ;- 24000 96=>-4+? )0- 9616:-4-1 b 2+ +-4 4' 1.25 42:-+ 40- ;'44,-(-=>

;#<<-1 +2C-? L25#1- Z3 51690+ ;'40 40- ,2(> #42,2C642'( 6(8 40- 5''89#4 #42,2C642'(? N#1 -O9-12:-(46, 1-+#,4+ +0'* 4064

2( 6,, 40- =6+-+% 164- ;6+-8 US)/A :6>-+ 6,:'+4 <#,, #+- '< 40- ,2(> ;6(8*2840? M(8 *0-( 40- (-4*'1> ;6(8*2840

6(8 40- ;#<<-1 +2C- 2+ ('4 +' ,615-% 40- 1-,26;,- :-=06(2+: *'1>+ !(-? 3'*-F-1% 2( 6 ,615- ;6(8*2840 6(8 ,615-
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Fig. 21. When the rate based E-TCP connections go through multiple bottlenecks, the system can still get to a stable state.
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Fig. 22. In a high bandwidth large buffer network, in this case, 1Gbps and a buffer size of 12000 packets, there is a huge over
shoot at the end of the slow start phase. After that, the system converges to the expected equilibrium state.
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Fig. 23. With a properly set parameter b, rate based E-TCP makes almost full use of the link bandwidth. However, in a large
bandwidth and large buffer network, there is a huge over shoot in the end of the slow start phase, which costs a large number
packet losses. The current reliable mechanism is not yet able to recover these lost packets in time.

;#<<-1 (-4*'1>% 6+ *- 06F- +--( 2( 40- 91-F2'#+ +#;+-=42'(% 40-1- 2+ 6 0#5- 'F-1 +0''4 2( 40- -(8 '< 40- +,'* +4614

906+-% *02=0 ='+4+ 6 ,615- (#:;-1 96=>-4 ,'++-+? )0- =#11-(4 1-,26;,- :-=06(2+: 2+ ('4 .-4 6;,- 4' 1-='F-1 40-+-

,'+4 96=>-4+ 2( 42:-? H- ;-,2-F- 6 ;-44-1 +,'* +4614 :-=06(2+: 2+ (--8 2( 402+ +24#642'( *02=0 =6( 6F'28 40- 'F-1

+0''42(5 91';,-:?

Gn? @UIM)U& HN@b

)02+ 969-1 06+ <'=#+-8 '( <#4#1- 5-(-1642'(+ '< (-4*'1>+ *02=0 *2,, =-1462(,. ;- =0616=4-12C-8 ;. 0250S;6(8*2840

4-=0(','52-+? L'1 =':9,-4-(-++ +6>-% *- ('* 82+=#++ +':- '< 40- +25(2!=6(4 1-=-(4 1-+-61=0 '( 8-+25(2(5 91'4'=',+

<'1 +#=0 0250S+9--8 (-4*'1>+d -?5?% +-- P11R% P1`R% P1[R% P1eR% PZiR 6(8 PZVR? )0- 2(4-1-+4-8 1-68-1 =6( 6,+' 1-<-1 4'

PZ1R 6(8 P`R <'1 :'1- 2(<'1:642'( '( 40-+- 91'4'=',+?

L,'.8J+ 3250K9--8 )/A T3K)/AW P11R% b-,,.J+ K=6,6;,- )/A TK)/AW P1`R% 6(8 n# et al.J+ h2(61. G(=1-6+-

/'(5-+42'( /'(41', ThG/W PZiR 61- 401-- F6126(4+ 4064 +412F- 4' 2:91'F- '( )/AJ+ 401'#509#4S,'++ =#1F- TZW 2(

0250S;6(8*2840 (-4*'1>+? G( 3K)/A% 40- ='(5-+42'( *2(8'* 6,5'1240: 6=02-F-+ 40- 1-+9'(+- <#(=42'(

W ∗ = PS(1/pS)L,

*0-1- S > 0% 0 ≤ P ≤ 1 6(8 L > 0 61- 91-8-!(-8 9616:-4-1+ +-4 6=='182(5 4' 4615-4 ;6(8*2840 6(8 96=>-4 ,'++?

L'1 '(- 9616:-4-1 +-4% 24+ +0'*( 2( P11R 4064

T =
W ∗

τr
=

0.12
p0.835τr

. T1ZW

G( K)/A% 40- ='(5-+42'( *2(8'* 2+ #9864-8 '( 1-=-294 '< +#==-++<#, 6=>('*,-85-:-(4 4' ;-

W ← W + 0.01,
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6(8 '( 8-4-=42(5 6 96=>-4 ,'++

W ← W − W/8.

M 82<<-1-(426, -E#642'( 6991'O2:642'( '< 402+ *2(8'* 68X#+4:-(4 2+ 40-(

dW

dt
= 0.01

W

τr
− W

8
W

τr
p(t)

*02=0 .2-,8+ 40- +4-68.S+464- +-(82(5 164-

T =
W ∗

τr
=

0.08
τrp

. T13W
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