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Abstract

Inter-cluster data transfer is performed using multiple TCP streams on high-speed
long-distance network in recent applications. It is known that bandwidth become
different among TCP streams on long-latency high-speed network. As a result, data
transfer throughput is degraded. In this paper, we observe the mechanism that the
throughput difference among streams is generated. Long-distance communicatidn
using parallel TCP streams is modeled using an experimental environment consists
of 10 gigabit Ethernet and a delay emulator. Microscopic behavior. of parallel TCP.
streams is visualized by observing traffic with 100ns time accuracy using hardware.
From the result of the analysis, we show that the throughput become different be-
cause the packet transmission order is preserved among streams. In addition, we
show that throughput difference is mitigated by adjusting the start time of commu-
nication. :

Department of Computer Science, Graduate School of Information Science and Technology,

It SURFnet 2 &, 10 ¥HEy b /B2 5 2DLE

ARy N7 B8FIHREIC R o7, ZDX 5 RIA

BA-7 A Y HETIXIEEAF, 7 A U b-3—a v

BAY NT—2DA 75128, 75RFIMTHE



BWRT = FEEERETT O ICANTERE & 2 o7 [4][6][2).
#1 %1%, Data Reservoir [4] TiX, T4 R/ T —%
EEAETHEDICWAMTY SR IMT —FBEE
175, ZhbOBEATII, — FZLIZRlxZikoTe
TCP X kU —4 (F(TCP A kY —25) ZHANT
FFEBERMTON D, KEER, KEFERAR EE
C BT —FEETH, Ay N2 Oy ME
15 B¢ (Round Trip Time, RTT) i3 EH I U #IT
ETORENRDD.

IREECBENKEVWRY FU—7 (Long Fat
pipe Network, LFN) Ti%, TCP % AV e&mzh=E
RF—FEEPHE LN LR BN TS, TCP
TH, *y NU—2 OEELET D0z, REF
HZIERERBOT —F (Yinflight data”) DA X
ERHAR R NCHIBRY D, Z ORIREITEEY 4
VRUHA X EMEEND. IR 4 POV A X
=72 ACK ¥y MaEZITR A EICEREh, AN
vy hrREZL Y ACK BEMRVEBLENS.
TCP ODHMEIIBBLELUTORTERES.

g v NU YA X /RTT

ZD1D, BESKENF Y NT—7 CERWVERE
BATIEEY 4 FUA ABRKREVKERD B,
L72L, RTTRKEWVWEEEY ¢ FUY AL XD
X HABV, 207D, LFN T TCP X kU —
ARREEEET BICEEOCERRD 5.

¥F TCP R hV—ATik, FLESPEITE
B LY —EOR M) —AR+SRHRERERH L
BTERWEESRH S 3. TOHKE, AU —24
BCTHEERERENAETS. LFN CHBWA b Y —
ADOFRBEIEICEEEN B0, ZOREHIIE
BETIIEE bRV, ZOREER, BORX MY —AR
BRI FRyZ ERDVRT AEEKE L TDOT—F
EHEMET TS, HOX B Y —AZERIZEL O
F—F B Y YT HAETHE, FR METOT—
A E R EICT AR BIEY LEL T 5.
F—FEEAEELZRET IO, HAER D
U— AMOEE S LT 2 HFEFRELCE 2
[3][8]. DECP [3] Ci, Linux #—>/® TCP X
o7 LUV TR MY — AMOBEE ZEHET 5.
Stream Harmonizer [8] 13, BERIYV 7Ry Fd 5 —
P72 IZBNTN—FT=TIZL YV " ry bER
FPa—Y L TA N — AR OBE S EHET
5. ZBOFRIEA M) — LRI —EE UERE
e TIZRT LW FEBTCOREILTH o7, RF
Ak U AHEERRICH SCREL BB EDED D
LTk, ShictaEsmETAFEESRDS.
AFETHE, LEN 2 EF VAL LI ERAR Yy hU—
ZEAVCT, ¥F TCP A b Y — AR CHEER T
BELDAD=ALEBET D, TIZ10X Ty
ke A4 —%Fv b (10GHE) & BEEB» LR HE

BREBLHVE. ZOERERBICLY, LFN O#FEK
VAT UL EETNT S, Uy EAREARED
HELPRLAEREELHANDZ LT, R —
LARIDEEREER N S OERIGKEETIRED
BT Lk, N—FY=7 % BT 100ns DEFH
BETAYy bv FEEETH. ZhicX v iEF|
TCP A MY — 2 OWBER N T 7 4y 7 DIRDH
WEAHAET S, A MU —ARO/y MEHIER
BREFEENDZ L, TORREHENES R>TA L

Y—MFEHEEMET T2V HOBRERERT.
i, BEBBOIA IV TERHETEILICZED
AN — AHOEERFHEAET D Z LAFRET
HBIELERT.

AT, 2B CTERTHEMATS BIC TCP Ot
BEEIRAB. RIZ 3 ETHIMCHAVDREIZONT
B A, 4FETHIITCP A MY —ADRSHE N
RIS 5. 5 ECEEREICOVTIRRD. Kk
IZ6ETELDHEITS.

2 BIC TCP

FE{ <AV 3 BIC (Binary Increase Congestion
Control) TCP [5] O#E % ik~<%. BIC TCP I3
BUBEIN (Additive Increase) & 3 #EFR I (Binary
Search Increase) # MAE DO EEY 1 FU ¥
A ZEENC XY, LEN <O Y > 2 FfER L EBE
FTHRAN) —ALDAEERITHELRNE L
7= TCP Th 3. RELELNT5 TCP Reno
DEF T4y LHRMEERFOLITE ENT VS,

BIC TCP CIIEENEED L, TORACTOIE
BU v Py XEVMER -5y b4 K
TH A XE LCRET S, BECEEY 1 Fod
AREE—=HFy T4 R XOBRIZLY,
BEEY 1 2 N YA XOEMASEINEATEN & 1
MABBOZHEREMONTHASRITNSD.

BECEE Y 1 FUPAS X F—Fy g r
FodA ZOENR—FLULETHIHEIT BEY 4
Y RUNMBERIZECEING. &YV FUuYg
AR 1RTT ZERT Y b S, BEFERSHD

—F, BEV A POV A ART—Fy b
Fo ¥4 RGEWES R A EREMCG V&2
bhd. ZO7xA XTITEEEY 4 > FUHA R
RTT Of#HA—F— T VELEND. V4
¥ RO XOEMEELS §5HICX, (1) ATEE
HEEI LERRIGEVDOTY 4 v Ry X0RA
Wi EM L3, (2) MEEELE LZEMO
WECRBMEETH I LTI 7 EieFEA
35, (3)#iAET5 TCP Reno D h7 7 4w 7 Ak
BEMZTEME EXATSER ESES, WD
BRIB S 5. '

Rry Na ARREBEITEE Y P A



AEARRD A 1GHERRILH 75
[ 1

| RAOF] BESR
MG8 # 410 150ms

—1GbE
=10GbE

B 1: ERAX Y U —2 O

EBARR

EiRRRR2

Iy

AiRAR3

AR1-81% (0 < B < 1) iZEH &N 3 (Multiplica-
tive Decrase). )

BIC TCP TiX Additive Increase DfRE Spnas &
TCP Reno @ 137 v b XV R&< L, Multiplica-
tive Decrease D735 A —% (3 % TCP Reno ® 0.5
LVNEBRETH LT, LFN ClE#EY 1 F
TH A R REBFEIZREOZ EEFRRIZTS.

BIC TCP iR iED Linux BRI I T 5.
AR T, Linux OFEEELZOEER/ND.

3 EHAE

10GbE LEEHEE LR P ERBREELR VT
FITCP A Y —ADEBBNEMEHT5. FEIC
Andxy hU—2% K1IZRT. BIERAN4E
LZIERA DN 4 BORTIFH TCP TOHEEEITD.
1HRARITEICI AR —L%EY, ABEHT4LRE
J—ATHEEEZITH. ZThHDA B —AM1GLE
DR INR7 V7 E@BBTH. ZDY 7 LS
X2 TIOGHE THB. vy hU—7 OBEHREEIC
BIHELERE (ANUE GE10) AT 2. Z0%ER,
Ny 77 ROTREBRICBE S RESED. ER
THGBE® A )51 150ms, £ T 300ms TR ET
5. ZOMEICL Y REBERY NU—7 DR EN
FEFNLT D, BEIINN— R 772 L0 ERE
HWAENAL®, Yo &izEoNE 2HER L
BAETHSD. AA v F Foundry MG8 ZH T
BEEBL 4 BORERA N EIEETD. XL vF
Forcel0 E600 Z VW CGEEEE & 4 BOZEFX
PR S, BEEELZERR FOMEITER
FT35rF574v271% VLAN REIZLY 1GbE OAR
FVRyZ )7 ZBRTH. AL vF MGS L&
EEBERES 10GE VU 7 B\ THFED k5
T AT BT, :

3.1 +I 74y RENTEE TAPEE

kT 7 4y 7 OFENTIZIX TAPEE [7] A5, -2
DEEIZEY 10GBE DY 7 N5y b
~YFETALA YL — NCRETIHIZLHAETH
B. HAy I 100ns EDOF A LR EZ T HMT
MEhs. ThbOMEEIZ XY, 10GbE 2Hh b

X 2: NT 71y 7 fENTEE TAPEE D48

1
KTAP TAPEE
JrPca !ﬁ-‘—éi&ﬁ’hzbol
{FPeal—1 F—SRRRAN
N
ST v
S4LRELTHM(100ns tick)
Bz
FubI—o

R 3: TAPEE &\ e~y ¥ DX ¥ FF %

NS 74y 7 OWBERIBEIECEZRELT R L
RAETHS. K2 CEBMEETT. Z0EEBIX
10GbE OR— b % 208D, 2 HFAD N F 747
LRI RETRETHS. TAPEE X, ZELES
7y b~y FESEHET S, RRZ, #4152
BT EMAMTR. B L~y F L EL LRE Y
TEFEEAAry NSELDB. ZOTF—FE 1ED
UDP A4y hD2f m— FIZEMR LSO R&E A
BFRMIBEHETS., ~yv ARG EHET2ETT —
ABEZELT. ZOARBIZLVESGHEARA NTHRY
ZIELELZETHELFRIITS.

X 3 Iz TAPEE O#HEREZRT. HAEXY
U —Z1Z5% TAP #ANT, 2 FROXES%
TAPEE IZANT 5. TAPEEIZ L v &hiz~y
FeBA LRI TOTF —F IS FEEICHL D
F—FEHRA MIEHENRD. F—FREGAFR R
FCRZELAET—¥ &7 A A 7IZ8R&ET5S.

3.2 IVFHRRFDEE-

8RNTY FRA MIZTHUAHETHS. K1
T FRR b OA#EE AT, BRI Linx T
BEYZAVLH S BIC TCP A5, BIC TCP
@ Additive Increase %3 (max_increment) i 16,
Multiplicative Decrease 2% 1—3 = 819/1024(~
0.8) &L, ZhBiEWThb&T 74V FOETSH
3. DARBETIENBEEND 2D selective
ACK (SACK) %M\’ %. OS ¥ Linux 2.6.16.28
#fAv3. LA Linux WZfFE L7z BIC TCP %



B P AR

CPU Xeon 2.4GHz x 2
*®Yy -1GB
(O} - | Linux 2.6.16.28 (1386)
TR BIC TCP, SACK % Y

- NIC Chelsio T110 (TOE 72 L)
NIC F74 7% | cxgh2toe-2.2.0

& 2: iperf D2 NI A U5
EEM | -c —23% i 1 -w 256M -M 9100
-1 128k -t 100 -F (mmap 7 7 - V")
SAEM | -s-1 1 -w 256M -M 9100 -1 64k

EORABRZON—Ya VCREBESA TN
Chelsio T110 10GbE *v hU—2 #— K (NIC)
ZEEICHEMATS. T110 ® TCP offload engine
(TOE) iEA LAV, R4 /520 cxgb2toe-2.2.0
ERWE.

iperf %)ﬁb\f 100 HRIDBEEITS. EERO
iperf i< mmap 2
AR—=A~DAL—EEW LI =T a1 &
W, ZEMTI iperf 1.7.0 ZBOEE L TEAL
fe. iperf @ v R7 A VBl HEHEM, ZEM[
ZThENR 2 1T

4 FHi

SECTRLA-EREESAVWTIEF TCP A RY —
LADOWAENBHENTS. £, 2TOXRI—5
NEBFIZGBEELZEE LB Y WTEN 21T S
ZOBE, Ny I\i‘ﬁm@z}ofﬁﬁ;ﬁ—*ﬂaﬁ@%ﬁ:#ﬁ
ENTAMN) —~ABIZAAEERE L BELTT.
Wiz, Ry MEHOF A I T ERETAZET

A M) —LAROARAELEMZ O DE LT

4.1 Ny FEEIRICKBIE S DEDHEE

4 DDA NY —AETERKFICEBELEGEOE
AN —AOWEEER 4177, EHIEERH
a7 b ORERE, HESRETHD. 2FEFME 1
RTT (300ms) DM Z & i250F, EREI LICHE
DEHE LY Fay kUi, 5 BFIEETIEETO
A RY —APEERUMETHS. FD%, stream
3,1, 2 0 DIERHEETARBE TS, TOER,
A NY — A CHEBRENELTWD. FOH%IT,
EDOA MY —ABIEE—EOEER- TS, i
TOWEEREME ST TV 5. HEKETD

IV 2P RR=ZAPE I —F L

1200 T T T T T T T T T

C

=
o
=]
=]

throughput(Mbits/sec)
[~
[=3
=]

0O 10 20 30 40 50 60 70 80 90 100

time(sec)
total stream1 ---eeeee sfream3 wimemim
streamQ ------ stream2 e

B4 4% 1Y —AOVER, 300ms KHZ 2O

[ P r— X = x =
a 2 o — —
E
8
4
T oq em—— — s—

0 —c—

7 8 9 10 1 12 13 14

timé(sec)

duplicate ACK  x

B 5 £A MY —LDEH ACK 737 > MEHIFREZ]

Lol LTnaBR, 272K &b 100 oA
THEEE STV,

FBA RN —=ATHry b uAREE B &/
Bz, ZBENEBELE ACK 7y MRS
Bizla 7 ay b Lz, fBRE2K 51T, B ACK
Ry NOFERA LY, stream3, 1, 2, 0 DJEIC
D ARBELTVAENRIRINLTVAS.

ANV —AFBIZHOFA I T TrARELRH
HERLBD, 1 RTT NTDT y REHD S 4
I T ER ZSYN X7y hDORD RTT

ZBITFBREA Y — .L\UD/V?/ rEHFAI T H
*T‘T 2R —AEBIZREEOZ A I TR TR
B2 3, BbEV stream 0 & B LBV stream 3 T
1349 2ms OEBRAE LTS,

Iz, B 71 stream 3 OIENE B IZBEZI T
B 2HMENLRTEOE/LERY. 10ms PEM T
LIZHRBEDEHE R o, 4 DD N Y —AM1RTT
RNOBHIRMTELD TRy hEFEoTWnD, F
7, ANV —AgIZRTry FEHOXERS PN T
WA, stream 0, 2, 1,3 DIEIZ NNy FEEHLT
W5, 60Ty NEHIERFOEEREFEINT
W5, JEBEREOR R Y — AXERTNICMOR Y —
LRy NEESTWNWBTEDAL v FORy 77
W27y MR E 2 TWBRREMERE. £,
ORI LTV, EEE, 51X stream 3, 1, 2,
0 DIEIZ 2 ZARFELTWAELRLTWVS.,



L L . L L
03 0.3005 0.301 0.3015 0.302 0.3025 0.303
time(sec)

stream0  + stream1 x stream3 ©

X 6: @IEBABFF DT v b HEER

stream2’  x

8 &
2 el
S Lt
E i
= H
5 I ,
8 i .
£ s i
i g
8 85
. time(sec)
streamQ ——— stream2 --seeeer
stream =—-~=w~ stream3 e

B 7: SOREORTRZL, 10ms K2 & 0T

WBERBREO Vry PEHIEMREESNRD A=
RALEFRD 120, £ RTT HIT stream 0 & stream
3 DEHBFMEELFAS. RITHTIAD 220
2R Y — ATEIZE DN v FEEOBR%
&3 3. KSICKRETT. KT, »5% RIT
WWEDLNET—F 1y MIFH LT ACK 7y k
DRV TV S, EH LV — FEEIFIC 1Gbps
PHIDHEIGLEDR MRy 7 U I 55@ET D
By FEBASIEN D, FORE, ACK X7y
FOERIZR C RTTIZEHR LT —Z 7y b
FRXVIEL 25, TCP Tk ACK #Z{ELTh
BIROF—FZ Ry N EED. TODH, ACK
7y NOREIRARD RIT TOF—F 3y FEH
ffEE LTREINS. %@tbeJ—Aﬁoé
HERE AR S N R b REENS.

UEXY, BIEEEROLTIRERSA IS
DEVNHIERINABRSREEND L, TOKRE
EHIEAEADA N Y — A i&ﬁﬁ}ikfimﬁ‘l‘@“
52 k7b=’\7§>o71

42 EHAS IR BRERE

EHEA I ORFEZIY A Y —LHOTA
C FMERMETRE TH D ERRT. ATE IR AR
BOR N —MZERBMET 5 2FE R L. R

MY —ARTHry b ADBERTENRR ST
WIeERRAFEQRR Thol, 7y ha o
BERLTESEANI—LHTEAXD—DODFE
LLUT, BEOHBREMET LT FEERT. R b

gap (sec)

0 2 4 6 8 10

SEQ —w—

ACK ——

X 8: stream 0 & stream 3 DOEHFFEZE, RTT N
THRANCE DN/ v NRALTHBE

1200 T T =T T T

C)

-
® o
Qo O
S o
T T
1 i

400 -

throughput(Mbits/sec)
=2}
8
I

200 [} 4 ¥ W3

0 1 1 1 1 1

0 50 100 150 200 250 300
time(sec)
total stream1 ---e---- stream3 ——-—-m
streamQ ------ T A —

B 9: #HF A I 7% 14 RTT FoF5 L
BOREBLEAL, 300ms KEIZ L 0Ty

V— b8 Kb HEEIE, ThHDARY—A%

- RIT/n $OoMREZH T 2B LIECHGTS. A

OEITHE n=472207T, 1/4RTT = 75ms TR
EHTRALIEIZ4>DR N —AREETS. &

DT BZET4OOARRY—AMN1RIT OIS

HikE CEEE1T 5.

EBC 1/4 RIT ToMBEMEZ T LT400
AN) = LB SR BEORBERLER 9 IR
. 42D MY —AMEE 250Mbps TEEL T
W5, 1Gbps DR bk v 7 U o 7 Bigk AFEhD
100%IZIEVVEIRCHEA L W5, BEEBRRICE
TOA N —ATHREMIERALFA I/ TED
T3, FORR, 2TORA RN —ARFERLE
BCEELE, MENERZEVELEY, 2TH
BOERIZR 77,

Y A I 7% 1/4RTT 5 LIcBA OME
HZREEE K101ZRY. 1 RTT FT420
2 RNY—=AMBEERBICE L DTy P EEH
LTV, ZOFRRE, IR CREZBEIZ4 D
DA R Y A TEEMIUTHHFITR>TVS.

BEAd, MM I TefETaEC LY
FITCP A b Y —LDEERENFE LR RDE
PR Ehic. '



throughput(Mbits/sec)

time(sec)

streamQ ——

stream2 -««-----
streamt ------

Sream3 e

B 10: EHF A IV 7 E 1/4ARTTT5 LIEBED
IR 2 BRI, 10ms R Z & 01

5 %EH%

DECP [3] %, Linux @ TCP R ¥ 97 L~ LT.

W% TCP R kU — A CORBEHLEIT 5 F1E
THDH., T RFRAMNITEE 4V Py A X

DERETH]T D, TOBFRMETICETEDLR

V=M 74 v KoY XE FHEETS. Stream
Harmonizer [8] 1%, REMY7xy DS —F U=
A IZBWTIS TCP A b Y — AOEETHEFT
5. BWA R U —ADRIT 2HERLT I LIZE Y HE
E%x#Hl3 5. Stream Harmonizer jZ= > KRR bk
PEERICEE B ETADS LWV O FERHS.
INLOFHEF—EEUAEEBZETICRET &0
5HETRBEILThH 7. ABIECIREEREZD
bORRBETDHAH=A L Ewm L.

6 BbHYIC

AETiL, LFN ECIF TCP A R U — b %A
CWEBRRIZA M) - ARICEEREREET D A A
=X L EEN Lz, 621X 10GbE LIBEEE
LRAERBESFERA L., N—FU=2TE2RANVT
100ns PEFEIBETNT 7 4 7 BT U=, ##4T
OFER, 1 RTIT ATHO AR NY —AEDOREIERER
BEENDIERS o7, REEESBONR Y —
LEIFBRLSREMETTAI LR Shole. E,
A MY — AOBERRZFETH L TRTDA
Y- ATHELZZITHZ ONAER ST,

AR TOFMCIRBEEELZHEAL L7728
Uy B OEERERINTWE., £%1F, EE
DOEIERERE S v U —27 £ AW TS TCP
AR —ADRBBNERTTHFETHD. £z
WH TCP A b Y —ATCHERENEEDZ LEK
RIS HFROBRNETOFETH 5.

HHEF

AR, XEHRFEAREENRAARR 5
R RS O W B RERWET — 7 F|
FAREBOEE ) B LUOBRZENERFER CREST
R AMEEE (EHLEE R A BH LV EkRER
MO BERE 15 4 U ¥ TV IERAEE
) BLO 21 4 COE T L Y EEE iz,

SE XM

[1] http://data-reservoir.adm.s.u-tokyo.ac.jp/press-
20070508/

[2] B. Allcock, J. Bester, J. Bresnahan, A. L. Cherve-
nak, I Foster, C. Kesselman, S. Meder, V. Nefe-
dova, D. Quesnel, S. Tuecke, : Data Management
and Transfer in High-Performance Computational
Grid Environments, Parallel Computing, Vol. 28,
pp. T49-771 (2002).

[3] H. Kamezawa and M. Nakamura and J. Tamat~
sukuri and N. Aoshima and M. Inaba and K. Hi-
raki and J. Shitami and A. Jinzaki and R. Kurusu
and M. Sakamoto and Y. Ikuta, : Inter-layer co-
ordination for parallel TCP streams on Long Fat
pipe Networks, in Proceedings of the IEEE/ACM
Supercomputing(SC2004) (2004).

[4] K. Hiraki, M. Inaba, J. Tamatsukuri, R. Kurusu,
Y. Ikuta, K. Hisashi, A. Jinzaki, : Data Reser-
voir: Utilization of Multi-Gigabit Backbone Net-
work for Data Intensive Research, in Proceedings of
the IEEE/ACM Supercomputing(SC2002) (2002).

[5] L. Xu, K. Harfoush and Injong Rhee, : Binary In-
crease Congestion Control for Fast Long-Distance
Networks, in Proceedings of Twenty-thrid Annaul
Joint Conference of the IEEE Computer and Com-
munications Societies (INFOCOM 2004), Vol. 4,
pp. 2514-2524 (2004).

[6] N. Ali, M. Lauria, : SEMPLAR: high-performance
remote parallel I/O over SRB, in IEEE Interna-
tional Symposium on Cluster Computing and the
Grid (CCGrid 2005), pp. 366-373 (2005).

[71 T. Yoshing, J. Tamatsukuri, K. Inagami, ‘Y.
Sugawara, M. Inaba, K. Hiraki, : Analysis of
10 Gigabit Ethernet using Hardware Engine for
Performance Tuning on Long Fat-pipe Network,
in PFLDnet 2007 (Fifth International Workshop
on Protocols for FAST Long-Distance Networks)
(2007).

[8] Y. Sugawara, M. Inaba, K. Hiraki, : Flow Balanc-
ing Hardware for Parallel TCP Streams on Long
Fat pipe Network, in International Conference on
Future Generation Communication and Network-
ing (FGCN 2007), to appear (2007).



