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Transmission status monitoring method for improving the

performance of MPTCP in Bufferbloat environment
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Abstract Multipath TCP (MPTCP) can be expected to provide improved network performance because it
transmits data through multiple paths. However, Bufferbloat, which unexpectedly occurs in the
transmission path, degrades not only the performance of the corresponding path but also the performance
of other paths, so that the performance is worse than that of a single TCP. In this paper, we propose the
transmission status monitoring method at the sender's MPTCP level and also HoL packets retransmission
algorithm in order to solve the Bufferbloat problem. The proposed algorithm enables Bufferbloat detection
by the sender side independently, and it can resolve the HoL blocking problem by identifying the HoL
packet in the proposed transmission status monitoring buffer and retransmitting it to the normal path.
Simulation results based on NS-3 show that the proposed algorithm achieves the improved throughput
performance up to 22.8% compared to the existing MPTCP, and the average number of queued packets in
the sender and receiver’s buffers is decreased to 44.3% and 9.2%, respectively.
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monitoring

1. M2 o7 B4 WA AlgA o Qe 8

—

TCP (Transmission Control Protocol= @54 7} .
A gy olgEE A AF ZREEE AFH = F
This research was supported by Basic Science Research Program through the National Research Foundation of Korea
(NRF) funded by the Ministry of Education(NRF-2017R1D1A1B03028766), (NRF-2015R1D1A3A01018044).
*Korea Aerospace Research Institute
**Corresponding Author : Dept. of Radio and InfoComm Engineering, Chungnam National University (jyl@cnu.ac.kr)

***Dept. of Radio and InfoComm Engineering, Chungnam National University
Received May 14, 2018 Revised May 21, 2018 Accepted May 29, 2018




260 si=mexxissr|ssts=2X M1 H3s

9} 3G (= 40)2F 22 t5 o)A AF2R A4St
B2 eefolt. whEhA 7] TCPolA §HES T Yot ot
% YEHoIAE BFow X|Hsky] s SCIP [117}
FES Wroy, 7|E 3-8 =273 NAT (Network
Address Translation) 2 BFsP}e] 5314 EAo B2+
Slo}  AAERI Aol= 2 A FRA:

ol=igt 32 EAIE sHdst] fsf 71& TCP 715t
MPTCP  [2I7}  ARE=|%le™, IETF  (Internet
Engineering Task Force)oll 2lafl 20134 H#E51=] Xt
MPTCP9] Z+ MBEES= 71& TCPE o|&57] ol
NATe} Hapa} 22 712 Qliels F3f| Hofe] Aol
7Fs B TCPY] 712 Optiondt -§-8 T2 1S 4
T BES 28 glo] Id= AR 4= Sl i 2 A
o] 9t} E glo[EE MPTCPS)] ths AZ2E Sl 149
02 =2 %5 £59 3PS dold Hsk= 7hs
=

e Al

. & MPTCP #¥ AgA ®SQl DSN (Data
Sequence Number)°| <ATTHE 2HE W7l wlE 7
29 wjzlo] ARt 441 HHo] mEE AE Haks A
e, A3 739 AT H3] @47 BAgste] Hlo]
E7} &4 ok Bufferbloat [10-111% FE3joF & @4
O A, ggo] sold B =0 HolErt 2 A Al
o] 45| F71E= otk MPTCP AE= 718
TCPE ©l-&sl=E MPTCPOIM%E Bufferbloato] HAY=]
o, A& F=oA F7H XA ARRS 3540 A
oll4] HoL Blocking& 7122 MPTCPS] 24| 35
AstE goxict

B =HojM Bufferbloat®®& QIgt MPTCPY] A%
Asts WAl 9S4 HEE  ZUEHse
Bufferbloarg sty A5 shok= S5
A¥slct. Bufferbloat 8ol et $41 o 3RS
W22 2 =RolA HAsilyL, olE Hie&E MPTCP

Application Layer
]

v
MPTCP Layer

Subflowy ¥ Y Subflowy
(TCP) (TCP)
Py Py

J2 1. MPTCP Z2EZ AH

Fig. 1. MPTCP protocol stack
gollA AE AdEE BUER & £ s 7= AR
Og4 MPTCP XA %5 AJeE A9lollA AR &= 9l
7 B9k wEp ABERS EL SaZoaRe HE

HEE ¥R oI T A H2E sl Hol Bl 3
ol A HEE AAdole PSS 7 =5
bstgict

B =129] 240 A= MPTCP Z2EE 730} g
of tsiA 71&3tal, Hol Blocking® BufferbloatZ
Zsp7] 93t 71E A e Ak 38olA= ARk
S A% AH mYER 719t Bufferbloat ZH4] ¥ 9
Bufferbloat af2sl7] ¢J3t L& avfsict 4%
o= AR darlE A5 Wéel 7ke=3lom, NS-3
AlEdo]Aof|A Bufferbloat 4= &3l 71& MPTCPS}
HW 24 solct. vAEto R SAoji= £ =10 A8
I} F AT AR 71t

2, &3 A
2.1 Multipath TCP

MPTCP: Fig. 13} Zo] MPTCP A3 AHZ2$
AZoz F4dElo] Qi [2]. MPTCP AlZolAE zF B
E299] dF 5 Aofol, 38 AFO=RE W
2 Hlo[EE MPTCP 2AETE ol8sto] 2 Al HEZS-
2 Igohs 98 9ot Stk ZH AEEE9E Ho]
E7} & 2 wf MPTCP HE9] AJ#A H5<Q1 DSNo|
of=]31, ABEZEQ- oA SYTl= 7|2 TCP AlEA
59} A MLt 183 SAldol|Al= TCP AlEA
HSE ol8slo] ZF AEIZES 1 AIAA Y EXE A
% 3, DSNE o}gso] MPTCP il #IA] AlEA A
g eagsit). ZF HEZE0A= oig [P ol TCP



Bufferbloat 2Z0Al MPTCP &5 1S flet & HH ZLHY EY

B

Ao a6k, 7t ABE=Re E o7l XE 9 &
Aolg 5oz sl

w2 MPTCP doflAls 2 ABEE=E YESA
Afefol e} glojg dge 2 Saisicty & 4= Qi
MPTCP 2AE=7t 24 ABEEE29-9] RTT (Round Trip
Time)s ZF YIEQA HEE 0|83} tlo|8E FHlfolA]
ok ZEE 0|5 AR ACKE A T 7] 53
T dupkE ACKZF A AE|=A], ofd A=A 24
7} A & 26 olF A= MPTCP oA & 4=
Qict. wlEha] B =Fojxs MPTCP HEo] 4 Alef I
HEH RS ARtel] Ad A8 Al 71sZ Asleiar
2t of, ZF AEERS0 XM 5 WAL EARS AT
T flo] Aol &4A sid shars} B

[¢]

2.2 0|3Y0IM MPTCP d&

WA AEOlA 713t HIRF Zo] MPTCP= AlBE2-
7+ ¥t A5 7H of MPTCPS] e &53] A4
T UARE A= 7t B4 7 o, E5] SAlde] =
Zsk= AZE 21o]7} otd o) Hol, Blocking®] HA¥s}o]
U TCPET W2 452 7HA €t o2kt EA1= S
Zol7] 9ol Lowest RTT 2MAE= Bl 7F 2 RTT
E 7R AEEESE 718 A7t glold wi7A] Hlo]
HE Hj1, A5 d=97t §lojAH 1 ok W& RTT
E 7K ABEESE HEFo s HiE HEE HolHE
S o0R AdsIFt. (4l A5 dlolE7t X ot w
2] TAoh= 4EE IS0k AAEE AR EA A
A HE= QI3 PR F4d} oieE S8, BlolA=
s A2 B0l T s Ao =A o| 4
28 RS 85l skl ARSIt 61 41 H
T Alo]2E5 FASIsIEA MPTCP A%52 FA717] 9
Sh RS AXBIAY, (712 2709 AMB-E2297} Chunk
O] AR At & ARE 47 5H5E 08 AdsA &
O 24 AA ol XS AlkE £017] Ag RS A
SITt. {9k 22 A8 A (3, 4, 6, 7li= MPTCPOlA
U2 A4 AR 7R E A= @ o, 2AEE 2
A HEE B9l 52 =ol] 93t oA, s F
5207 "AISk= BufferbloatO & QIst] H=Z9] A
AZto] SH 0= Hok= BAIE AR sjaT &
o} ESF 2.14olA et vl Zo] MPTCP AAlES =

ojn] 53t Hle[g 9] g & 4 §lol EAPE ke Hol

e AEE 4 glon e, ARlSe F9F Hol Blocking
sfdolls ofetEe] Al & 4 ik

2.3 MPTCPOIA Bufferbloat &4}

VA 71 o] wiE w=e] 714 sietn) 34 Ed
g F7I= Qe Hold &4 A5 s 54 H=
9] % Lol 7K HiHe] 832, HA HE H=9
W] 88k HwoiA F7HAA Bufferbloar &4
[10-111& A olet 22 vue] & S7he &
A 7]5ETCP &4 Aot FEghA)7|1L &4 At Alo]
25 XEH0g FTIH TogA, 23 AolMe A
& ZE= Hlolg o] 18T TEtA S A%l
% A=2 {9 tofee 7t k=9 F71 e
25 ARE B7] A =, o= <lsle] 10 o9
RTT:= A & =1 it [12].

assigned the Data to ils
Interface and waits the ACK

1. MPTCP schedular
assigns Data to the
Subflow

MPICP

Schedulor F1

MPTCP level Send Buffer

il = & !

r ___ Subflow level Send Buffer
Urssignod Amigred
tatn

Subllow level Send Butter

A W2

4. MPTCP sender free data e
from the send buffer when
it acknowledged by both both MPTCP and the
Subllow and MPTCP level subflow inspect the No.
(RFC 6824) of ACK

3. When receiving a ACK,

J% 2. MPTCP &4l1Z0ilA Hlolef ©& 2 ACK HXt
Fig. 2. Data transmission and ACK procedures at
MPTCP sender

BufferbloatZ iZsk7] SIeiA 3104 AlRter BM
(Bufferbloat Mitigation)> sRTT (Smoothed RTT)7}
71 AMBEESO] & HEfE E0|EE olo]
Bufferbloatd== HloJE 942 FASH=E sl
SEATE Bufferbloat A=2 £%5] HlolEgE Ak &
ou Bufferbloat =& HEH L tvlo[Eo] gJsff A
4202 HoL Blockingo] BH¥510] 4% A5} @Ato] &
ofg 4= k. [121= $4159] & A=S &S 530
Sfgstazt siglont, dlgo] Yo R Adso] Q5]
QF SolA|= FEE 7L et [13]2 sRTTE HUER
slo] AA H=2 HlolE s JAleks daglEs Al



262 sEyEmREMT|asE=2X] H11H K3s

Qksiiony, Hlolg Ado] JAEH sRTT &&= =014
02 35 ARS w7l UF B2 ARle] 485
= AP itk 812 o= BA9] A= fa wd s
AX 4] HBER QI 5 TS Aok WS AR
Silov; Sapalttold Bxet wek Axpt SxkE, A
 Az0o] A} T 2r1a "asl) [14]% A H
o ZUEFS 53] Bufferbloat #AIE sfidsigiodt, =
Alko 2 2E Bufferbloat o5 ¥ Hol 3l HEE =41
ok iz HAL FtElojok gt SR AFSINRo]
Bufferbloat ®/d=Z %1% =04 5402 A E &
o2 olFolld MPTCPY] g5 Aste afdst| figt
Ae7IA9] 71& o 2= SAVE Stk & 5= Qirk &,
Bufferbloat”|7} &<t & 859] Hl= o] 7+ %& A
=1 Q= wlo] tE HEE MIEA] £ 7S HoL 9
Zlo] JAldo]] &Rt 74| Hol, Blockings: -fHAIA &
= AR AR AT At doXinh wEA tE A
22 Hol 3719] AA52 Bufferbloatg 45514 sfi2s)
7] 93f B4=Ao|ckar & 4= etk BufferbloatS 1511
ol sl 42 IAIE 7%, Bufferbloat A=) 31EAIY
= et ey QAJsfof s, o= MPTCPS] A= A
SR} WS IAPL It & S ik AldollA
BuffbloatZ QIAJslo] $AIcto 2 sl B[S, 14]
2 3700l ot AEVE &4 F 5= 9l AR WY AR
slE s o sl A=l Sl oifd wio] Yasht
wEpA] 2 =RollA= flel AAE Bufferbloat A3 A
T8, 10-141& Hds] AEs|o] S-4AdollA Bufferbloat
AIE sidslr] 2Rt WS AXslaAt gkt

- + MPTCP Sending Buffer Size '

e

o L) 10 15 0 25 »
Time (s)

18 3. Bufferbloato| ZHg o MPTCP &4 s{mHol| U=
a7l 4= vist

Fig. 3. Variations in the number of packets in MPTCP
sending buffer when bufferbloat occurs

Bufforbleat

SERENENER

3. &4 HIH 2LHY 7|8 Bufferbloat

WE I HS udE

3.1 Bufferbloat &0 T2 MPTCP ¥ &
A B 37| #s}

MPTCP $AIe2 Fig. 29} Zo| =24 MPTCP ¥ %
AL i, 2o 2915 7t B 4l v 7
Ao} Itk [2]. S8 Aol #4 Hlolel= MPTCP
o 540 o] AEls, MPTCP A7)%2)4ai0] ueh
7} quzesd] ol ¥ B YgE Heleks
DSNZH AR EZRS AL 9T 8 2 2lEHolA Ax
50| Z7}Eo] AHE,  @e] ACK7} & 1] 71
MPTCP 9 AES=S- o] viro] A, 2 441
Sholl] ACKS: 4188 o, AEB29 o] ACK 3t
ofUje} MPTCP #M ACK 57} nisslolof zizje]
41 B0l ol dlolElS Ak 4 Slrk 3 24
[2Je1A) A ek

MPTCP level Send Buffer o

-
"™ Cilay 7 |

1. He:an:l'-’)

Subliow level Send Buffer

Subflow level Send Buffer

i

1. Record : When the data to send is
assigned by MPTCP scheduler, the
information of the data is recorded in
transmission status monitoring buffer
2. Delete : Wen the data is
acknowledged by both Subllow and
MPTCP level, the information of the
data is deleted from transmission
status monitoring buffer

w2
] —

\
‘2. Dalete

Transmission status monitoring butfer

O3 4. MgkEl MPTCP 2t M& Alef ZUEZF g
Fig. 4. Proposed transmission status monitoring method
at MPTCP level

2 =20k olet 22 o 2Riste] Bufferbloat
FAJo] Yok of MPTCP ¥ 441 ¥ 3718 XY
Y 313t NS-37]8F MPTCP AlEdelH [15]E o
5] MPTCP AEE29-E 270 AAdotal, A= 3710
e W 3715 vl A slo] AlEdlold AR 625
B 16717 W8E & EdjElS 59l Bufferbloat A%
S TERI) Bufferbloato] BA¥gHS w) MPTCP £41 H
9] F7|%= Fig. 304 &9l & 4= it} Bufferbloat 7
28 1455 HBE A 1ol mhe- & F7F kEol A



Bufferbloat 280 MPTCP ds g 2igt 8% o ZUHY Y

A=A 7] iz, SAIRolA] i wizle] ACKE 441
S 4= gtk b $416KA] 535t Bufferbloat H29]
ACK= ?l5to] $41 W 9] tlojel= AA=R| Zolar 4
of7he, o2t 57} Fol= AEEES- oM Bt ozt
Fig. 33} Zo] MPTCP #doA: T dr}. mahA £
=R ole} Zo] MPTCP 441 MHE XUEgho.
24 Bufferbloat A%& $4IT ©=0= 7idsiA Q1A
starzt gk

3.2 MPTCP ¥l H& HE ZUET U

OF ZofjA] Hdgst MPTCP ¥ 441 ¥ln ZUEHS
&9l Bufferbloat A%< AT 4= AL MPTCP &4
£41 Wmo]| = glolel= DSN 2 ZF AEEZ.00] g1
7t 2ER] ok7] wiZoll, ofd AEE=SV} F9lo] &
AR @2 MPTCP 24l 4l Mutres AEs] 9
St} gEbA B =Foi= Fig.49} Zo] MPTCP o]
41 olg RUEY HEE ARIse], MPTCP #HojA
Bufferbloat ZAE siastaAiRict.

AItet MPTCP 8 %% AJ8 ZUE] W= Fig.
4o BRI 4= k%] AAEET ABERER0] HolH
7t & 2 o siF dlo|§9] FEE A/dShH, MPTCP}
AMBEZS Yol ACKE T o} 90| £A1 wmlo]
A AA1E o o Hlofe] RS AR HlofE7t A2
E290 I o FE AE BUER Byl ARE
=9 AzK(Id), DSN, HloJg| Zo] ¥ s A7t HE
S 29I51o] H|maof ARtk ARKRE AE A By
B Buof= Holelrt @FHE ARKECE £AFF 0= A
Z=lo] Q7] wigo] W k2 #A ACKE 7|t =
tlojele] AE7T YAJskal et WA Bufferbloato] &
A o, A e 2UE™ HE | el 9= 71
Ex]o] 9= Hlole FEE 551 HoL siA9] AlEA WS
#5t ofe} Bufferbloato] HA¥EH QI Hlo|A AH 5 A
g0 BR3F YRS FA Lot d = Sltk E <S4l B
o o} Sl= A=Y A g 5 Bol RS H=E
24 & 4 a1, ACK W7 ARE 5 2A S22 et o
et FEE dojd &= Sk

Curmnt
Snd _Buffer_Size »
vy Send_Fufler_Siee?

Pl Trares_ Times;>
Dufferbloat -7

Cxit Dutferbloat

a8l 5. Mokl Bufferbloat 24X & MME L12|E
Fig. 5. Proposed Bufferbloat  detection  and
retransmission algorithm

33 %H

2 WS LNESF

ol
slor
4>
2
I
o
o
oo
g'y
o o)
=
—h
(]

o
o
e
=]
e

Bufferbloat ¥3A] 3.189] £41 vy =7] W} 9
3.2749] MPTCP &Ml 3 Al BUEE W ol8stod,
TAARI Bufferbloat 3112 YalEjES £ HollA71&sict .
£ =Rl ARkt daEjE2 Fig. 59+ o] @4 MPTCP
A ¥ 715 BUEE slo] Fat A v 37505
7} 3% o Bufferbloat o4 4302 QIARICE o o A&
e ZUER g B9l AEEES ¢ 541 Hmlof] ot
k= 71 % No. Pht & 73 4 917, ol %20 20
2E Ae7] Max Cwnd,; 2 W, A (1)2} o] A
BERL 9] A HE RTT 85 Transmit Times;,
£ 754tk Transmit Times, 7t o= A2 &
AlolA] ACKE A F5taL ti718k= wizlo] BWrk= Zlo]
82 Transmit Times,; 7V Buf ferbloat r;, BT}
£2 3 o Bufferbloat 502 Q14 & 4= Qitk. 12|t
Bufferbloat ¥ Rl Bufferbloat;, £

o

Bufferbloato] RP¥sHA] kS | 2+ =] sRTTHRES



N
(@)
D
rot
Hi
ox

2SN IEStE==2X] M1 HM3=

Hpo g et & =71 sRTT Aot A9 g wi=
F4 HuEe]  HolRle  #plevr FHomw
Buf ferbloat ,= 39 k& 7™, sRTT7} 241 o
Sk = ACK Alefl AefE ez 71 ARo] 485j0] &
Al B Bol= wiplart wong Buf ferbloat 5,
10704 HlE#es S71E

No. Pkt,
Max Cwnd, M

oje} 72 vhHo=Z Bufferbloato @ HWSIFE
3.200|41 A2vg3t v} o] $41 H 9] ietof] Q= HlolH
£ PAGOERE ACKE 7|t Sl= HoL 9]
ofgjolnE, A& e HUHT HHE S AT He
ABEZ9-9] 2482t 9 Hol, mj719] DSN H3 &5
Aol et RS Lopd & QU ERF HuER =
£ Adstar 271 o] HEZES7t AdEo] S o,
7P ol $A1 ¥z HlolE7} Hot Sl MEERS7}
tlolelE 7MY Wol HEet s & ABEERPolHE
s HE2 ASH o]ek Zo] 2 =wolA ARkt
HoL %! A% e A8 Hol Il Hes 5
Alto 2 RE] SHIR] ok, M g HUETY Hus
SO RISt} ASS el At - Xtk
off A8t ofel A&sHA Bufferbloat A% od &
& Sl

Bufferbloat A=9] 718 oJR.E Al&5] YopfjA] HlolE]
£ 53K A2 v A= AEE ARESke MPTCPY Hi
293 Aot 2 =RoME= Transmit Times;
7} Buf ferbloat ;;, Bt} & Bufferbloat 43 5<%
A R0 f7kE At AR2 B gl w2 24
5] tiet A& F& ARk b= WS AR8RIE. ofet
T S Y ARE AREGE Eot A & QARE
Bufferbloat 22 Ho[ElE Ak HEo1=S To=2H 7
2o} et sl o sRTT 52 oF8et ke ek 43} ¢l
o] Hiz ZA| BEE AT 4+ = ol Ak

Transmit Times; =

l

4. 8

olr
AL

.|

A

4.1 Aol &d
E 1. AlBao|MollA] Bufferbloate 2HiA|7|7]| 2|5t
FH Egjm

Table 1. Cross traffic to generate Bufferbloat in the
simulation

Time of Max Average
oceurrence traffic traffic
1st Cross ~
wrafiic 10 ~ 20 (s) | 23 (Mbps) | 16 (Mbps)
2nd Cross ~
traffic 35 ™ 43 (s)| 25 (Mbps) | 17.5 (Mbps)

UDP Random + Constant
Trallic Source

b _CJSS‘S Traffic
uoe
Destination

MPTCP

Sublly 1 :10M s 1 s
Source Subllow 1 = 10Mbps/ | Om:

T8 6. NS-30ilA{ MPTCP A|Ezllo|d &=
Fig. 6. MPTCP simulation configuration in NS-3

£ =RoAE ARt duEEE AT 9 Hlush] 9
3l NS-3714F MPTCP AREd|o[E|[15]15 ARSI, 41
ol 5 Ae ZUES w1, Bufferbloat Wk d7e]
& 4 APHE 715 M= s W = Fig. 6
3} o] 2719] MPTCP AEE29-5 AYAZH0H, 271
ABEZE90] t9Ea} A AREZ EF 10Mbpsl
10msE 7HIe}. AEERS- 2004 Holg H% 5 =%
85 W7 9o, 9 Edfjg2 Table 13} o] Wy
AE ARESIo] EfRloHA| Agslqlet. 14 53 Edfy
2 AlEElold AR 3 102004 2027HA] WA=, 23}
T Effjg2 352HE 43271K] F 8% Bt UDP &~
oA Zk-E1E Bl UDP EXA7HA] SEc}. whehA 2ke-
EJRE UDP EXA7A]7F ABERS- 2910] & A9 0
2 283k} 9 EffnS Hi 16Mbps oY BAED
2, 7 Edy Y ARE 53 A BEES- 29 EfiE
S SE L 2 HHol| T v =2 AE Ao L
SIS S9ic}. A o]2fdt 9= Bufferbloato] &
At ARE BF ARY EAS SHC0E BSKA
Bufferbloat @& QIgt A% HlwE 755t gk



foi

Bufferbloat 2t
Mbps, v — Subliow 1 po——T | | =y v e
| | | — sutowsz ‘ |
9 | |
| | [ | | | II :
75 | L | |
| |
[ | | ! | | ‘ h | L |
| |
45 | |
I 1 I |
11 | |
’ L (] 1T
1.5 | |
1
? \‘\_kmln_!_ Ane |l \‘vx-_ .u.....l._.,.
0 10 20 30 40 50

Tirna (5]

(a) Existing MPTCP (Round Robin)

!

g | |
{ | Subliow 1
75 | | — Subfiow2

0
Time (s}

(b) Proposed MPTCP (Round Robin)

a8 7. 7|1& MPTCP2} H|otEl MPTCPS| Ms H|m
(Round Robin)

Fig. 7. Throughput comparison of existing MPTCP  and
proposed MPTCP (Round Robin)

AlEdlolAol ARgE & Alof= MPTCP A& 7t
AA AR Zol7h e fie £2 4452 WHok= LIA
[16] F2& ARSIl AAET = MPTCPOA 7H B
HZ o0& AESK= Round Robin®} Lowest RTT [R1&
o]:&3}o], Bufferbloat 4gollA & =2k ARKeE 2t
&S A801%ks et 19A] doks wf ZH7te] Ao
oj @A ¥ok=A] vlwel¥ty. MPTCP Ezfjg 80
& 60% 33 Ao, =41 BE= 3000717H4] o
Ze gL £ =S AAsiglal HE w3l A=
1400 Byteso]tt.

=

(e}

4] gt AlEEleld E740llAl Bufferbloato] 4y
ol o, rElEs A8 g2 7IE MPTCPY
Round Robin¥} Lowest RTT 2A1&d 352 22} Fig,
7(2)<t Fig. 8(@)2t Zrh. AElold AR 10 ~ 20229}
35 ~ 43z BT ISt B Ejulo 2 Qs A EEES-
2 Bt opjet HEERS 19] sk Ao o3 jiok

H0lA MPTCP &5 7S fIgh & oH ZLEHY Sy

265

= 2 35 JHEE IR1 & &= Sl o]=et AT Alst
= b4 Argst HoL Blocking©l 719151, AEEZ29- 2
9] A AREOE QI ABERY 171X] FFE= ¢
AUk Lowest RTT= A Alte] 2 B=9] 25 7t
& A7t G S HSARI0) 11 HERE AR E,
AEE AA ARle] tE oA 8 Edfi A5
7% Round Robin¥t 4350l HIs:RH3, 4, 171 & 1
2% SRIGH &4 ek 13 8 EFE2 Aol Al
2} 1025E] 102 5%, 2%X4= 3525 7% B2t Aot
PR, F7t 2R o] Qld 9 Edfjgo] F 54
2| 71| =0} Bufferbloato] silAH AlG2 F+4 Ef
o &3 AREY o &2 26329} 48.8% =Y T

ng o4 & 4 ok

o

Tm‘::(,[sl

17
Subliaw 1
— Subfiow 2

30
Time (s)

(b) Proposed MPTCP (Lowest RTT)

a8 8. 7|=E MPTCP2b Hot=l MPTCPSl Ms H|w
(Lowest RTT)

Fig. 8. Throughput comparison of existing MPTCP  and
proposed MPTCP (Lowest RTT)



266 siRHEEXEAI|SEE=2K K11H HM3S

* i
i
2 L
1 2% Bufferbloat
1 o il e
25 Y \ r
AT A ]
2 t\ 1
Eoal | PAE L $-d .J'
g F1y | HE
Pt S, g1
= 1# Bufferbloat I ¥
———— 4 +
wk I - t I
F T
5 ++ + | + i 4
W | } -
. ¢ 4 | -
[] o 20 k) 40 =0 &0

Time (s)
2! 9. Bufferbloato| 2H4Et mf MEE2F 19
TransmitTimes s}
Fig. 9. Variations of 7ransmitTimes of
Subflow 1 when bufferbloat occurs

i

200 T v T v T
§ //
= 150 ! i |
2
) | 1®Bufferbloat |
= “—'_’._ P
5 ¥ 2" Bufferbloat
5 100 T
=
-]
¢
i

50
B
H ¥ — Retrunsmitted Puckets In Subfiow | |
8

0 I I i i L

] 10 20 30 0 50 60
Time (s)

T2 10. MEE29 12 HHSE Hol B3 £5 44
Fig. 10. Cumulative number of Retransmitted HoL
Packet to subflow 1

ot
s

£ =Rl SAlde] AE JeiE ZUE
£ HEE MPTCP #dojA] A/dstiom, of
% RTT 345 9&319] BufferbloatS #A|5R=
ARKeIAE AEHleld 717 5 Ad RTT 3k d&
Fig. 9041 ERIE 4= 911, Bufferbloat 7|7} &<t 4
7B=9] dli} M RTT 347t S7HCEA, 2 =FollA]
ARkt w0 & Bufferbloat B4 He3] Q1A 4= 9l
2S5 HojFa1 Qi) o9} 22 7k Z71= Bufferbloat &
A 7IRE 53t A A= wfzlo] Al L2fslA] Folo] 4
AltollA] HoL Blocking®] Yoistar, o] mize] A 4=
9] $AITk> MPTCP #H49] ACK7}F A=A $41
ol #ro] oli= w7l 77 AEH 0 R Fofdo] 7191
Sl T = ot E 2 =Rolke M A ZUEHY

<

i
or o
g
ox flo o = 3o

0

)

2

HEE S5 Hol w7l Aldskar, A sk i Al
QFslgict. olet 2k whH o 2 Bufferbloate XISk 4=
AldollA 7tk Sl= Hol, sizlo] Addo] =H ofd
2MAEHE ARSSIEA FIE A= 71 T 5= k. &
=2olA AQRE darelEe] A-85 Round Robin 24
£99] < Fig. 7(b), Lowest RTT 2A1E29] < Fig.
8b)E Bl I S BRI T & k. & daEE
< 283t 7% Bufferbloat 744 25t E= 31EH 4=
& Zi5o] A5 uf FA] Aol I Wi o] st
A9k, Round Robin®] 7% 12.29Mbits/sollA]
15.09Mbits/s2 A /50l 57511, Lowest RTT=
13.23Mbits/sOlA 15.17Mbits/s= &7t of$- 7RA
H 45 2t Sle= ERlsIith ARKeE darelsS oF
Al 71&38%0] Bufferbloat 717t <t Bufferbloat A2
E A Hlolel7t HgEP] qEo] Z=2H wjz] ks 4
it et S AR BUER HEoA oY HE
RTT 34¢t HoL A 4 §55 HUEZE &9
Bufferbloat 29| 718 §55 €A T 5= 300
&, Bufferbloato] E&5=h= AAR] 26329} 48.8%0] &
A A&7} HiE AREES Fig. 7(b)2 Fig. 8(b)E 530
A L 4= otk Fig 102 4 A=l AEEES 1= A
5% Hol Y +4 7ieE el e,
Bufferbloat 717t &%t Hol mjHlo] X% AEsms
HolL Blocking2 2 5 A5k} HASSHA] =rt.

E 2. MPTCP &4l ol U= th7| a2l 7Hs
Table 2. Number of queued packets in MPTCP sending
buffer

MPTCP Proposed MPTCP

Max Average Max Average
(Packets) | (Packets) | (Packets) | (Packets)

Round Robin | 2643 255 1316 135
Lowest RTT 2324 264 693 117

E 3. =4 eEol| A= 7| oz TH
Table 3. Number of queued packets in receiver’s buffer
MPTCP Proposed MPTCP

Max Average Max Average
(Packets) | (Packets) | (Packets) | (Packets)

Round Robin | 2446 149 347 15
Lowest RTT 1774 173 289 16




Bufferbloat 2Z0Al MPTCP &5 7HdS flet ©& HH ZLHY EY

E 4. Aol MYSo| &2 == AlZE
Table 4. Reordering time at receiver

MPTCP Proposed MPTCP
Max Average Max Average
(ms) (ms) (ms) (ms)
Round Robin | 2874 90 423 4
Lowest RTT 2601 109 163 3

ARt darejFo R Qlsto MPTCP 8 341 w
Ao]z20} 241 HmAjo] = MBRE Table 29} 32 £ 3
Q1 & 4= Slk MPTCP 41 ¥ 9] 739, 755 Hol
o2 Qlel 4 =9 miFlE ACKE HF 441510
SAHEOA Glojx ==, AIteE darejEe] $41 B
3717} thE ZASHASE Table 258 53] & 4= 9tk 1
21! Bufferbloat A=9] HF ACKE W= W74 &
Al W] gol ti7lsla Qlou=s SAI Hzof A1 B
o T3l 5= (Round Robin 13571, Lowest RTT=
1177) Bufferbloato2 QIgt A< wfizlo] 7]QIgkcta &
= Utk Table 32 AWdEZ FJofl =41 Huoll HE=]
A 715 velia Qlar, ARKRE darelEE A8
2 SAG B} 2R 2 207 oy] 7l 47 E01EQL
4 k. & $AIHoA Hol mizlo] B5 A
F|lon g SIetoliE DSN A2 2= &
ALEQU, B ol 7102 Q= wiFle] ¢l
Al Hojo] di7fel Qe B WA = IS
Lowest RTT 7202 9.2% 508 ZAFQIcH . 18]
I AEES Yol Aol HE= T3 AP AAge
24, AFE oA A= AR S80S
Table 45 53 & &= Qitt. b & delse %85k
739, Lowest RTTS] ¢ 48 AZto] B 109mselA
3msZE 7A5F4T, Round Robing 90msOoA 4msZ
Aaste], AARE AELY AHIA B 71 ol s
S AR Tzt 88 =20 ek & 4= ik

Ir

o on [
o
i oy

|

o
st

UM
op
d

1
i

5. 22

Bufferbloat2 55 HEQA 3] me} Eqrdldoz
by 9 AE, 9 7|7 1T ol Y ARRE A4
SHA| AAAA 4 7]HF S Alo] BEE T3k AT
MPTCPOIME Bufferbloato] ¥A8=™ Bufferbloat =

267

9] Hloje A& A|A et oz}, SeARelA A|AH sfRl
S = QI3 Hol Blocking &/do] A¥sie] tiE =9 4
57 AZYIAl At A2 HE B 7k oFE:
ol MPTCP s F < 91t 718 s 549 &4
< 7F= Bufferbloat A4 sff2el] #A7F lar, MPTCP &
AEde F29 B4 Rigste] As%E 29T 4= 9
Tk ofu] A 422 F6%E Hol S sifds|oh= gt
APt ok & 4= ik

wjhA B =EoAE Bufferbloat FAIE sidsk] ¢
3 $ATEe] MPTCP #ldof|A] HloTe] Ak AJefE HUE
o] et I AE RTT 35 d&ghozA
Bufferbloats HAsl7] 48t WS ARkl £ +=
oA ARKeE P A =8 glo] FAldolA =
H& o2 Bufferbloat AZE W3 4= 91 B offe}
SAof|A $2A1to] 7]e)E] 1 Q= Hol HizlS AEs}0]
AL B2 FolA gt 2 =RolAe ZE Hol

=

Y

== T
PHE Y ARE AEPeEA, £AE9 HoL
Blocking @42 glolE= 51997, Bufferbloat ARE%

Al HlolElE HE5HA Stod  Bufferbloat #AF S22
o 24 F=E HiE ARSSIES siyith

ARKE Ya1EE2 NS-39] 351912, Round Robin
3} Lowest RTT 2AKE=0] 28510] 4352 vl 249619
t}. AfEFelA 23t Bufferbloat 717+ 521 71& MPTCPE=
L= A=A A% s At dofgkont, AR gt
2= 288 49 A H=2oM  Bufferbloato® QIgt
‘e Aot AP AY] WHsIA] oot F535t A3 7ol S
= Rl J=ja & AIloM= Bufferbloat =
% Bufferbloat =7} HIE ARSE o 24 MPTCPY 5
7BRO| A FHo| SEIL o= BTk EZF SA
9l A HiEe] E8ist 37] THAE B9f Hol Blocking
IS HE=IE RGN AT Aol BE A
o] HUER S oS S AA MPTCP AMAE2et A
Slof o]gr 9 Bufferbloat 2H30lM: 35 7id 2aE

% Sl e Aot % T ool

i

ne,
o



268 s2mEExEsr|asE=2X 11 H3S

REFERENCES

[1] R. Stewart, “Stream Control Tramsmission
Protocol,” Internet Requests for Comments, IETF,
REC 4960, Sep. 2007.

[2 A Ford, C. Raiciu, M. Handley, and O.
Bonaventure, “TCP Extensions for Multipath
Operation With Multiple Addresses,” Internet

Requests for Comments, IETF, RFC 6824, Jan.
2013.

[3] P. Christoph, F. Simone, A. Ozgu and B. Olivier,
“Experimental  Evaluation of Multipath TCP
Schedulers,” in  Proceeding of the ACM
SIGCOMM Capacity Sharing Workshop, Chicago,
pp. 27-32, Aug. 2014.

[4 Y. Lim, E. M. Nahum, D. Towsley, and R. J.

Gibbens, ‘ECF: An MPTCP Path Scheduler to

Manage Heterogeneous Paths,” in Proceeding of

the ACM SIGMETRICS, 2017.

S. Chattopadhay, S. Nandi, S. Shailendra & S.

Chakraborty, “Primary Path Effect in Multi-Path

TCP: How Serious Is It for Deployment

Consideration?,” in Proceeding of the ACM

MobiHoc, 2017.

[6] M. Li, A. Lukyanenko, S. Tarkoma, Y. Cui and A.
Yla-Jaaski, “Tolerating path heterogeneity in
multipath TCP with bounded receive buffers,”
Computer Networks, vol.64, pp. 1-14, 2014.

[71 Y. E. Guo, A. Nikravesh, Z. M. Mao, F. Qian and
S.  Sen, “Accelerating Multipath  Transport
Through Balanced Subflow Completion,” in
Proceeding of the ACM MobiCom, 2017.

[8] B. H. Oh, J. Lee, ‘Feedback-Based Path Failure
Detection and Buffer Blocking Protection for
MPTCP,” IEEE/ACM Transactions on Networking,
vol.24, no.99, pp. 3450-3461, 2016.

[9]1 M. Scharf, and S. Kiesel, “Head-of-line Blcoking
in TCP and SCTP: Analysis and Measurements’,
IEEE GLOBECOM, pp. 1-5, Nov. 2006.

[10] V. Cerf, V. Jacobson, N. Weaver, and ]. Gettys,
“BufferBloat: What's Wrong with the Internet?,”
ACM Queue, vol. 9, no. 12, 2011.

[11] J. Gettys, and K. Nichols, “Bufferbloat: Dark
buffers in the Internet’, Communications of the
ACM, Vol 55, Issue 1, pp. 57-65, Jan. 2012.

[12] H. Jiang, Y. Wang, K. Lee, and 1. Rhee,
“Tackling Bufferbloat in 3G/4G Networks,” in
Proceeding of the 2012 ACM Internet
Measurement Conference (IMC), 2012.

[13] S. Ferlin-Oliveira, T. Dreibholz, and U. Alay,
“Tackling the Challenge of Bufferbloat in
Multi-Path ~ Transport  over  Heterogeneous
Wireless Networks,” in Proceeding of the 22nd
International Symposium of Quality of Service

5

(IWQoS' 14), Hong Kong, China, pp.
IEEE, May 2014.

[14] 1. H. Jung, J. Y. Lee and B. C. Kim “Design of
a Retransmission Algorithm for Hol Packets of
Receiver Buffer to Improve Performance of
MPTCP with a Bufferbloat Path,” J. IEIE, vol. 55,
no. 2, pp. 39-49, Feb. 2018.

[15] M. Kheirkhah “Multipath tcp in ns-3,” Apr.
2015. [Internet]. Available:
http://dx.doi.org/10.5281/zenodo.32691

[16] C. Raiciu, M. Handley, and D. Wischik,
"Coupled Congestion Control for Multipath
Transport Protocols," Internet Requests for
Comments, IETF, RFC 6356, Oct. 2011.

[17]1 S. Ferlin, O. Alay, O. Mehani, and R. Boreli,
“BLEST:  Blocking estimation-based = MPTCP
scheduler for heterogeneous networks,” in
Proceeding of IFIP Networking, pp. 1222-1227,
2016.

123-128.

A
A 4 ¥F(I1Hyung Jung) [R3]4]
+ 20009 AMoistal Ax-EE)

3} ska}

20039 A RFAG A

S (F A KAIST) AAL

+ 20149 ~ @A FEdistu

MY 1 F4E 8} Bkatagd

20049 ~ 2005 () HH]

F A4

. 2005 ~ A sILIFLF
AT-Y AT

<Pl ok ol F41, AEAe], AAM A
o] A &-(Jae-Yong Lee) [(H34]

. 1988 Agoishu AxEetat
A}

1990 gh=felrled A7) 9
AzpsEkz A}

1995 h=felr]ed A7) 9
Azlsekz) WAl

19909 ~ 19951 TIXEF AH
ENATLA AdATd

199511 ~ #A Fduigta A
TG REFAFE T} wa

FA, e, YEYA AT




Bufferbloat B1Z0IA MPTCP A5 7HMS 95t Ma Afef BLEZ g 269

A v A (Byung—Chul Kim) [33]4]
+ 1988 Agoista HxbEst
3t At

« 1990 s EEh|Ed 27
9 Az sk AAL

« 1996 s EEl|Ed 27
9 Az}t vha)

+ 19939 ~ 1999y A AR}
CDMA 704

+ 19993 ~ dA Fdistu
AR R BN FE T} W

o] 5o, °o]5EA UEY, dolg

Al



