FIT2014 (% 13 ERHBFEEM I+ —5 L)

RL-003

OO0PO0O0O0OOOOOOOOOODO TCP HyblaOOOOOOOOO
Analytical Model of TCP Hybla for Satellite IP Networks

Ooof
Jeyeon Kim

oo ogf
Takanobu Endo

1.0000

00 IPO0O0O0OOOOO0OO0OOOOO000000
000000000000000000000000
00000000000000000IPOO0O0O0
0000000000000000000000000
RTT(Round Trip Time) 0000000000000
000000000000 (1.

00000000000000000000000
0000 TCP Reno [2] [3)0 00000000000
000000000O0TCP Renod RITOOOOO0O
000000000000000000000000
000000000000000RTTOODO0OO IP
000000000000000000000000
00000 4o

00000 IPO0D0OO0O0OO0O0O0O00O0O000O
000 TCP HyblaDOOOO OO0 [4]0TCP Hybla
0 Linux 0000 26130000000000000
OOO0TCP HyblaDOOOOOOOOOOOOOO
0000000000O0RTTOOO000O000000
0000000000000TCP Reno0O0O0000
0000000000000000 [5] 6] [7] [8] [9]0
TCP Reno0000000000000000000
OO0O0TCP HyblaDOOOOOOOOOOODODOO0O
000000000000TCPOOOO0O0OOOO0
000Png0 000000000000 RITOOOO
0000000 IPO000O0OOO00 TCP Hybla
000000000000000000000
00000End-to-End000 IPO0D0O000O0
00 TCPHyblaODOODOODOODOO0OODO0OODOO0OO
OO0TCP HyblaDOODODOOOOOOODOO00O0O0

2. TCP Hybla

TCP Hybla O C.Caini O R.Firrincieli 0 000 0O
Oo0ooooIPO0ddO0ooOooDOoOoOoooooa
O0000000TCPRenoOOOOODOOOOOO
IRTTOO 1000000000000000000OO
OO00ORTTOOOOOOOOOOOODOOOOOOO
OO0OOTCPHyblaODOOOOODOOOOODODOOOO
00000000 1IRTT OO p?(p = RTT/RTT,) O
Oo0ooobOoooooDoOo RTT, 0000000
0000000000o0o0ooooUooooo 4joo
RTITy=25ms00000000ORTTOOOOOOO p
O00o0o00o0oooooRrRTTOOOOOOOOOOO
00000000000 OoACKOOODOOOO TCP

f00D000000000000D0DDOO, National Institute
of Technology, Tsuruoka College

000000000000, Orange Labs, Tokyo

F4

oo ogf
Satoshi Utsumi

oo ot Salim Zabirt
Yasushi Kato  Salim Zabir

1000 T T T T T

100

Transmitted data [Kbyte]

Reno,RTT = 25ms ——
. Reno,RTT =50ms - - -
’ e Reno,RTT = 100ms -----
’ e Hybla(all RTTs,RTTy =25ms) O
. 1 1 1 1

0o 100 200 300 400 500

Elapsed Time [ms]

0 1 TCP HyblaO TCP RenoO0 OO0 OO0 [4]

HyblaODOOODOOOODOOOODOOOODO

C( Wi+20—1 S
Wi+1 - { W, +p2/Wi CA (1)

OOooogssOSlow StartD 00O O0O0OO0O0O0OOOO
00O0000DODODOCAO Congestion Avoidanced O O
O0o0ooOoOoODoODoOODODOOO0¢0000000 ACK
ooooooo

00 [40000¢000 TCPHyblaDODOOOO
OT7T@HO00oooooooo

ot/RTTo _q
o =1 + (t7t710)2 + (t—t~.0) t>t CA
In2 2RTT? RTT, = Uv,0

(2)
udddy0O000000000000000t¢,,00
O00o0ooooooooooooooooooooo
ooooooodoooooodt, e = RIT logy vy O
000000oOo2200000000 10 TCP Hybla
0 TCP RenoOD0OODODOOOOODOOOO ~v =32
DDDDDDD(2)DDDTCPHyb1aD[IEID[IDD
ORTTOOODODODO RTTo,ODOOOOODODOOOOO
000DO0OTCPHyblaDOOOOODOODOOODODO
0000 RTTODO TCP Renod RTT = RTTy, 00O
go0d0ooooooooooooooooobooon
Oo0oooogg

3. TCP HyblaOOOOOOOODO

TCP HyblaO SSOO (1)00O 2»—-100000
oooooooooooooooOoOoRrTTOOOOO
U0 1RTTODOO0OO0DOO0O0DODOOOO00DbO0OO
oooocAdOdOoUOOoooOoooooooooogo
O0000000000000000O000TCP Hybla
gooooooooobooboooooboooooooon
ooboooOoooooboobooooooonb poogo

Copyright © 2014 by
The Institute of Electronics, Information and Communication Engineers and
-H:H- Information Processing Society of Japan All rights reserved.



FIT2014 (% 13 ERHBFEEM I+ —5 L)

0000000 RTTOOOOOOOOOOODDOO
oboboooobooooooooooboooobooooo

e p: UOOOOOONO
e R: RTTOODOODO

e V: OOOO (CA: Congestion Avoidance)/0 OO
O (FR: Fast Retransmit) 0000000000
gooooboboooogo

e X: CAOUDDDDDDORTTOOOOOOOO

A: CA/FRO0O0OUOOOO0OOOOOOOO

AW,m): 0000000000 WOOOO m
gboooooboooon

p: RTT/RTT,0(0000RTT, 0000000
000000 RTTOOOO00ORTT, = 25ms0)

3.1.000000000Db00O0O0bOoOoboOoDo
googooobooo

goooboooboobgooboooobo
o W:OODODOOOOODODOODODODOO

e [: CA/FROD0ODOD0OD0ODODODOOO
goooon

e D:00000DOOOODOOOODODOOO

goooobooooooobobooooooon
ooboboooooooooboobobobooooo
ooOowibDooooOmOOOOOOODOODOOOOO
gooood

AW,m) =Cy T (1 =p)Vmpm o (3)

oobooooooooo3dboboooboobooooobono
ooo0oood0Om<WwW-300000000

L = ZmA(VV,m)

2
Q
b
=
|
=
b
]
%:
3

= 1+p(W-1)
~ 14+pWO (4)

OOOTCPHyblaOOOOOOOOOOOOOOO
obobooooobooboobooboooooooon

G
EN

N
RN

gboooooboooboooogooboo

w-3 1
D = -\ym
3 (gmacwm)
1 =
= X YN a- Y
m=1
1
— 5 % (i)mcl;ll/—l(l _p)W—l—mpm
m=0
1 Ww-1
~ = x C};I{—l(?)m(l _ p)W—l—m
2 2
m=0
1 p w-1
= — - 1—
5% (5+(1-p)
2-pW
= ——w U (5)

0000000000000000000 CA/FR
000000000000000001/p000 [5[8)0
000000000000000000000 WOO
000000000000L000000000000

1
Y= 4W-LD (6)

0000000000 D0O0D<1/2000000
0000XxRITOOO0O0OO0O0O0O00O00O00O
0oo

W = DW + p*X0 (7)

0ooooo

1-D
WO 8

g (8)

000CAODDDOOOOO0DO0O0OD00000
00 Ye (DWW +p*)0FRO0DDOOO0O0OO
ooooooooo ¥+ %a-4)0000

X =

X
w W 1
_ 2 o (1 =
Yy = Z}Dw+pkH72+4(1‘ﬁ
2
_ P w_w
= MDW+2M4UH—4 4&“@

0 ()0 D000WwWDo0o00000000000
000CAODDDOOOOOOOO X x RTTOFR
000000000000 (1+(1-1))xRTTOO0D0

A:LX+1+O—%»xRD (10)

oboooog BOO

Copyright © 2014 by

The Institute of Electronics, Information and Communication Engineers and
-H:H- Information Processing Society of Japan All rights reserved.



FIT2014 (% 13 ERHBFEEM I+ —5 L)

W,/2

window size

Y,

Y,

w,/4}

U, Vi V2

# of rounds

X, X,

U2 000000b0b0000oboboooboboobn
oooooooo

2. 000000000DO0O0OOODOODODbO
gooooobon
TCPOOOOOODOOOOOODOOOODOOOO
W, OOboOooOooooooooboooooooo
oboboooooooboobobobooooooon
gboboooooooooboobobooooogon
W,0oooooooooooooo wooooog
oboooooobz20000000000000A0
gbooobooboooboobobooooboooga
oooobooooooobooooobooo

o W,: OOOOODOODOOODOODOODO

e L, CA/FROUOODOOODOOOOOOOOODO
gooood

D, 00000000D00000DOO0O0O0

U.CAO0000000D00000D0O0000on
ooooboRTTOOOOOODOO

V:CAOUOOODOO0OO0OoOouooooooogo
OO0O0o0O0O0ORTTODOOOODOO

gbobooooooobooboboboboboo
ooooooooom<Lw, —300000000

W =3
Lp= Y mAW,m)~1+pW,,0 (12)
m=1
Wi —3
7 m 1 m N (2 7p)Wm71
Dy, = 2 (5) A(W,m) ~ TD (13)

0000000000000 00o00O00 CA/FR
000000oOoooooooooool/pooooo
ooooDo0o0ooOOoO00oobo0ooboo0oooon Wy,
oooooobooooboOoL,00b0o0ooboobono

goo
1

p

%

1
4

5
7 fift

oooooooooo D,O00OD, <1/20000
Uo0o00o0b0UxRTTOOODODOOOODOOODO
oooo

W = Dy Wy, + p*UD (15)
oooooo
1-D

oo0ogocAODODDOOODO RITOOOOOOO

000000000000000
X =U+VO (17)

000CADODODODOODODOOOODODONn
0 1(Dm+1)W,,U+W,VOFROOOODOOODOO

W | W,
00000000000 ¥ +%a-24)0000
1 W | Wi 1
Y = S (D + D)W U + Wy V + =2 + =" (1~ —)0
2( +1) + +2+4(Lm)

(18)

CAOODODO0O0DO0O000 XxRTTOFROOO
000000000 (1+(1-2)xRITO0000

1
A=(X+1+(1--—)) x RO (19)
Lo,
0o0ooo00 BOO
1
7+Wm_Lm
p=Y_z O (20)

4.00000000

ns-2 (1000000 TCP HyblaODOOOOOO
gooooobbooooobuooobbooooboo
go0doooooobboobobooooooooon
Newton OO OODOOOODOODOOOODOOODOOOO
gooooooooboooboooooboobooood
000 ooooooobboooooooooooo
000000ooooooood TCP RenoO OO 0O
gooooboooboonooobbooooobog
oo 1ooooobobbbooogoooo
ogo3000000b0boboooboooooogoooao
godoobooooobooooooboooooog
O000O00O0001,000packetsM O 30000003
O Link CapacityDl O W,,,/RTT 0O OO

U1 0000000000000

Pcaket Size

Wm

Buf fer Size
Simulation Time

1,000 bytes
550 packets
1,000 packets
500 sec

RTT=100ms0 00000000 40 0RTT=250ms
Uo0o00o0oDoOon0 500RTT=50ms 000000
oboednOonO

Copyright © 2014 by

Information Processing Society of Japan All rights reserved.

The Institute of Electronics, Information and Communication Engineers and



FIT2014 (% 13 ERHBFEEM I+ —5 L)

RTT 100ms 250ms 550ms
Link Capacity |44Mbps 17.6Mbps  [8Mbps

03 booooboboooogn

50000000
45000000
-
40000000
= 35000000
7
=3
£ 30000000
=
3
2 25000000
o
3 20000000

ﬁ 15000000

10000000

5000000 Vel
e
g LN
o i S-S

0.000001 0.00001 0.0001 0.001 0.01 0.1
Packet Loss Probability(p)

- ¢ -TCP Hybla(Simulation) ——TCP Hybla(Analysis)
- - TCP Reno(Simulation) ----- TCP Reno(Analysis)

04 RIT=100ms OO O OOOOO0OOOOOOO
oooobooog

TCP HyblaOODOOORTT=100ms OO0 O0O0O0O
ooo0o0100D0000S%O0O000000000
RIT=250ms 0000000000 0.01000000O
000 5% 00000000RTT=550ms 000000
o000 o.0l000000000DOO0O0O 13%000
good

goboogobobogoolbobbooobooooogoo
oooooooooooooooooooooooon
gbooooOobooooboboooboobooo

5.000

0000 Endto-End 00O IPOODOODOODOO
OO0 TCP HyblaDOOOOOOOOOOOOOOO
OOOTCP HyblaOOOOOOOOOOOOOOO
oooooboobobooooooboobonoboon
RTT=100msO250ms OO0 000000000000
O05%00000000RTT=550ms 0000000
13%0000000000000000End-to-End O
ooIpOOOO0O0OOOOODOOOOOOOOOO
gboooboobooooboooooaoo

ocoooooooDoOoOooOooooooooo TCep

Throughput(bps)

0.00001 0.0001 0.001 0.01

Packet Loss Probability(p)

-~ @ =TCP Hybla(Simulation) ——TCP Hybla(Analysis)
- e~ TCP Reno(Simulation) =---- TCP Reno(Analysis)

O5 RIT=200ms OO0 O0O00OO0O0O0OOOO0OOOO
goooooooo

9000000
8000000
7000000
6000000
5000000

4000000

Throughput{bps)

3000000

2000000

1000000

R
LY
o ittt S SREPUIDY
0.000001 0.00001 0.0001 0.001 0.01 01

- # -TCP Hybla(Simulation) ——TCP Hybla(Analysis)
-« TCP Reno(Simulation) ----- TCP Reno(Analysis)

06 RIT=00ms D00 O00O0O0O0OO0OO0OOO
goooooooo

HyblaOOODODOOOOOOODOOODOOOOOOO
goooooOoOoooooooobboooooooobooono

oo
gobbbooooooobobbooooobobboooo

good

[1] M. Hassan and R. Jain, High Perfomance TCP/IP
Networking: Concepts, Issues, and Solutions,
Pearson Prentice Hall, 2003.

[2] V. jacobson, "Modified TCP congestion avoid-
ance algorithm,” end2end-interest mailing list,
ftp://ftp.isi.edu/end2end /end2end-interest-
1990.mail. April 1990.

[3] W. Stevens, ”"TCP Slow Start, Congestion
Avoidance, Fast Retransmit, and Fast Re-

1

Copyright © 2014 by
The Institute of Electronics, Information and Communication Engineers and

5B 4 ﬁj\ﬂ:ﬂ- Information Processing Society of Japan All rights reserved.



FIT2014 (% 13 ERHBFEEM I+ —5 L)

covery Algorithms,” IETF, http://www.rfc-
editor.org/rfc/rfc2001.txt, Jan.1997.

C. Caini, R. Firrinciel, ”TCP Hybla: a TCP en-
hancement for heterogeneous networks,” Interna-
tional Journal of Satellite Communications and
Networking, vol.22, no.5, pp547-566, Aug.2004.

J. Padhye, V. Firiou, D.F. Towsely, and J. Kurose,
"Modeling TCP Reno Performance: A Simple
Model and Its Empirical Validation,” IEEE/ACM

Transactions on Networking, vol.8, no.2, ppl133-
145, April 2000.

N. Cardwell, S. Savage, and T. Anderson, ”Mod-
eling TCP Latency,” Proc. of IEEE INFOCOM
2000, vol.3, pp1742-1751, March 2000.

D. Zheng, G. Y. Lazarou, and R. Hu, ”A Stochas-
tic Model for Short-lived TCP Flows”, IEEE In-

ternational Conference on Communications 2003
(ICC 2003), May 2003, pp.11-15.

Z. Chen, T. Bu, M. Ammar, and D. Towsely,
”Comments on Modeling TCP Reno Perfomance:
A Simple Model and Its Empirical Validaton,”
IEEE/ACM Transactions on Networking, vol.14,
no.2, pp451-453, April 2006.

N. Parvez, A. Mahanti, and C. Williamson, ”An
analytic throughput model for TCP NewReno,”
IEEE/ACM Transaction on Networking, vol. 18,
Issue 2, April 2010.

[10] UCB/LBNL/VINT : Netwrok Simulator - ns
(version2), http://www.isi.edu/nsnam/ns/.

RN

A. TCP RenoO OO QOGOQO [5] [8]

0000 TCP Reno0 000000000 ODOOO
0000000000 00000000000000
000 RITOOO 00000000 pdOOd RIT
000000000000000000
A.1.0000000000000000O0000O0

oo0oO0O0O0OoOoo
0A-100000000000000000000
0000000000000 TCP Reno0 00000
00000000000000000000 YOOO
0000000000000 000wWOOOoOoo

1-p

Y =" +W0O (A-1)
p

OOOTCP RenoO 600 RTTOOOOODODOO
o0o01000b00000oooooyoooooo

%

1

4

7
ﬁj\

Packets sent

A LEGEND
[ JACKed pacekt
W; | [X]lost packet
Wiy —%
2 3 05
2|5 B
1 (4
# of rounds
1 2|3 4feeees X; >
TT last round

Lpenultimate round

0 A-1 TCP Reno0000000000 [5]
0ooo
X/b—1
W W
Y = - —
<2+k>h+2
k=0
X (W W
- (= _ A-
2(2+W>+2D (A-2)
OoOowooOoooooooo
WX
=—+Z2_10 A-
w 3 + b (A-3)
0 (A-3)0000000
X—b<g€1>m (A-4)

00000 (A-1)00 (A-2)00 (A-4)000W D000
Oooooooo

2
W\/8(13bpp)+<3b3b2> 73b3b2D a5)
CA/FROOUOOOOOOCOOO ADO
A=(X+1)-RO (A-6)
Ooooo0ooo BOO
1-p
B:%:E%PK (A-7)
A.2.000000000000000000000
00000000

ooooooOoOoOoOoOoOoOoOOoOOOO A200
gooooooooooow,00b0boo0oooon

W, U

m
Wy = —2 4+ = —10 (A-8)
2 b
oooooo
Wi
U=(—-2+1)b0 (A-9)
2
Copyright © 2014 by
The Institute of Electronics, Information and Communication Engineers and
-H:H- Information Processing Society of Japan All rights reserved.



FIT2014 (% 13 ERHBFEEM I+ —5 L)

@

N

/] Wm

; e e = - S S—

o

=

£ w2 /

= = Y, — Yy! | eeeens

U Vv U, |V >

! ! 23 #of rounds
X, X,

0 A2 OO0OOCOOOODOOOOOOOODO TCP
RenoOOUOOOOODOOOOO [5]

gbooooooooboobooboboboooooon
ooooooboobooboobooooboooboyYyoog

1-p

Y=—+=+W,0O (A-10)
p
3 W
Y = Wl + WV + =0 (A-11)
0 (A-9)00 (A-11) 000
1—p 3b 3b+2
vt _ 2w, +2T%0 A-12
Wy st (A-12)
CAOUOOODORITOOOOO XOOOODOOOoOoO
oono
X = U+V
1-p b b+ 2
= P %y 20 (A3
me+8 + 4 ( )

CA/FROOOUOOOOOOOO AOO
A= (X+1) RO (A-14)
O0o0oOoo0o BOO

1-p
B:Z:ﬂ

I " (A-15)

Copyright © 2014 by
The Institute of Electronics, Information and Communication Engineers and
Information Processing Society of Japan All rights reserved.

i
EN
§ o
E:



