—0O oot

TceUooobgooobooooon

ooo of oo oogft

Research Trends on TCP Congestion Control Mechanisms

Go HASEGAWA' and Masayuki MURATA

0000 Transmission Control Protocol (TCP) 000000 O0ODO0OO0OOOOODOOOOODOOOOOO
0o0o0ooOoO0oOo0oOoO0o0oOo0oO0OO0O P2POO0OOOODOOOOOOOODOOOOOOODOOOO
pooooooooOoOoOoO0ooOoOoO0ooTCcPOOOOOOO0OOOOOOOOOOOOOOOOOGOOOO
oooooO0oO0ooOoO0oOoooOoOooTCcPOOOOOODOOOOOOODOOOOOOOOOOOOOOOO
ooooboO0o0oo0O0o0O000000000000O00O000000 TCPOOOODOOOOOOOOOOOO

goooooooooooooooooooo

00000 Transmission Control Protocol (TCP) DO OOO00OO0O0OOOOOOOOOOOOOOOO

oooo

1. 0D OO0

Transmission Control Protocol (TCP) [1] 00O
gbooobooooobooobooooboboobooon
vooooooooooooooooooooooon
ooooooOoTCPOO0OOO0OOO0OOOOOOOOOO
oooooooooo0ooooooRoooooa
oboobooooooooooOoOoOoOoOoobooooon
ooooooooooooooOooOoooooooon
0O@Bo0Do00o0ooTCPOOOOO 197000000
gbooobooooobooobooooboboobobooon
ooooooTCceOoOoOoOoOoOoOoOoOoOooooOoOO
gbooobooooobooobooooboboobobooon
004 0000000D00000D0O00DODOODO
00000 TCpOOODOOOOOODOODODOODO
ooooooo

TCPOOOOOOOOOOOOOOOODOOOD
oooooooooOoooooooooooooo
gbooboooboooboooboooobooboobobooon
gboooboooobooboooboooobobooobooon

0000000000 0000000000
Cybermedia Center, Osaka University, 1-32 Machikaneyama-
cho, Toyonaka-shi, 560-0043 Japan
HOoOoODOoOoDO0DO0D0DO0O0O0000000
Graduate School of Information Science and Technology,
Osaka University, 1-5 Yamadaoka, Suita-shi, 565—-0871 Japan

000000D000000000000000000
00 PO00D0O0O0OOODOOO0OOODOO000
000000000000000000000000
000000000000000000000000
000000D000000000000000000
00000000000000000000 TCPO
000000000000000000000000
000000D00000000000D0000000
000000D0000000000D0000000
0000000000 (B|0[10]0000000000
000000000000000000000000
00000000000 (1100000000000
000000000000000000000000
000000 TCPOODOOOOODOOO0OODOOOO
00 [12], [13]0
00000000000000000000TCP
000000D00000000000D0000000

goooooooooOoooooooooooooooo

goooooooooooooboooooooDoooboo
0O ((RTT)UOD 130ms0000000D0DOO 2000
000000000000 100Mbit/s 00O 1Gbit/s
goooooooooooooooOoooooDoooo
00 [1400000000000DO00ooOoOoooDO
O00oooOooooo oSO TCepOoOoOoOoOODOO
00 TCPRenoOOOODOOOOOOODOOOODOO

00o0o0oD0000O0O0 B Vol J94-B No.5 pp.663-672 ©UOOOOOOOOOO 2011 663



00000000000 2011/5 Vol. J94-B No. 5

goooooooooooooboooooooboo
ooo0ooo0o0ooooo0oooooooooTceP
Reno 00O O0OO0O0D0OOOOO0ODOOOOOODOOOO
goooooooooooooooooooooboo
goooooooooooooooOoooooobooo
goooooooboogo

obooooobooocoooooooboOoooooo
ooooooooooOopoooTCcpOOOOOOO
goooooooooooooobooooooooooo
goooooooooooooboooooooobooo
goooooooo TCcpOoOOoOOOODOOOO
ooooooooooooooooooooooooo

o002, 00000 TCeOOOOOOOOOOO
goooooooooooooooOoooooobooo
gboooooooooocooos. 0oo 4. o000
gooooooooooooobooOoooooobooo
oo0oooooooooo TCpOOOOOODOO
gooooooooooooobooOoooooboo
gooooooooo s. 00o0oooobooooooboo
oooo

2. TCPOOOOOOOOO

TCP Reno 00O OO0OOOODOODOOOODODO
gooooooooooooobooooooobood
gdooooooooooOooobOoboboOoooo
oooooooUoo (ewnd) DOODODODODODO
00ooo0ooOoooooooooOoooo ACKoOoO
goooooooooooooooooobooob 10
gooooooooooooobooooooobooo
0000000 ACKODODOOooooooooooo
goooooboooooooooooobooooooDo
O000OOTCPRenoO0OOOOOOOOOOODOO
wreno OO O00O00O00O0O0O0O0O0O0O0O0OOO
oooooooood

Wreno + 1
Wreno < 1
Wreno +

(wreno < Sreno)

(wreno > Sreno)

(1)

Wreno

O00OSreno DOTCP Reno OO0 O0OOOODOOOO
gooooooooooooobooooooooboo
O ssthresh 0000000000000 ACKOOO
gobooobooboooooooboobooooo
Wreno < Sreno O OO0 RTTOODO cwndO 200

664

000 Wreno = Sreno 10000 RITOOO cwnd O

10000000
gboooboooboooobooboooboooog

gboobooooooooboooobogon

{ Wreno/2 (00 ACK)
wrcno —

1 (0ooooo) @

JO00O0OdTCP Reno OO OOOOOOODOOOODO
0oododoooooobooboobooooboooad
000000000000 oOo0ooO0TCP RenoO
ooo0o0oOooUoooooooooOoooooooo
o0doo0oO0ooUooooooOoOooOoooooooo
00o0o0o0o0oO0ooooOoOooooooooooo
00000 loss-based D0 OO0O0O

3. DUUoooooo TCPOOOOODO
g

3.1 0 0 O

000000D0D0000000 TCPOOOOO
00000000000000000000000
0 [5],]6],[15]0[17J000000000000000
000000000000000000000000
000000000000000000000000
00000000000000

00000000000000000000000
000000000000000000000000
000000000000000000000000
000D00000000TCPOODOODOOODO
000000000000000000000000
0000000000000000000000000
0000000000000000 (40000000
00000000000000 TCPOOOOOODO
000000000000000000000000
000000000000000000000000
0o0O0000000O0

0000000 LANODOOOOOOTCPOOO
000000000000000000000000
00000 [1800000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
00000 TCPOODOOOO0DOO0O0O00O000000
000000000000000000 ACKOOO
0000000000000000000TCPOOO



gooooTepO0O0OoOoooooooooooooo

000000000000000000000000
ACKOODOODDOOODOO0O0D000000000
00000 ACKOOODOOOOO0O00000000
000000000000000000000000
oooooo

3.2 0000

000000000000 TCPOOOOOOOO
00000000000000000000000
00000 (190250000 TCPOOODOO [26]0
[32]000 MACODO TCP/IPO0OOOOOOOODN
000000 (33 0000000000000000
000000000000000000000000
00000 TCPOOOOODOOO000O0O0OOD0
000000000000000

3.2.1 D000O0D00O00O0OO0O

00 [19],[23]0[25|000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
00000000000000000 TCPOOODO
000000000000000000000000
000000000000000000000000
000000000000000000000000 1
000000000000000000000 TCP
000000D00000000000

00 [2000000000000000000000
0000000000000000000000 10
00000 TCPOOOOOO0DO0000O00D000O
000000 1(x)000000000000000
00000000000000000000 ACKO
000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
00000000000 TCPOOOOOOOOOO
000000000000000000000000

wired-side TCP connection wireless-side TCP connection

Wyt Ly

1] ] BaseStaton I Receiver

wired netwark wireless netwark

In wired-side cannection, ACK packets|
are sent from the base station

() TCPOOODOOOODO

wired network wireless network

=ty

Sender 1] ]

Base Station I I Receiver
A

Stock packets into buffer until they are acknowledged, and
lost packets are retransmitted from the base station

(b)y TCPOODOOOODOOOOODOO

01 000ooO0ooooooood
Fig.1 Wireless TCP methods with modifications to
access points.

000000000000000000000000
000 [3400000000000000 [35]0

00000 [19),[21]00000000000000
000000000000000000000000
000000D0000000D00000000000
000000000000000 1(b)MO000000
000000D0000000000D0000000
0 TCPOOODDOOODOOOODOOODOOO
ACKOOODOOODOOOO0O0D00000000000
0000D0ACKOOODDOOOOOODODOO000O0
000000000000000000000000
0000000 ACKOOODOOODODOO0OOOO00O0
000000000000000000000000
00000000000

00 LANOOODOO TCPOOOOOOOOO
000000D00000000000000000
0 [18],[36]0[39]0 0 0 [18],[38) 000000 TCP
0000000 ACKOOODOOOODOO0O0O0000
0000000000000000 ACKOODOOO
000000000000000000000000
00000000 (360000000 MACODOOO
000000000000000000000 [39]0
000000D000000000000000000
000D000D00000000000000

000000000D00000000000000
000000D000000000000000000
000000D000000000000000000
000000000000000000000000

665



00000000000 2011/5 Vol. J94-B No. 5

oooooOoTceOO0O0OO0OOOOOOOOOOO
goboooboboobooboobobooboo
gooboobbobobooobobuoobbooo
ooocCcpUOOOOOOOODOODOOOOOOIPSec
OvVpPPNOODOODOODODOODODOODOOD
oooooooooo0ooooooo TCPOOO
gooooooooooooobooOoooooobooo
ooooooooog

oooooooooooooooboooooooo
goooooooooooooboooooooboo
00000000 40]0000000D00ODOOOO
goboooboboobooboobobooboo
goboooboboooboobooboobooboo
gooooboobooboobobobbooboo
gooooooooooooooo

3.2.2 000 TCpOOOODODOO

00 [260[32] 00000000000 TCP OO
gooooooooooooobooOooooobooo
oooo TCeO0O0O0O0O0O0O0OOOOODOOOOO
gobooobobooboobooboobooboo
goboooboboobooboobobooboo
gobooobobooobooboobobbooboo
gobooobobooobooboobobooobooo
goboooooooooooocoOooooooooo
gjdoooooooooooooboobobooboooooooo
goooooooooooooboooooobooboo
goooooooooooooobooooo

00 (3l)000000000ooOooOoooDoDOoo
ooooo TCPOOOO ACKOOOOOOOOO
goboooboboobooboobobbooboo
goooooooobobobbbboooooooooo
gooooboboooboobooboboboobooo
goooobooooooooooooobocooooa
goooooooooooooboOooooooboo
goooooooooooooboOooooobooboboo
goooooooooooooobooooo

0 O O Jitter-based TCP (JTCP) [30) 00000
Jooooooo TCcpOOOOopDOOoOoOoDODOO
gobooobobooboobooboobooboo
goboooboboooboobooboboobooo
gobooobooboooboobooboobooobooo
gooooooooooooobooooooobooo
gooooooooooooobooOoooooobooo
O (Round Trip TimedRTT) 00000000000

666

0000000000 RTTOOOOOOOOOOO
goooooooooooooboooooooobooo
goooooooooooooooooooDoonbo
goooooooooooooobooOooooobooDbo
goooooooooooooooOooooDboDbo
goooooooooooooboooooooooa
oooo
oooooooocoooooooobocooooooo
oooooOoo TCceOOUOOOODOOOODOO
gooooooooooooooboooooooo

4. 00000O0OO0DO0ODOOOO TCPODO
gooboogd

4.1 0 O O
TCP Reno 0000000000000 ODOOO
0000000000000 D00000000000
000000000000000000000000
0000 4100 200000000000000
00000 (RTT)O 100ms00 00000 10 Gbit/s
0000000000000 D00D000000000
1500Byte 000 100 TCP Reno 000 O0ODO
0000000000000 D00000000000
00D0000000000000000000000
0000000000000 D00000000000
0000000000 2x107° 000000000
0[4)00000000000000O00000O0
000000000 200000000000000
0000000000000000000000000
40000RTTO O 4000 0 0000000000000
O0000000TCP Reno 0000 1Gbit/s 00
00000000000 00D00D000000000
000000000000000000000 (1) 0
0000000000000 D00000000000

Increase Speed:

cwnd 1 (packet/RTT) Decreased by half
(packets) when packet loss occurs
W=83,333 \ /
wi2
Wi2 RTTs = 4,000 sec
A A T I |

Time (RTT)

02 TCPRenoODOOOOOOODOOOOOOO
Fig.2 TCP Reno problems in high-speed and
long-delay networks.



gooooTepO0O0OoOoooooooooooooo

000000000000 (RTTH)ODDO 10000
0000000000000 00O0 (2)00000O00
0000o0o0o0O0o0O0O0DOUOOOoDOOoODOoD 1/2
0oooooooobobooooooooboood
gooboooooooooooooooooood
ooo

000oo0ooooooooooooooog TCp
RenoO0O0O0O0O0OOOOOOOOOODOOOODOOO
00ooO0oO0o0oUooooooOooooooooooo
00000000000000000TCP RenoO 0O
gooooooboboboboooooooobooood
0o0o000bO000D0oDO0DbOobOoooOomoOooono
goooooooobobooooooooobooood
0ooooooooobooooooooooood
oooo0oOooUooooooOoooOoooooooo
o0oo0oO0ooUooooooOoOooOoOoOoooooo
o0oo0oO0ooUooooOoOoOooUoOooooooo
0000000 TCP RenoOOOOOOOOOOO
()0 1000000000000 0OOUODODOD
gooooooboboboboooooooobooood
000000000000TCP Reno0O0O0ogogg
goo2.000000000000000DO0O000
000 TCP Reno OO OO0OO0O0ODODOOOOOOOO
ooooo

4.2 Loss-based 00O

4.2.1 HighSpeed TCP (HSTCP) [41]

HSTCPOOOOOOOOUOUOOOOOOOOOO
0000000000000 00O0O0OHSTCP O
TCP Reno OO0 O0O0O0OO0OO0O0ODOOOOOOO
O0ooooooooobooooooooooood
0ooddooooooooooooooooooo
0ooooooooobooooooooooood
oooooooooooooo

(|:| ooooad )
a(whstcp)
Whstcp

(0oooo)

(]- - b(whstcp))whstcp

Whstcp +
Whstcp <

_ 2w? - b(w) - p(w)
(W)= =53
b(w) = log(w) — log(Wiow) (Brigh — 0.5)

- lOg(Whigh) — log(Wiow)
+ 0.5

log(w) — log(Wiow)
log(Whign) — log(Wiow)

: {log(Phigh) - log(Plow)} + log(Plow)

p(w) = exp [

OO0OOTCP Reno O a(w) =100 b(w)=1/200
0000000 Prighd Piowd Whign 00 Wi 00
goboooboobooobOooboboooboooboo
00000o0o0oooooOooooOoOog41)0o
0000o0oOoOoooog 1500Byte00d0onoog
O 10_7DDDDDDDDlOGbit/SDDDDDDD
goooooobobobobooooooooboood
000000 O0oOoHSTCPOODOOOODOOODO
0ooooooooobooboooooooooobooog
goooooooboboobOobobobbobobo
HSTCPOOOOOODOOOOOOODODOOOOOO
gobooobooboooboobobooobooobooo
goog

O0OO0OO0OHSTCPOOODOO Scalable TCPOO OO
TCP Reno 00O O0O0OOD0OO0OOODOODOODODOO
000000000 DoooDoO0gTCP Renod OO
0oooooooboobooooooboobooood
J000D0DO00000o0oooOoo0 TCP Reno O
goboooboboobooboobooboooboo
goboooboboooboobooboobooobooo
000000 gentle HighSpeed TCPOOOOOO
000 [42]0

4.2.2 Scalable TCP (STCP) [43]

STCPOOTCP RenoOOOOOOOOOOODO
gooooooboboboboooooooobooood
goobooooooooboboooboooooono
0ooooooooobooooooooooood
gooooo

wstcp —+ 001
wstcp —
Wstep - 0.875

(0ooooo)

(0oooo) ®)

000 ACKODODODOoooooooooooooao
O0ooooooUooooooUoooD kO0O0o0OoOo
00000 RTTOOODOUODOOOODOOODOO
00oU0ooU0oooO0ooOooUoooOoooUooooo
00ooUd0o0ooU0oo0ooUUooooooooo
00000000000 00O0o0O0odTCP Reno
O HSTCP O Additive Increase Multiplicative De-
crease (AIMD) 00000000 DO0O0OOOOOOO
00000 O Multiplicative Increase Multiplicative

667



00000000000 2011/5 Vol. J94-B No. 5

Decrease (MIMD) 00000000000 DOOOO
gooboboboboooooooooooooobooboobo
gobooobobooobooboobobooboo
O000O0ocAIMDOOOOOOUOOOOOOOOO
gopoooooMIMDODODOOOODDOOOOOO
00000000 44]0000bo0oooboooo
OO00OSTCPOORTTOODO STCPOOOOOO
gopboooboooooboooooboooooboobooo

4.3 Delay-based 00

Loss-based 0000 O0O0O00OOOODODOOOOOO
gobooboboobooboobobooboo
goboooboboobooboobobbooboo
goboooboboooboobuoobobbooboo
gobooobooboooboobooboboboobooo
00o00oooOooUooOo FIFOOOOODOODOOOOO
gbooooobooboooobooooboboobooo
gobooooooooooboooobboobobooo
0ooooooooooooooOOoOO0OO00 RTTO
gbooooooobooobooooobboOobooo
000000000000 00D0000 delay-based
goooooobobobobooboboboboo
loss-based 000000000000 DOOOOOOO
goboooboobooobooboooo

4.3.1 TCP Vegas [45]

TCP Vegas O 19950 0000000000000
gboooooobooobooooboooobboobooo
goboooooboooooboooobboobooo
00000000000000TCP VegasOO OO
goboooboboobooboobobooboo
gobooobobooboobooboobooboo
goooooobooobooo

Expected = cwnd/baseRTT
Actual = cwnd/RTT
Diff = (Expected — Actual) - baseRTT

0000cwnd0000000000000CObaseRTT
000000000o0o0o0o00 RTITORTTOOOO
RITODf 0000000000000 O00OOOO
O000OOTCP VegasO Dyff 00 O0O0OOOOOO
oooobooooOooOooboooooOoRTITO 1O
gooooo

668

wvegas —

Wyegas + 1, if Diff < j—=—1
o ; B
Wvegas, if base_rtt < lef < base_rtt
. /8 .
Wyegas — 1, if —"— < Diff

0000000000 RTTOOO0OO00 D000
000000000000000000000000
000000000000000000000000
0000000000000000000

00000000000000000000000
00 TCP Reno0000000000000000
00000 1packet/RTTOO0000000000
0000000000000 TCP Reno0O 00D
00000000000

4.3.2 FAST TCP [46]

FAST TCP O TCP Vegas 0 000000000
000 RITOO0 baseRTT DO0DO0 RITOOD
RTTOODO0000D00000000000000O
00000000000

Wrast < min{waasty

(1—~) +(baseRTT n )}
Y ) Weast 7RTT Wrast o

a0O000000000DOO00000000OOOOonO
00000000000 TCP VegasOOOOOOO
0o0ooooooooboooooooobooood
0oododooooobooooooooooood
gboooooboooooboooobboobobooo
gboooboooooooobooooboobooo
gooooboooobooooooooooDoo0 0O
gboobooooobooboooobo

4.4 Hybrid OO

TCP Vegas O FAST TCP OO O delay-based O
Oo0oooooooooooooooooooog
0o0oo0ooooooooooobbobooooood
00000000 [45),[46)000 00 TCP Reno O
HSTCPOOODO loss-based DO O0OOOOOOOO
O00COdelay-based DO OOOOODOOCOOOOO
000000000000000000 [47],[48] O
goooboooooooboboobboooobooo
goobooooooooooobooooboooobobooo
JooooooooooooooooOoOoOogRTT
0000000000Odelay-based 00O RTT OO
0o00o0oo0bo0ooooooooooooooooo



gooooTepO0O0OoOoooooooooooooo

loss-based OO0 000000 O0OO0O0OOOOOOOO
gooboboooboboobooboooooboooboa
O0oooooooobobooooooooooood
00 Odelay-based D00 0000000 Oloss-based
godoooobooooooooooooooood
0000000 0Odelay-based O O O loss-based
000000000 HybridOOOOOOOOO
0 [49],50]0000000000O0O0O delay-based O
O000oO0ooRTTOOODOOOOOOOOOOOO
000o0O00o0oU0ooooooooooooooon
0o000o0Dooooo TCP RenoOOOOODOODO
0000000000 Bo00000 TCP Reno O
0oooooooobobooooooooobooood
0000000O0oO0oOo0oo0oOO0O M9 ooooon
000000000ooooooooo TCP RenoO
ooo0oooooOoUoOoooooUoOoooooooo
OO0O0OO0ORTTOOUOOOOOOOOUOUOOOOOO
0000000000000 0O00o0ooooogoTCP
Reno000O0O0O0O0OODOOOOOOOOOODOOO
O000O0Oless-based 0000000 O00O0OODOODOO
Ooooooooooobooobooboboooogond
0o0o0ooo0ooOo0ooobooooobooooooon
delay-based 000000000000 O00OOOOO
000000000000 less-based00OOOOOO
00000000000 TCP RenoOOOOOO
gooooo
4.5 0OOOOO
0000000o0ooooooooooooooo
gooooooboboboboooooooobooood
000000000000000D00 BIC-TCP [51]
0 CUBIC-TCP [52]000 ACKOOODODOOOO
Ooodooooooobooooooooobooood
000000000 DDOO0O000 TCP Westwood [53]
0000000000000 0 Explicit Congestion
Notification (ECN) [54]0000000000ODOOO
o0doo0o0o0oUoUoooooOoOooOoOoUooooo
o0o00o0o0oooooooooooooooooon
000000D0000000000000 [55)0(57]0
4.6 00O TCPOO
oooooooooooooo TCeOoOOoOoOO
0ooooooooobooooooooooood
00000oO0o0o0ooO0ooOoooOooooog Tep
(Reno) D O0O0ODOOODOOOOOODOOODO
O00oOo TCpOO0OOOOOOODOOOOO TCPO

goooboooooooooobooooooDbobo
goooooooooooooboooooooobooo
gooooooooooooooooooooDooobo

OO0 TCpOOO OSOOOOOOOOOOOOOO
goooooooooooooooOoooooDoooo
gooooooodooooooboooooooood
goooooooobOooocoooOoocoOoOooooo
GridFTP (58| 0000 TCPOOOOUOOOOOO
oooooooocoooo

OO0 TCpOOOOOOOOOOODODOOOOOO
gooooooooOoO TecpoOOOOOOOOOO
000000000000000 (B DOo0oooo
TCPOOOOOOOOOOOODOOOOOOODOO
00D000oooooOooooooOoeooooooo
gooooooooooooobooooooobood
gboooooooobooooooboobooboooooo
oooooOoooooooUoOooOooooOooo TCep
goooooooooooooboooooooDoooboo
0000000 elooo0o0O0 TCPOOODODO
gooooooooOoOoOoOo TCcpoOOOOOOOO
goooooooooooooooooooobooo
ooooooooooooooobooooooon

5. O 0O O

oooOoooTCpODOOOOODDOOOOOOO
goooooocooooooobooouooooooboo
gooooooooooooobooooooobooo
goooooooooooooooooooooooo
00000000000 0o0oooon WIMAX O
LTEOOOOOOOOOOOOOOODODOOOO00O
Ooooooooooooooooooooo TCep
goooooooooooooooOoooooDooobo
goooooooooooooboooooooooa
goooobooocoooooooboooooooobooo
gooooooooooooooooooooboooo
gooooooooooooooboooooooDoooboo
gooooooooooooobooooooobooo
ooooooooooo

O O

[1] J.B. Postel, “Transmission control protocol,” Re-
quest for Comments 793, Sept. 1981.

[2] M. Fomenkov, K. Keys, D. Moore, and k claffy, “Lon-
gitudinal study of Internet traffic in 1998-2003,”
Proc. Winter International Symposium on Infor-

mation and Communication Technologies (WISICT

669



00000000000 2011/5 Vol. J94-B No. 5

3]
4]

5]

(6]

(7]

8l

(9]

(10]

(11]

(12]

(13]

(14]

(15]

[16]

(17]

(18]

(19]

670

2004), Jan. 2004.

Hobbes’ Internet timeline 10. available at http://
www.zakon.org/robert/internet /timeline/

V. Jacobson, “Congestion avoidance and control,”
Proc. ACM SIGCOMM’88, pp.314-329, Aug. 1988.
F. Lefevre and G. Vivier, “Understanding TCP’s be-
havior over wireless links,” Proc. Communications
and Vehicular Technology, pp.123-130, Oct. 2000.
V. Tsaoussidis and I. Matta, “Open issues on TCP for
mobile computing,” Wireless Communications and
Mobile Computing, vol.2, no.1, pp.3-20, Feb. 2002.
E.S. Chang and R. Taborek, “Recommendation of
10e-13 bit error rate for 10 gigabit ethernet,” Proc.
IEEE802.3 High Speed Study Group July 1999 Ple-
nary Week Meeting, July 1999.

IEEE, “IEEE standard for local and metropolitan
area networks:
Std 802-2001, Dec. 2001.

C.H. Nam, S.C. Liew, and C.P. Fu, “An experimen-
tal study of ARQ protocol in 802.11b wireless LAN,”
Proc. Wireless Personal Multimedia Communications
(WPMC 2002), Oct. 2002.

3GPP, “Services and service capabilities,” Technical
Specification TS 22.105 v6.2.0 (2003-6), June 2003.
T. Goff, J. Moronski, D.S.Phatak, and V. Gupta,
“FreezeTCP: A true end-to-end TCP enhancement
Proc. IEEE

Overview and architecture,” IEEE

mechanism for mobile environments,”
INFOCOM 2000, March 2000.

V. Jacobson and R. Braden, “T'CP extensions for
long-delay paths,” Request for Comments 1072, Oct.
1988.

S. Floyd and T. Henderson, “The NewReno modifica-
tion to TCP’s fast recovery algorithm,” Request for
Comments 2582, April 1999.

C. Marcondes, A. Persson, M.Y. Sanadidi, M. Gerla,
H. Shimonishi, T. Hama, and T. Murase,

path characteristic estimation to improve TCP per-

“Inline

formance in high bandwidth-delay networks,” Proc.
PFLDnet 2006, Feb. 2006.

Y. Tian, K. Xu, and N. Ansari, “T'CP in wireless
environments: Problems and solutions,” IEEE Com-
mun. Mag., vol.43, issue 3, pp.27-32, March 2005.
A. Eshete, A. Arcia, D. Ros, and Y. Jiang, “Impact of
WiMAX network asymmetry on TCP,” Proc. IEEE
WCNC 2009, April 2009.

S. Hassayoun, P. Maille, and D. Ros, “On the impact
of random losses on TCP performance in coded wire-
less mesh networks,” Proc. IEEE INFOCOM 2010,
March 2010.

S. Pilosof, R. Ramjee, D. Raz, Y. Shavitt, and P.
Sinha, “Understanding TCP fairness over wireless
LAN,” Proc. IEEE INFOCOM 2003, vol.2, pp.863—
872, March 2003.

F. Sun, L.S.C. Li, and O.K. Victor, “Design of
SNACK mechanism for wireless TCP with new

[20]

(21]

(22]

(23]

(24]

(25]

(26]

(27]

(28]

[29]

(30]

[31]

(32]

(33]

(34]

snoop,” Proc. IEEE WCNC 2004, March 2004.

A. Bakre and B.R. Badrinath, “I-TCP: Indirect TCP
for mobile hosts,” Proc. 15th International Confer-
ence on Distributed Computing Systems, pp.136-143,
May 1995.

H. Balakrishnan, S. Seshan, and R.H. Katz, “Improv-
ing reliable transport and handoff performance in cel-
lular wireless networks,” ACM/Baltzer Wireless Net-
works, vol.1, no.4, pp.469-481, Dec. 1995.

K. Wang and S.K. Tripathi, “Mobile-end transport
protocol: an alternative to TCP/IP over wireless
links,” Proc. IEEE INFOCOM 1998, vol.3, pp.1046—
1053, March 1998.

K. Ratnam and I. Matta, “WTCP: An efficient mech-
anism for improving TCP performance over wireless
links,” Proc. Third IEEE Symposium on Computers
Communications, pp.74-78, June 1998.

H. Balakrishnan and R.H. Katz, “Explicit loss noti-
fication and wireless web performance,” Proc. IEEE
GLOBECOM Internet Mini-Conferenve, Nov. 1998.
K. Jin, K. Kim, and J. Lee, “SPACK: Rapid recov-
ery of the TCP performance using SPlit-ACK in mo-
bile communication environments,” Proc. IEEE Re-
gion 10 Conference, vol.1, pp.761-764, Sept. 1999.
C. Carlo, F. Rosario, and L. Daniele, “The TCP
adaptive-selection concept,” IEEE Syst. J., vol.2,
pp-83—89, March 2008.

L. Cui, S.J. Koh, X. Cui, and Y.J. Kim, “Adaptive
increase and adaptive decrease algorithm for wireless
TCP,” Proc. ICNC 2007, Aug. 2007.

F. Ge and L. Tan, “A partial super fast recovery algo-
rithm for fast TCP,” Proc. AusWireless 2007, Aug.
2007.

K. Xu, Y. Tian, and N. Ansari, “TCP-Jersey for wire-
less IP communications,” IEEE J. Sel. Areas Com-
mun., vol.22, no.4, pp.747-756, May 2004.

E.HK. Wu and M.-Z. Chen, “JTCP: Jitter-based
TCP for heterogeneous wireless networks,” IEEE J.
Sel. Areas Commun., vol.22, no.4, pp.757-766, May
2004.

C. Casetti, M. Gerla, S. Mascolo, M.Y. Sanadidi, and
R. Wang, “TCP Westwood: Bandwidth estimation
for enhanced transport over wireless links,” Proc.
ACM MOBICOM, pp.287-297, July 2001.

H. Lai, K.-C. Leung, and V.O. Li, “Enhancing wire-
less TCP: A serialized-timer approach,” Proc. IEEE
INFOCOM 2010, March 2010.

A. Shadmand and M. Shikh-Bahaei, “TCP dynamics
and adaptive MAC retry-limit aware link-layer adap-
tation over IEEE 802.11 WLAN,” Proc. CNSR 2009,
May 2009.

D.G. Andersen, H. Balakrishnan, M.F. Kaashoek,
and R. Morris, “Resilient overlay networks,” Proc.
18th ACM Symposium on Operating Systems Prin-
ciples, Oct. 2001.



gooooTepO0O0OoOoooooooooooooo

(35]

(36]

(37]

(38]

(39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

(49]

I. Maki, G. Hasegawa, M. Masayuki, and T. Murase,
“Performance analysis and improvement of TCP
proxy mechanism in TCP overlay networks,” Proc.
ICC 2005, May 2005.

Y. Fukuda and Y. Oie, “Unfair and inefficient share
of wireless LAN resource among uplink and down-
link data traffic and its solution,” IEICE Trans. Com-
mun., vol.E88-B, no.4, pp.1577-1585, April 2005.

J. Ha and C.-H. Choi,
and downlink flows in WLANSs,” Proc. IEEE Global
Telecommunications Conference 2006, pp.1-5, Nov.
2006.

F. Keceli, I. Inan, and E. Ayanoglu, “TCP ACK con-
gestion control and filtering for fairness provision in
the uplink of IEEE 802.11 infrastructure basic service
set,” Proc. IEEE International Conference on Com-
munications, pp.4512-4517, June 2007.

N. Blefari-Melazzi, A. Detti, I. Habib, A. Ordine,
and S. Salsano, “TCP fairness issues in IEEE 802.11
networks: Problem analysis and solutions based on
rate control,” IEEE Trans. Wirel. Commun., vol.6,
pp.1346-1355, April 2007.

J.H. Saltzer, D.P. Reed, and D.D. Clark, “End-to-end
arguments in system design,” ACM Trans. Comput.
Syst., vol.2, pp.277-288, Nov. 1984.

S. Floyd, “HighSpeed TCP for large congestion win-

“TCP fairness for uplink

dows,” Request for Comments 3649 (Experimental),
Dec. 2003.

Z. Zhang, G. Hasegawa, and M. Murata, “Perfor-
mance analysis and improvement of HighSpeed TCP
with TailDrop/RED routers,” IEICE Trans. Com-
mun., vol.E88-B, no.6, pp.2495-2507, June 2005.

T. Kelly, “Scalable TCP: Improving performance in
highspeed wide area networks,” ACM SIGCOMM
Computer vol.32,
April 2003.

D.-M. Chiu and R. Jain, “Analysis of the increase and

decrease algorithms for congestion avoidance in com-

Communication Review, no.2,

puter networks,” J. Computer Networks and ISDN
Systems, vol.17, pp.1-14, June 1989.

L.S. Brakmo and L.L. Peterson, “TCP Vegas: End to
end congestion avoidance on a global Internet,” IEEE
J. Sel. Areas Commun., vol.13, no.8, pp.1465-1480,
Oct. 1995.

C. Jin, D.X. Wei, and S.H. Low, “FAST TCP: moti-
vation, architecture, algorithms, performance,” Proc.
IEEE INFOCOM 2004, March 2004.

J. Mo, R.J. La, V. Anantharam, and J. Walrand,
“Analysis and comparison of TCP reno and vegas,”
Proc. IEEE INFOCOM’99, March 1999.

G. Hasegawa, K. Kurata, and M. Murata, “Analysis
and improvement of fairness between TCP Reno and
Vegas for deployment of TCP Vegas to the Internet,”
Proc. IEEE ICNP 2000, Nov. 2000.

K.T.J. Song, Q. Zhang, and M. Sridharan, “Com-

[50]

(51]

(52]

(53]

[54]

[55]

(56]

(571

(58]

(59]

[60]

[61]

pound TCP: A scalable and TCP-friendly conges-
tion control for high-speed networks,” Proc. PFLD-
net 2006, Feb. 2006.

H. Shimonishi, T. Hama, and T. Murase, “TCP-
Adaptive Reno: Improving efficiency-friendliness
tradeoffs of TCP congestion control algorithm,”
Proc. PFLDnet 2006, Feb. 2006.

L. Xu, K. Harfoush, and I. Rhee, “Binary increase
congestion control for fast long-distance networks,”
Proc. IEEE INFOCOM 2004, March 2004.

I. Rhee and L. Xu, “CUBIC: A new TCP-friendly
high-speed TCP variant,” Proc. PFLDnet 2005, Feb.
2005.

TCP WESTWOOD Home Page. available at http://
www.cs.ucla.edu/NRL/hpi/tcpw/

K. Ramakrishnan, S. Floyd, and D. Black, “The addi-
tion of explicit congestion notification (ECN) to IP,”
RFC 3135, Sept. 2001.

A. Kuzmanovic, “The power of explicit congestion
notification,” Proc. IEEE SIGCOMM 2005, Aug.
2005.

R. Diana and E. Lochin, “ECN verbose mode: a sta-
tistical method for network path congestion estima-
tion,” Proc. IEEE INFOCOM 2010, March 2010.

I. Qazi, L. Andrew, and T. Znati, “Congestion con-
trol using efficient explicit feedback,” Proc. IEEE IN-
FOCOM 2009, April 2009.

W. Allcock, “GridFTP: Protocol extensions to FTP
for the Grid,” http://www.ggf.org/
documents/GFD.20.pdf, April 2003.

T. Hacker and B. Athey,
mance effects of parallel TCP sockets on a lossy wide-
area network,” Proc. 16th IEEE-CS/ACM Interna-
tional Parallel and Distributed Processing Sympo-
sium (IPDPS), Aug. 2001.

T. Ito, H. Ohsaki, and M. Imase, “Automatic pa-
rameter configuration mechanism for data transfer
protocol GridFTP,” Proc. 2006 International Sympo-
sium on Applications and the Internet (SAINT 2006),
Jan. 2006.

Z. Zhang, G. Hasegawa, and M. Murata, “Reasons

available at:

“The end-to-end perfor-

not to parallelize TCP connections for long fat net-
works,” Proc. SPECTS 2006, Aug. 2006.

000220110 40000230 10 1700000

671



00000000000 2011/5 Vol. J94-B No. 5

ooo 0O oOooo

Or70000000000 900000
gobooooooooooooooooo
gooooooobooobooooonon 1o
gooooooooooboobooonb 1200
goooooooooooooo0on0 140
gooooboooooooooboooooo
go0obOoO0o0000o0ooooooOO000000booooon
gooo0oOoO0ooooOoO0oO0O0O0COO0OO0OO0IEEEOOOOOD
goom

oo 00 oOoodd

057000000000 5900000
gooooooooo IBMOOOOOO
Jooo0o0 e2000000000000
go0ooooooooooooo sgooo
04000000 11000000000
0000000 120000000000
go0o00o0000 ie0000OO0O0O0OOOOOUOODOOOO
190000000000000000O0OO0O0DODoDOoOooog
0o00mo0oooo0ooooooooooooooooooo
Joo00o00o0oo0o00U00O00U0U00O00UOUIEEED
ACM O0O00O0O 21 00 IEEE COMSOC Japan Chapter
Chair0 00O

672



