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Iepiinyn

Ao ™V opyf ™G OMuovpyiag TV SIKTO®V EUEOVIGTNKE 1 OVAYKN Y10
peyoAvtepn aglomotio Kot peyahbtepn toyvnta. 'ETotl avoamtoymkay d1dpopeg TEXVIKES
Yoo ™V €EACPAAON TNG UETOPOPAS T®V OedOUEVOV Kol TOLTOXPOVO emevOvOnKay
TEPLOCOTEPO YPNUATO OVTMOG MOTE TO GUGTHUATO VO, EYOVV TNV SVVATOTNTO EVOALUKTIKOV
dwdpopmv og mepintmon Prafov. To TCP eivar éva mpotdkoiro enkotvoviog Tov Hog
dtvel akdpo Kol TOpO T OLVOTOTNTO VO, OVTUAAAGOVUE TOKETO UETOED YPNOTAOV UE
amoteleopatikétnto. H advénon opoc tov ypnotdv SNuovpynce 1o mTpoOPANua g
dtevBuverodotnong aeov ot IP og IPV4 e&aviAndnkov kot n amaitnon yo peyoAdTePE]
ToOTNTEG Ko oddAeutto internet oamotédecav v yévvnon texvikov Multihoming.
Emmhiéov, n dvvatdomta ypnong Wi-Fi aAld xor 3G/4G gvétewve to mpoPfAnua. Av kot
d60nke n Adon oty devbuvelodotnon pe 1o IPv6 to Multihoming mapéueve éva
TOAOTAOKO Kot moAvchvOeto TPOPANUa Aaupdvovtag v Oy mwg 1 kivnon TCP
akolovbel povadikn Swdpour (single path). Oka avtd to ypdvia mapovoLIGTHKOV
apketég Aoeglg multihoming, 6mwg to Link aggregation, to Shim6 kot po wo
emruynuévn to SCTP, ot omoleg OpmG gite ¥pPNOYOTOOVCAY TEYVIKEG TOV KAALTTTOV
mpofAnuata Kot dnpovpyodoav AL gite dgv pmopovoay vo. givol paprocto Kabmg
dev vrootnpilovtav oand TIc vrdpyovcoeg epoppoyés. To Multipath TCP eivor pa
EQUPLOYN 1 07Ol EKPETAAAEVETOL TNV VITAPYOLOa dour| Tov internet kot kdvel TPAEn Tig
noAvdladpokés cuvoéaels enekteivovrag Tig emioyég tov TCP, Eemepvdvtag Tic péypt
TOpo. Yvootég Aoelg multihoming kot éyovtag mavia katd vov to. TpoPAnuata mwov

onuovpyovvron pe o middleboxes.

2V mopovca Sumhmpatikny epyacio Oa dovue T Pacikés apyEs Kot SOUEG TOV

MPTCP kaf®g Kot TNV €QOpUOYN TOV GE TPAYUATIKO KO EIKOVIKO TEPPAALOV.
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ZVYKEKPYLEVQ,
Y10 Kepaiawo 1 weprypdpetor  dopun kot n oporoyia tov Multipath TCP.

To Ke@draro 2 sivor éva amd to onpovtikdtepa, Kobdg avaldETOL 0 TPOTOG UE
TOV 0moio yivetal 1 €yKOTAGTOON TOV TPMTOV OAAA KOU TOV ETUEPOVS VITOPODV
(subflows), cvvenmg amotedel T0 TPOTO GKOAOTATL Y10, [0 GLYYPOVIGUEVT] KOl OOPOAN

LETAO0ON OEOUEV®V.

210 Kepdraro 3 epPabdvoovpe otov tpoémo pe tov omoio yiveror 1 emAoyn
VTOPONG YO TNV UETAPOPE OESOUEV@V, TN OLOGPAAIOT) TNG AVOUETAOOOTG TOV YUUEVOV
TOKETOV OALG Kot TN S100QAAIoT] OIKOMOGVUVNG AVANESO OTIG VTOAOUTEG POEG UEGH GTO

1610 bottleneck.

210 Ke@pdrarwo 4 yiveton eykatdotaon pvOuion ko ektéleon oo MPTCP og

Tpaypatikd TEPPAALOV e TV YpHon Aettovpykod Linux, kot

210 Ke@draro 5 yiveton gykatdotaon pvduion kot ektédeon tov MPTCP og

EIKOVIKO TtepPaAlov pe Ty ypron Aettovpykod VMware kot Linux.

¥t0 Kepaharo 6 yivovtar HeTtproelg e dlopopetikong alyopifuovg congestion

control.

>10 Ke@drarwo 7 mapovsidloviot To. GLUVOAMKAE GUUTEPAGLOTA TNG EPYOCIAG.

AéEeic Khedh

Multipath TCP, MPTCP, Multipath Transport, Path Manager, Congestion
Control, Scheduler, Subflows, Meta-Socket, Sub-Socket.
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Abstract

The need for greater reliability and greater speed was evident even since the
appearance of early networks. Various techniques for ensuring data transfers have been
developed, and more money was invested for systems to have the possibility of
alternative paths in case of failures. TCP is a communication protocol that provides for
the exchange of packets between users efficiently. However, the increase of users has
created the problem of IPv4 addresses shortage and the demand for higher speeds and
uninterrupted internet access gave birth to Multihoming techniques. In addition, Wi-Fi
and use 3G / 4G mobile internet penetration intensified the problem. Although IPv6
solved the addressing problem, multihoming remained a complex issue taking into
account that TCP is single path oriented. Over the years several multihoming solutions
have been presented, like Link aggregation, Shimé6 and SCTP, but these techniques are
not always applicable because they are not supported by existing applications. Multipath
TCP (MPTCP) is an application which is based on the existing internet structure and
creates multipath connections extending TCP options, surpassing the known
Multihoming solutions and taking into account the problems created by middleboxes.

In this thesis, we will see the basic principles and structures of MPTCP and it

implementation in a real and virtual environment.
Specifically,
Chapter 1 describes the structure and terminology of the Multipath TCP.

Chapter 2 describes how the installation of the first and the individual subflows

is done, which is the first step for a synchronized and secure data transmission.

Chapter 3 describes how the selection of a subflow for data transfer is
performed, ensuring the retransmission of lost packets and justice among the remaining

flows of the same bottleneck.

In Chapter 4, the installation, adjustment and implementation of MPTCP in a

real environment using Linux operating system is described.

In Chapter 5, the installation, adjustment and implementation of MPTCP in a

virtual environment using VMware and Linux operating systems is described.
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In Chapter 6, we performed measurements using different congestion control

algorithms.

In Chapter 7 we present the overall conclusions reached.

Keywords

Multipath TCP, MPTCP, Multipath Transport, Path Manager, Congestion
Control, Scheduler, Subflows, Meta-Socket, Sub-Socket.



Axkpovopo

CPU: Central Processing Unit

HMAC: Hash-based Message Authentication Code
IP: Internet Protocol

IPv4: Internet Protocol version 4

IPv6: Internet Protocol version 6

MSS: Maximum Segment Size

MPTCP: MultiPath Transmission Control Protocol
NAT: Network Address Translation

NIC: Network Interface Card

RTT: Round Trip Time

SSTHRES: Slow start threshold

SRTT: Smoothed Round Trip Time

TCP: Transmission Control Protocol

TSO: TCP Segmentation Offload
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Evyaprotisg

Oepuég EVYOPLOTIEG GTOVE YOVELG LOL KO TOV AOEAPO LLOV Yo TNV GTHPIEN TOLG,
ToV KoOnynt pov kvpro Ayyeho Podoka yia Tic yprioies cupouviég tov kabmg kot o

OAOVG TOVG PIAOVG Y10 TIG XPNCULEG TANPOPOPIES TOVG.
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1. Kepararo - MPTCP

1.1. H Ogopio Too MPTCP

To Multipath TCP metvyaivel v cuykévipwon TOp®V 0VT®MG MOTE Vo 0ENGEL
TNV OVOYN OTNV OITOTVYI0 TOV GLVOEGE®V, KATUVELOVTOS TNV Kiviion o6& OAeG TIg mOavEG

EVOALOKTIKEG O10.0pOUES.
Ta emredypato Tov Multipath TCP 6o pmopovcay vo cuvoyiotovy ota €ENG:
o Avvatdtto xpnong TOAATADV S1adpOU®Y SIKTOOL pE o povo chvoeon

o H ypion tov moAlamidv dwdpopmv owktdoov Oo mpémet va  eivon

TOVAdYIoTOV 6To 1010 eminmedo pe to TCP ywpic dpuwc avtod va yivetar oe Bdpog tov TCP
. Etvon dpeca coppotd pe tig vmhpyovoes epaproyEg

o H evepyomoinon tov dev gumodilel cuvdécelg mov NdN evepyovdv pe pi

TCP obvoeon.

["a va pmopet to Multipath TCP va givon 4pnotikd oTIc LVIdpyoVsES EQAPLOYES
omwg 10 TCP Ba mpémer va mapéyel €vo aSOMGTO Kot SOUNUEVO UNYOVIGUO Yol TNV

HETOPOPE TV OEOOUEVOV.

‘Etor 10 MPTCP mpo1dKoAAO TEPEXEL TNV QAOT] £YKATAOTOONG GUVOECNG
petalld teppatik®v, vav pnyoviopud ovayvopiong (acknowledgement) mov diver v
dvvatdotro pog a&omotng ovvdeons, Pdloviag ot oepd To. OEOOUEVO  TTOV
KatapBavouy otov mapaAnmTn 1 {NTA aVTA TOL OV YAV, £VOV UNXAVICUO OlaXEIPIoNG
pong (flow control) katd Tov omoio 0 ANIING TPOPLAGCCETAL AO VIEPPOAKT AWM
dedOUEVMV OO TOV amOGTOAEN e amoTéAespa va eEavtlobvtar ot buffers kot téhog yia
Vo UmopécEl vo. onpatodotndel to téhog evog byte stream vmhpyelt 0 KOTAAANAOG

TEPUATIGUOG.



‘Evoc anAdg tpémog vy va epapuooctel to MPTCP 6o ftav va maipvope to
segments oo v €000 gvog amiov TCP stack kot va ta popalape oe 6Aa to dtabéotpo
povordtio. I'o va pmopovoe owtd va givol Aettovpyikd o amoctoréag Oa ypsraldtav vo
yvopiler mowd povomdtio Aettovpyodv kot mota Oyt (RTT check vy tov €heyyo
anoiewmv). ‘Etol 0 amoctoléag Oa Empene va Buopdtor moto segment otaAONKaAY, G€ TO10
path ko av avtd €pBoacav otov TPOOPIGUd TOVS. Me aVTEC TIS TANPOPOPies O
amootoréag Ba giye v dvvaTdTNTO VO KAVEL retransmissions 6€ TEPIMTMOON ATMAELNG

aveEdptnta o€ KaOe path dtutnpodvTog Tov EAEYY0 TNG cVUEOPNoNG (congestion control).

Opowc pe avtoév tov Tpoémo yuoo kdbe path Ba dnpovpyeito (o acvvéyelo 6to
TCP bytestream pe amotéhespo vo dnuovpyeitar cvyyvon oto middleboxes kot avtd va
pixvouv tig ovvdéoeig! (Ta middleboxes givar cuokevéc dikTvOL 01 OToiES dlayelpilovTon
v kivnomn yu Spopetikovg Adyoug ektdg amd packet forwarding. XvvnBog elvan

firewalls ko network address translators - NAT ) [RPBF+]

Application Layer
standard Socket API
""" .7 Transport Layer '”‘Q:;' o
- ~
Multipath TCP
endquess . —
@m TCP sc@
- ~
TCP subflow / \ TCP subflow
send-queue send-queue
................. NetworkLayer

2ynqua 1: Apyitexrovikn viomoinong npwtoxkoiloo MPTCP



To Multipath TCP dnuovpyei éva TCP subflow yia ka0e path, ovtwg dote o
scheduler va kdvel v dovoun Tov dedopévav o avtd. Xto application layer vrdpyet
uovo éva standard stream socket interface. Ano két® to MPTCP Swmpaypotedetor pe
Kavovpyleg emroyég tov TCP mov vrdpyovv ota SYN nmakéta twv TCP cvvoéoewv. [a
va givol eQIKTN 1N HETAO00N HETAED O0POPETIKAOV dtadpoudv, dnuovpyeiton Evo TCP
subflow yia kG0 o amd avtég T1g dadpopés. Avtég potdlovv pe amiég TCP cuvoéoelg
mov ovuneptapfdavoov to 3-way handshake yio v eykatdotoon, KATGUAANANG
axoAovBiag aplOudv (sequence number) yio To, retransmissions kot £va 4 -way handshake
ywo. tov tepuatiopd. Avtd ta subflows cuvdéovtarl peta&d tovg yia va oynuoticovy pa
MPTCP cvOvdeon Kot vo HETAPEPOVY dEOOUEVH LETOED TeEMKDV ypnotadv. O Multipath
TCP Scheduler éyet og appoddmta vo dtovépel dedopéva HETOED TV OLOPOPETIKAOV
subflows apnvovtog va kdver v emAoyn tov myov v Kabe subflow path. Kdabe
subflow ypnowponotel To d1kd TO0L sequence number space yio Vo EAEYYEL TIG ATMAELES KO
va {nté retransmission. To Multipath TCP npoc6étel connection-level sequence numbers
7OV TOL emiTpénovy reordering kotd ) Afym. Télog ypnotponotovvtal connection-level

acknowledgements yio va vépyet kotdAinio flow control.

®a pmopovoape va moope Aowdv twg 10 MPTCP yapakmpiletor kvupimg amd
dvo xoppdtie. To control plane, 10 omoio eivar vmevBvuvo va omuovpyel Ko va
kataotpépetl subflows kot vo onpotodotel connection-level mAnpogopieg eréyyov kot to

data plane, To onofo petadidet Ta 0edoUEVA HETAED TV TEMK®DV YPTOTOV.

Ag dobue OGS TpdTA TNV YEVIKN apylteKTOViKT Tov Multipath TCP.



1.2. Multipath TCP

Onwg npoavapépape to Multipath TCP etvon o onpavtiky enéktacn tov TCP
OV EMTPEMEL TNV TOWTOYPOVN YpHoN Tolamidv dadpoudv [RFC 6824]. Xe avti v
dumiopatikny Bo dodue v apyrtektovikiy tov MPTCP £to1 0mw¢ avamtoydnke oe
Aertovpykd mepifdiiov Linux. O K®OIKOG LEAPYXEL ®C open-source oty GeAdQ

http://www.multipath-tcp.org/ .

1.3.  Oporoyia

Mo va yiver katavonm N epappoynq tov Linux MPTCP 0o fitav ypnoipo vo

EPUNVEVGOLLE KATOLOVS OpOLG Ot oTtoiot eppavilovtatl 6to Zynua 2 .

. Meta-socket: M doun socket mov ypnopomoteitarl yio v ovadidton Tov
eloepyonéVeV dedoévav oto eminedo chvoeong (connection level) ko oyedtdlet

ta e&epydueva dedopéva oTig VTopoLs (subflows).

. Master subsocket: H socket doun mov givor epgavig oto application. Otav pia
anmh] TCP cvvdeon eivar evepyn tote givar 10 povo evepyod socket, evad edv

xpnowonoteitar to MPTCP tote awtd 10 socket avtiotoyel oto mpdto subflow.

. Slave subsocket: Kdafe socket mov dnuiovpyeitar and tov kernel yio vo mapéyet

npocbeto subflow. Avtd ta socket dev eivar eppavi amd to application.

. Endpoint ID: Endpoint Identifier. Oudda ctoyeiov mov mpoodiopilovv éva
ovykekpipévo subflow kot o¢ ek TovTov €va cuykekpyévo subsocket: (saddr,

sport, daddr, dport).
. Fendpint ID: First Endpoint identifier. To endpoint id tov Master sub socket.

. Connection ID n Token: 'Evag tomikd povadikdc aptBpdg mov emrpénel v

ghpeon pag cLVOESNG KaTd TN dnpovpyio véwv subflows.

" local_addr_table: ITivakag tomikdv dievbivoemv. ATobnkevel T0 6GOVOAO TV
TomKAV dtevduvoewv, avd cvvoeon, kabmg pa cvvoeon MPTCP pmopel va

ypnoonomOei yio ta subflows.


http://www.multipath-tcp.org/

remote_addr_table: ITivakag pe oamopaxpvouéveg digvbivoelc. Amobnkevet,
avd GOVOEST), TO GHVOLDO TOV OTOUAKPLGUEVODV d1EVBVVOE®MY TTOV pid cHVOEDT
MPTCP éxet pdber amd TOUG OLUUETEYOVTEG, €lte UECH® NG EMAOYNG
ADD ADDRESS tov MPTCP, ¢ite péco SYNS mov amoctéliovtor and tovg

GUUUETEYOVTEC YPTCLOTOLDVTOG VEES 01EVOVVTELS.

L el isrc Al dst: B1Y
Applications “gaeketh sp:x dp:y

(user space} STttt

Networking Stack, e A ] endpoint_id
{kernel space) : | | yd
SN s ' |

........... SN i
‘master subsock:  slave subsock sl slave subsock
rc: A2 dst: B2

---------------------- src : Al dst: B
5p: X dp .y

sp:x dp:y
LT DATA
Legand

— -~ Regular TCP stack
Dther: MPTCP additions

fendpoint id

:src: Al dst: Blisrc: A2 dst: B
sprx dpry ispix dp:y

jg‘I:uﬂmﬂu DATA

Zyjua 2. Emioxonnon e multipath opyitexrovirig

1.4.  Apyrektovikn Multipath Transport

Y10 [RFC 6182] meprypdpetar n Aettovpyikn douny tov MPTCP ce téooepig
ovtomteg, to Path Management, to Packet Scheduling, to Subflow Interface kot to

Congestion Control.

AvTég o1 ovtoTnTEg Bol pmopovoay va opadonombovy avdioya pe to eninedo to

omoio epydlovtat:

" Transport layer: nepihappdver to Packet Scheduling, to Subflow Interface kot

to Congestion Control kot opadomoovvior Kdt® oamd tov Opo “Multipath

Transport (MT)”.



" Transport layer and below: Path management. To Path management umopsi va
yivel oto transport layer, otnv mepintwon mov givor evoopoatouévog o Path
Manager (PM). O PM avakoAdmtel 6100popég HEGO amd TNV aVIOAAQYY| TOV
TCP options 6nwg 1o ADD ADDR 7 xoatd ™ Aqyn &vog SYN yia éva véo
Cevydpt devBvvoemy, Ko opilet ) dwdpoun o¢ éva endpoint id (saddr, sport,
daddr, dport). AALG, yevikdtepa, Eva PM o pmopovoe va givar omoladnmote
povada etvar og Béon va exBécel moAlamAég dradpopéc oe éva MPTCP, ko va

Bpioketan gite otov kernel gite 610 user space, kat vo. evepyei og kabe OSI layer.

1.5. Apyrektoviki) Too MPTCP

Xmv Xynuo 3 pmopodue va dodue tov PM kor tov tpdémo pe tov omoio
aAniemdpd pe to MPTCP, mov acyétog av givor built-in prnopet va @avel opyovopévog

¢ Path Manager ka1 Multipath Transport Layer.

( Multipath Transport )
B ! N

0. Update request: 1. For fendpt_id 2. endpt id 3. <A2E2 4.._[Elu Id new socket
Any new path for <Al BlpAlpHl= fn'pa.rn_ 0,01 'ﬁ'l.!1 E|.-|d:|t_|-:|5 .
femdpt id paths 1-=4 can be index 2 7 <f B2 new port(],p8l=)
«Al,B1pAlpAl= 7 s
[optiznal]

Y ¥

4 Path Manager

teken  pathindex  Enpeini_id
fiken_1 1 «<AL.BLpALpAL=

tikan 1 2 <A2 B20pE1=
tedan_1 3 <AL E2,0,pEl= Mapairg table
token_1 4 <Al BlOpElw PPIng
boden_3 1 <A1 B1,0A2 pH
|\- tolen_2 . A7 B1,0pB7= j

Zyniua 3: Acitovpyikog droywpionos oo MPTCP azo transport layer



O Path Manager avakowmver oto Multipath Transport moiéc S1adpopéc
umopovyv va, ypnoiponombovv péow dektdv dwdpoung MPTCP  ouvoeong, mov
npocdiopilovion amd to fendpoint ID (first end point ID). To fendpoint ID ewvor o
1eTpdoa. otoyeiwv (saddr, sport, daddr, dport) mov Oewpeitor amd to application Ot

npocolopiletl povadikd poo MPTCP cuvdeon.

O Path Manager dwtmpei v yoptoypaenon peta&d tov path index kot tov
endpoint ID.

To endpoint ID &ivou erniong pia tetpdda ototyeiov (saddr, sport, daddr, dport)

TOV YPNOLUOTOLEITE Y1l TO avTicToryo path index.

210 Topamdve oynpo (Zyruo 3) uropodue vo doOUE Eva TOPASELY O Y10 TO TMG
aAAniemdpovv petald toug 1o MT pe tov PM katd v exkivnon pog ovtaAioyne.
Otav 10 MT Eekvd o véa ovvdeom (nta and tov PM va kdvet pa avavémon g Bdong
oV Yo TOaVES evaAlakTiKES dtadpopég (Prpa 0). O PM umopel avtopato vo avavemdoet
10 MT og omoladnmote ypovikd odotnuoe. (PApa 1). 1o mopddelypud pog T€0oeplg
OLOPOUES UTTOPOVV VO ETAEYOVV Kol Ot TPelS amd avtég eivan véeg. To MT Paocileton
oV ovavEé®on S PACNG Yol VO, LTOPEGEL VO, ATOPAGIGEL TOTE VO ONUIOVPYNGEL £val VEO
subflow. Ev npoxeipéve 1o MT amopacilet va dnuovpynoet Eva subflow kot otédver o
aitnon ywo endpoint ID otov PM (Brua 2). Xto 3° PAua diveton n amdvinon: <A2, B2, 0,
pB2>. H source port dev kaBopiletar yia va 600t 1 duvatdtnta 6to MT va dacearicet

™mv povadikotnta oto véo endpoint ID, yapn oto new_port() (Brua 4).

O mapoakdto emioyéc owayepilovror omd To Multipath Transport:

= MULTIPATH CAPABLE (MP CAPABLE): Aéel otoug peTéYOVTEG TMG

vrootpiletar 1o MPTCP kan avakowvovet To local token.
= MP JOIN/MP AUTH: Eekivd éva katvovpylo subflow.

= DATA SEQUENCE NUMBER (DSN MAP): Avayvopiler ) 0éon tov new
byte oto meta-flow.



= DATA ACK: Avayvopilelt ta dsdopéva oto connection level (subflow level

Acknowledgements are contained in the normal TCP header).
= DATA FIN (DFIN): Teppartiet n ocvvoeon.
= MP PRIO: Avavéwon tov backup status evoc subflow. Aev vmootnpileton axdpo.

= MP FAIL: Checksum failed at connection-level. Agv vrootnpiletot axopua.

O Path Manager epoppdlet po cuykekpipévn texvoroyia yio va dwcet otov MT
™ dvuvoToTnTa Vo YpNoilponotel didpopeg dwadpopés. O built-in MPTCP Path Manager
ypnowonotel moAhamAés IPv4/vo dievBuvoelg yio va pmopécel va TpomOnocet ta maKETo
oto Internet. Otav o MT Eekwvd pia véa ohvoeon, dtodéyet éva token yio vo Lmopécel va
avayvopicel Ty ocvvoeon. Avtd givol amopaitnTo Yo vo dMGEL TNV duvaTOTNTO GE VEQ

subflow-establishment SYNS va emicuvagfoiv ot cwoty chvdeon.

¥t0 mapdaderyud poc (Zyfqua 4) éxovue gvepyéc 6vo MPTCP ocuvvdéoewc. H pia
&xel avayvoplotikd token 1 kou m dAAn token 2. Amd ™ otiypr] mov to endpoint ID
pmopet va aArGEel amd 1o éva subflow 610 GAAO M emMGVVAYT TOV VEOV EIGEPYOUEVOV

subflows 611 o™ cHVOESN EMTLYYAVETAL XAPLG GTO TOTIKEA oNUOvVTIKO token.

Ot mapaxdto emhoyég teptrapfdavovtar otov built-in Path Manager:
= Add Address (ADD ADDR): Avakow®vel puio. véo d1e00uven mov Log oViKEL.
= Remove Address (REMOVE ADDR): Amocipet pia moid dtevbvvon.

Ot emoyég avtég Pacilovtar atnv dNAwon [P dievbiveewv kot petapépouvv TAnpopopieg

eréyyov otig emaoyég TCP.



1.6.

Aopn Tov Multipath Transport

To Multipath Transport daysipileton Tpidv e1dmv sockets (Xyriua 2, oel.5):

Master subsocket: To mpdto socket mov eivar ce yprion Otav o
ovvdeon Eexwva (TCP n MPTCP), 6nwg emiong kot 1 HOVOOIKY TOV
umopel va ypnoiponombel og TEPITTO®ON TOL YPENCTEL VO EMGTPEYOVLE
oe kavovikp TCP ovvdeon. Avtd to socket evepyomoigitonw amd Tto
application péow tov system call socket. Apéowg petd v dnpovpyio
evog kovovpylov master subsocket, to MPTCP capability evepyomoteitan

amd ™ dnpovpyia Tov meta-socket.

Meta-socket: Awatnpei to multipath control block, kot Aeitovpyei cav 1o
connection level socket. Zav data source, diatnpei to facikd buffer tov
anecTAANEVOV, VD oav data sink, dtatnpel v celpd TOV E1GEPYOUEVDV
oto connection-level kot twv out-of-order queue ovtmg dote va VIhpPEEL
reordering. Axoun dtnpel T1g KATAAANAEG GEPES Y10 TAL OMEGTAAUEVD /

AnoeBévta dedopéva.

Slave subsocket: Kafe aAro subflow mov dnpuovpysiton amd to MPTCP,
o€ avtifeon pe to mpwro. Anpovpyeitonr and tov kernel ko poli pe to
master subsocket @tidyvouv éva pool dwbéciuwv subflows omov o
MPTCP Packet Scheduler (xoieiton and to meta-socket) ypnoylomorei

Y vo oTeiAEL TOKETOL.



1.7.  Aopn Tov Path Manager

O Path Manager dwtnpel tov mapping table kot avoavemver to Multipath

Transport 6tav o mapping table o&yeton aAAayés.

event

action

master_sk bound: evepyonoteiton gite and
70 bind () / connect () system call, n 6tav
onuovpyeitan £va véo socket otnv mAgvpd

TOL S€rver

AvVoKaADTTEL TIG VEEG TOTIKES deLBVHVGELS Kat
OLTEG OTI GLVEXELN SLOTNPOVVTIAL GTO

local_addr_table

ADDR or SYN + MP_JOIN received on

new address

Avavemvel avtiotoyo tov remote_addr_table

local/remote addr table updated

Avavemvel to mapping_table mpocOétovtag
Kk6OBe véo cuvdvacuo dtevbivoewy 1
APOIPAOVTOS OVTEG TOL EEAPAVICTNKAY. X
kd0e Cevydpt drevBhvoewv divete éva path

index

Mapping table updated (Xy7jua 3, msg 1)

Ytéhvel pa e1domoinomn oto Multipath

Transport (uvopo 1 oto Zyrjua 3)

Endpoint ID request received fromMT

(Zxpa 3, msg 2)

Avoxtd ta endpoint IDs and 1o avtictoryo
path index a6 tov mapping table ko ta

emotpépel 6to MT (Zyruo. 3, msg 3)
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2. Kepdraro - Control Plane / Handshake

O minpogopieg eréyyov peta&h dvo MPTCP ypnotdv petapépovtal vidg tov

TCP option space. To MPTCP ypnoipomotel pia emhoyn TCP ko diopopomoteitar v

TANPOPOPio EAEYYOV HE VTOEMIAOYEG. TN CULVEYEW TOL KEQOAaiov Oa dovue TAOC TO

MPTCP dnovpyet | katactpépet subflows.

2.1.

Apykoé handshake

210 TCP 1o three-way handshake ypnoyomoteitor yw va ovyypovicer Tig

KaTaoTdoelg neta&d tov client Kot Tov server. AviaAAdocovtal sequence numbers Kot

avayvopilovtal eved TCP options petapépovratl péca ota SYN kot tao SYN/ACK maxéta

YL VoL DITEPEEL oL AELTOVPYIKT GLPP®VIN O To maximum segment size (MSS) 1 v

vrootpién ypovooepayidwv TCP [RFC 1323]. Zto MPTCP o ypnotng pmopei va

avayvopicel €4v 1 GAAn mAevpd vrootnpiler to Multipath kot oavtaAldocovtol

HETOPANTEG TPLOV EMTEOWV YOl TN GVVOEDT :

1.

To TCP avoyvaopilet pio 6OvOEST YAPLG G LOG TEVTADO CTOLYEIOV TV TAKETOV
(source ip, port number, destination ip, port number, protocol in_use). To
MPTCP ocvvovdaler morranid TCP subflows ce g kotvr] oovdeon dmov kabe
p amd auTéG £xel OPopeTIKY| evtada. 'Etol kdbe @opd mov €va Kovovplo

subflow cvppetéyet 6to MPTCP avayvopiletot pe éva 32-bit drakprruco, token.

Mo va emtevyBel n petddoon v dedopévov yperdletot évag aptBpdc yio vo
owutnpel otn ogpd Ta dedopéva. Avtodg eivon o data sequence number OOV
kaBopilel T Béom evdg segment péca oe £va data stream. Kot o1 Vo mhevpég Ha

TPENEL VO GLUPOVOLV GTOoV 1010 apykd apBuod. (Initial Data Sequence Number /
IDSN)

To MPTCP yperaletar yio vo avoyvopilel Tog o ¥potng mov avoiyel Eva vEo
subflow, ivar o 1d10¢ mov €xetl avoiel ko Ta Tponyodueva. ['a awtd TOV AOYO

ypNoonoleitol Eva 64-bit KAed.

11



Ta mopomdve otoyyewd (token, IDSN, key) avroiidocovior kotd v Oldpkeld TOL

handshake tov apyuxov subflow.

Client Server
Generate K )
Veﬁf}: 4 \[ SYN + MP CAPABLE ]-\,
unigueness Generate K,

Verify uniqueness

kJ SYN/ACK + \.1P CAPABLE I’
\{ ACK+W mpa\BrF ]\ﬁ

Zynpua 5: Handshake zov apyixov subflow

I
1
|
1
1
|
1y
|
|
|
1
1
I
1
1
1
1
1

To handshake yw o apywdé MPTCP subflow ypnoyromorei to MP_ CAPABLE
option ywo. vo. LETAPEPEL TIG KATAAANAEG TANpopopiec yio o Multipath covdeon. To
MPTCP ,cOoppmva pe 10 Zynua 4, Eexva va eykatactioet éva apyikd TCP subflow pe
éva, kKhaoowkd TCP 3-way handshake. Xpnowonotei ta TCP options yia vo mpochécet
onpatodocio. 6to 3-way handshake éto1 dote va aviyvedoer edv vrootnpiletanr 0
Multipath ko1 va avioAraEer minpoeopieg yw ta mopomdve tpia otoyyeio. Otav
aviilopupdaveton  mog vmoompiletar 1o  Multipath TCP  10te  mpootibetan  éva
MP CAPABLE péoca ota SYN moaxéro. Ta wiewd otélvoviar pEG®  TOV

MP_CAPABLE option kot genavarappdvovtal mpog ta micw 6to 30 handshake.

2.2.  Handshake tov empépovg subflows

Me v mpocHnkm evog véov subflow ce pia ohvoeon Multipath dnpovpyovvron
dvo wpoPAnuata. To Tpdto givan Twg N vVrapén tov Middle Boxes (my NAT) dev fonbda
10 véo subflow mov Béker va ocuvvoebel pe po vedpyovcsa Multipath cOvoeon pe v
evtada Tov mAnpogopidv (IPs, ports) tov kot devtepo to MPTCP Oa mpémetr va givon
woyVpo amévavtl oe emBécel; mov Ba mpoomabncovy vo mpocsBEcovy €va SO TOVG

subflow oe o vrdpyovca ovvdeon. To MPTCP Adver avtd to mpoPAnuota

12



YPNOUOTOIOVTOS £V TOTIKG HOVOOKO token yw 10 mpdto Kot vrohoyilovrog kot

mioTomoldvtag évo Hmac yuo 1o devtepo.

Client Server
I ]
Generate R, | :
S SYN+MP JOIN |
| token, , R, | Lookup token,
| ! Generate R,
o ! SYN/ACK + MP JOIN ’ 1 Compute Hmac,
) Verify Hmac, ! Hmacg.RB_ e KK,
‘ompute lfimacﬂ: | Hmac, = Hmac, (R, || R,)
K=K, K, :
Hmac = Hmac, (R, || R )| ACK;MP_JOTN l\"
' I mac |
: - ! Verify Hma(:_ |
! I
[ e T
! 1
! I

2ypa 6: Handshake twv exuépoog subflows

To token ypnowonoleitor g dokprtikd cvvoeons eved M avtaiiayn HMAC
TIGTOTOLEL TOVG TEAIKOVG ypMoTeg kol mpochitel véa subflows. o va avoi&el éva véo
subflow to MPTCP ekteAel pio véa avtoriayn SYN ypnoipomoidvtog Tig devbioveelg
ka1 to ports wov emBvpel. ‘Eva TCP option, MP_join, mpoctifetal oto SYN. To token
nov mepapfaveror oto SYN divel v duvatdtnta oto MPTCP va kataddfet og mowa
ovOvdeon avnikel to subflow, evd 32 random bits (RA) naipvouv pépog otov vroroyiopd
tov HMAC. O server vmoloyiler tov HMACB mov swvon Paciopévog e dvo tuyaiovg
apBpods RA ot RB ko 1o kAedid tor omoio €yovv MOM avioAlayel oto apyikd
handshake. An6 ™ otrypn mov Ba AdPet o client to SYN/ACK pmopel va motonomoet
v opBdtta tov HMACB «dtt mov amodeikviel g o server yvopilet to kiewd KA
kot KB kot €161 ooppetéyel oto apykd handshake. tnv cvvéyela o client onpiovpyet

éva kouvovpylo HMACA 1o omoio mepiéyeton péoa oto 3° ACK.

AVT0 pe T og1pd TOV EVEPYOTOLEL TOV server va avayvopicel Tog o client givot o
id10¢ pe owtoV oL €kave to mpwTopykod handshake. Téhog o server otédvel éva SmAd
acknowledgement otov client yio va onpotodotficet tnv Aqyn tov 3°° ACK. O client 0o

apyioel vo otélvel dedopéva pdvo petd v Aqyn tov 4°° ACK!
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2.3.  Address agility

@ ADD ADDR:B
-+

Zyjpe 7:Address agility

O server avokowvaovet yio emmAéov devfivoelg mov dubétel pésm evog subflow
kot o client eykoBiotd £éva emmAéov subflow Pdacer g devBvvong mov ToOL
avakowodnke. Edv évag client vmootnpilel moAAd dikTva TOTE pmopel vo, evepyomooeL
véa subflows amd kdBe Eexwpiot OoevBvvon. Av Opmg pdvo o server £xel TOAAATAL
diktva 10Te yivetar advvato éva véo SYN va moapaAngbei amd tov client Aoy g
peyaing xpnong towv NAT. H Adon v to Multipath TCP server gival va evnpepdvetl tov
client yia ti¢ emumAéov devBuvoelg mov oabétel otédvovtag éva ADD ADDR option og
éva segment o€ évo, omd ta. vdpyovta subflows (Xyqua 6). 'Etor pumopel éva path va

emieyel og back up og mepintwon mpoPAnuatog Tov TPOTOL.

To ADD_ADDRESS option givat évog emumiéov tomog TCP emhoymv mov €xet
dwtnpnOet yio to MPTCP. 'Etot o client pmopet va evepyomomoet 1o véo subflow. Avtr|
N SdKacio dev €xel KATOLOV TEYVIKO TEPLOPICUO KOt £TGL UTOPEl va yivel eKatépmbey.
O1 drevBidvoeig mov aviaAldoocovtal propovv va givan gite IPv4 gite IPv6. 'Etot pmopotv
va vtap&ovv data streams kot pe Ta dvo version IP tavtoypova. Kabe dievbuvon exympel
o010 yvootd address-ID, évav 8-bit axépato mov mpocdopiler tomkd tnv IP-address.
Xpnowonoteitoan ota mAaioto tov MP_JOIN option v va yvopilet o host mowa Cevydpia
address-IDs avtiotoyyovv o€ KOs subflow, kor emiong omotelel KOUUATL TOV
ADD_ADDR option. Opmg n kdpro. yprion tov address-ID givar to REMOVE ADDR
option. Otav o dievbvvorn dev eivan dabéciun 10Te aopeitor Kot KAEIVEL Kot TO

avtiototyo subflow mov ypnoyonoiet vty TV devBvvon.
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3. Ke@aiaro - Avtaiiayn) 0€00nuEVOV HETAED TOALATAQV

POOV.

['a va yiver 1 avtaddayn tov dedopévav PETaED TV ToALaTA®Y subflows €yet
eykataotafel otov oamootorén évag scheduler (Xynqua 7 wou Zynua 8) o omoiog
amogacilel amd moto subflow Oa otarodv to bytes twv dedopévov (PA. 3.1). Avtd
dnupovpyet ek TOV TPayHAtOv Eva TpdPAnpa Kabmg dev Tnpeitan  apyikn cepd mov Exet
000l amd to application oto bytestream, [le ATOTEAEGLO VO SMULLOLPYOVVTOL KEVA, KOL LE
™ G€pd Tov AVTO 0dMNYel otV avaykn Onovpyiag evog debtepov sequence number
space. 'Etol égovpe to subflow sequence number 1o omoio Swatnpeitor Eeymplotd amd

kd0e subflow ko o data sequence number to omoio givat kowvd Kot Yo To. dvo subflows.

o . subflow 1149 1« Subflowsec
Application outgoing / numbers
bytestream / /

/200 1001 - /
T Dataseg
300 201200 101200 1 \@/\a00 01700 1/ / numbers
1 fﬁ
subfow2300 201100 1
Zypa 8: MPTCP Data Sequence Numbers (DSNs)
subflow 1200 101100 1
f
Application outgoing 100 1200 101 - Retransmission
bytestream
\ 200 101 100 1 )
A i
cubflow 2 300 201100 1 10

Zynpa 9: MPTCP retransmission
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Otav aviyvevtel o amoAela (Eexwplotd yia kdOe subflow) g €Evmvn emhoyn
etvar va yiver avapetddoon omd diio subflow kot oyt to 1d10. Avtd yivetow pe v
emovatonofétnon towv data sequence numbers Tov segment Tov xaOnke oe véa subflow

sequence numbers tov véov subflow mov éyel emheyel (Zyrnuo 8).

Ocov avagopd Tig emPePatdoelc TOV AMECTOAUEVOV / ANEBEVTOV dedopévmv
(acknowledgements), B pmopovoape vo modue Tmg ool Kabe subflow Aettovpyel cav
éva anAd TCP subflow tote Beswpnrikd to acknowledgements Bo avtaAddccovrot
Kavoviké petald tov 600 dxpov. Opmg vrdpyovv dvo mpaxtikd {ntiuoto mov dgv
emutpénovv avtv v Asrtovpyio oto MPTCP. To éva givol mwg otov oxedlacud twv
SIKTV®OV VIAPYOLY SLAPOPA. UNYOVALLATO TTOL £xoVV TPocTteDel yio vo BEATIGTONTOGOVY
mv oovuneprpopd tov TCP (Perfomance Enchancing Proxies / middleboxes). 'Etot
apevOg VIapYEL mEPinT®ON va xafovv Takéto v o dStadpopr| técel, apetépov to PEP
dev €yel v duvatdtTTo Vo KAvel retransmission (Adym ameievBépwong buffer ). To

devtepo givar 6t 6to MPTCP dev vdpyet cvykekpipévo receive window oto subflow.

[Noa va AvBel avtd 10 mpoOPAnua oplommke éva véo option, 1o data
acknowledgement option. 'Etot to Data Acknowledgement pmopei va petadobei péoo
and ororadnmote subflow kot va oprotel To data level receive window. Ot adyopifpot yia
TOV €AeYYX0 ™G SLUEOPMONG (congestion control) 6to TCP mpoctabovv va dayepltoTodv
dikaa v deBéoun yopntikdTTa £vOC daviov (BA. 3.2). Av OumG KpATOVGOUE GTO
MPTCP 7o 1610 povtého arkydpBpov pe 1o TCP tote dev Ba vanpye S1KolocHVI OVAULESO

o€ dVO TY. YPNOTEC TOV YPNOILOTOI0VV TO 1010 bottleneck link (Zyrua 9).

I Multipath TCP E

N subflows

I regular TCP I

Zyiua 10: Abo yproteg ypnoyomoiovy to idro bottleneck link.
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Avtd to omoio elvor embountd oe éva multipath ocevéplo eivor vo
YPNOOTOOVVTOL TO, HOVOTATIOL HE TNV AyOTeEpPT SLUEOpNON avti va polpdleton m
kivnon oomoca oe dha ta Sbéoya povordria. ‘Etol éva multipath flow Ba mpémetl va
dtver TovAdyiotov 1000 throughput 6co Oa eiye éva amhd TCP oe po ocvvoeon oto
KOAVTEPO HOVOTATL Tov dtfétel. Avtd Oc@orilel 10 kivntpo yio v avdmruén
noAlomAdV Sadpoudv. Emiong éva multipath flow dev 6o mpémer va €xel mopoamdve
YOPNTIKOTNTO, GE OTOLONTOTE OO TO LOVOTTATIOL TOL 1} G€ GLVOVAGUO LOVOTTATIOV O
oon yopntikdtta Ba elxe Eva anmdd TCP flow ypnopomoidvtog ta KaAVTEPO amd aVTd
povormdtia. Eddd dacparileton mwg to multipath Oo eivon dikono anévavit o éva dGAAo

TCP flow mov Ba popdletot To 1610 bottleneck link.

AoV yiver n avtaddloyn TV 0e00UEVAOV 1] GOVOEST] TPEMEL VAL TEPUATIGTEL Kot VoL
anelevfepwBovv o1 mopotl. Opwg éva ankd FIN oe kdOe subflow dev Ba Mtav opketd
KaOdC vapyel | mepintowon va unv Asttovpyet kamotwo subflow. I'a avtd T0 oKOTO EXEL
npootedel éva DATA FIN oto tedevtaio block 6to retransmission queue 1o omoio umopet
vo. petadobel og kdbe subflow (PA. 3.3). To mapdderypo oto Zyrua 10 pog deiyver T

ocvupaivel og Tepinton mov amotvyet Eva subflow.

Ag vroBécovpe mwg 10 subflow <Al , BI> €yel amotdyel kou to application
otélvel €va close() system call yo va teppaticet v cOvdeor. ATO T GTIYUR TOL TO
MPTCP éyer 1o DATA FIN Eéper mog pmopel va teppaticst ta subflows. Znv
nepintoon pog opmg 6mov 1o subflow <AT1,BI> €yel amotdyel 1o segment ydvetor Kot
petd omd éva time out mpoomabel va 10 Eava oteidel. To MPTCP ouwg €xer v
duvatdtto va kdvel To retransmission o kéBe subflow mov ewar evepyo. ‘Etor 10
retransmission yiveror and 1o <A2,B2> subflow. Awd v mhevpd tov application €xet
oAokANpwOel o teppationosg kot amd v mAevpd tov MPTCP Boa yiver ek véovu
retransmission tov FIN segment péypt va yiver backoff ko telkd vo teppotiotel petd

amo timeout, po dadtkacia 1 onoio ekteAdeitan eprunv Tov application.

17



Host A Host B
AE?{;;FS: Addrs:

Al A2 B.1

[end |data stream]+FIN+DATA FIN

—X

[end data stream]+FIN+DATA FIN

Timeout

2ynua 11: Iopaderyuo. tepuatiouod urog ovovoeons MPTCP

3.1.  Awyeipion pong oedouévav.

Amo ) otryun mov o Multipath TCP €yet ot 61dBeon tov molhomAd subflows
évac scheduler givon ypriowog yo va amopacilet mov Oo omootélheton kdbe byte
dedopévav. v mapovoo gkdoyn tov MPTCP viobembnke n anoyn nog to data Oo
npémel vo. amobnkevovtor kevipikd oto Multipath Transport oe éva buffer kowng
amootolc (Zynquoe 11). To scheduling téte mpoypatonoleital Kotd ™V S1dpKeLd TG
uetadoong ko 6tav omotodnmote subflow frav £too va oteilel nepiocodTepO dedopéva
(06. aov Anebodv ta acknowledgments kot eElevbepmbei ymdpog oo congestion window
tov subflow). Ze avt v nepintoon ta subflows tpafovv segments ard v share send
queue otav eivar étoya. XtV TEPINT®ON WOV VIApPYovv moAAG subflows érowa vo
tpafnéovv dedopéva tavtoypova toOte o Packet Scheduler evepyomoteitan kou umopei vo

TOL TPOPOOOTICEL TOVTOYPOVOL.
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Zynua 12: Aoun pong omootorng

‘Etot kéBe subflow Oa pmopei va yepiler 660 vrapyovv dedopéva kar o scheduler
dev epappolel meplopiopoe. Eav anotoyet éva subflow dev Oa déyxeTon acknowledgments
KOl ¢ €K To0TOL dev Oa TpaPd data ko og mepintmon mov to subflow avtd emoavérdet Ta
eKKpeUn, segments mov €xovv oyxéon upe to Owkd TOL congestion window 6o
avayvopltotovv kot Oa elevbepmbel ydpog yio véa segments. Ztnv mapandve TEPITTOON)
avtd mov ovpPaivel sivar mog to. acknowledged data "méprovv" amd Tov mopOATTY

Kobd¢ ta avtiotoyo segments éyovv avapetadobel and dalo subflow kotd v didpketo

™¢ PAGPNG.

¥to Multipath Transport vrépyst g povadikny ovpd amd v omoio, OAo To
subflows tpafovv segments. Tto Linux opwmc yo va emtevytel kaAvtepn omddoon M
dwdkacio TG otoiyong TV dedouEvemY og o ovpa olayelpiletor segments kot Oyt
bytes. H emloyn tov peyébovc tov segment Ntov £va (Rnua TOL AXAGYOANGE TOV
oxedopd tov MPTCP. Q¢ Abon mpokpidnke 1 share send queue va mepiéyel segments
npokabopiopévov peyéBouvg Kot Gpa givar amaitnomn va ypnowomoteital 1o 0o MSS
(Maximum Segment Size) ywo 6Aa ta subflows. Metd and pa cepd dokiudv o MSS
ov emMAEYTNKE Yoo T0 vapyov Internet eivan mepimov 1380 bytes [BPB]. ‘Eva axoun
Mmua qrav mog ta subflows tpafodv dedopéva omdte €xovv ehevbepo ydpo 61O
congestion window tovg, pe amotéieoua o Packet Scheduler va tpéyel otrypaio kot
TapGAANAa To cuotna va déyetal kot acknowledgments. Mia diodikacio Tov ektedeiton
oto interrupt context pe amotéAeopo va uny givar dikaio amd TAELPAC amddoons o€ GAlES

OldKOGIEG TOL GLOTNHUOTOG, OAAG EANPPADC OVOTOTEAECUATIKY YO TIG VYNAOTEPNG
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tayvtrog poéc. Mo Avon mov Ba pmopovoe va d00el glvol vo LVEPYE ML HIKPY
Kabopiopévn ovpd amootorng g subflow n omoio otV mpaypatikdéTTa o HTOV Lo
vPppown  apyrrektovikry peta&d pull ko push mpocéyyiong mov Oo dmuovpyovoe

weportép® CnThuaTa.

3.2. Xyeo10610C OPOUOAOYN OIS OEOOUEVEY.

Ao oto MPTCP vrdpyovv moAld subflow yio v petddoon dedopévmv
ypewdletal va yvopilovpe mowo omd avtd givor gvepyd. O punyovicpdg mov KAveEL avTov
Tov €leyyo €ivar o congestion controller o omoioc dwatnpei to congestion window yuo
kabe subflow. O otdyog vy évav multipath congestion controller givar va yiveton n
petdooon TV 0edopEvav amd poég mov Bo VTOPEPOLY OGO TO dLVATOV ALYOTEPO MO
oupeopno”n aAAG Kot v dtuc@aAiler mog Oa eivar dikoo amévavtt oTig VIOAOUTES

ovvdéoelg o€ éva shared bottleneck.

‘Exouv avamtoytel apxetol akydpibupor yu tov vmoloyiopd tov congestion window.
Mepikoi amd avtovg ot onoiot Asttovpyovv kot oto MPTCP givor o Coupled Congestion
Control (lia) [RFC 6356] ko O Opportunistic Linked-Increases Congestion Control
Algorithm (Olia) [KHALI]. O)lot tovg Bacilovtar og petproelg 6mwg to MSS, RTT kot

Tov ap1fud tmv subflows.

Amd ™ otyu mov o Congestion controller emtpéyel va amoctarodv véa
nokéto éotm kat o€ éva, subflow o Packet Scheduler extelel tig dradikacieg Paocilopevog
0€ TPELG OMOPACELS TOV TPEMEL VAL TAPEL.

[Mpwtov emdéyel og moto subflow Ba oteider véa data. Avto eEaptdton amd to
eav Ba ypnowomombovv oia ta subflow tavtoypova 1 Oa dwwtnpnbodv paths poévo yuo
Adyovug back up M edv ypelaotel kar véo subflow oty mepintmon mov ta vdrowra £xovv
TANPES To congestion window tovg kat dgv pwopovv vo deyxtovy dila data.

Agvtepov O mpémel va emhé€el ue mola ogpd o yepioer to subflows oe
nepintoon mov avtd to {nmoouvv tavtoypovo. o avtdv 10 okomd opiotnke pio
TOPAUETPOC TTOL ovopdotnke time - distance kot ekppalet tov ypdvo mov yperaletar Eva
TOKETO VO, PTAGEL 0TOV Am0dEKTH. Avtd Tpocdiopiletar omd to RTT, To bandwidth xat to
queue size (og bytes):

time distancei = queue sizei/bwi+ RTTi
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"Etot 1o subflow-specific queue size dev umopei vo vepPei to congestion window kot to
time distancei yivetan mepinov 1o pe RTTi.

Tpitov O mpénel va vroloyiotel moca data Oa amodobovv ce kabe subflow.
XPNOWOTOIDVTOS HEYAAES Hovadec Ba vanpye peyokdtepn vrootpién tov TCP
Segmentation Offload (TSO). Avtd Oo £6ive v dvvatdtta va abpoiloviar apketd
MSS ocg éva segment peidvovtog tnv xpnomn pnung kot CPU kat aprvovtag v epyacio
tov fragmentation otig kapteg twv interfaces (NIC). Xe avtifeon n ypnon HKpodV
uovadwv Oo emétpeme po. opotdpopen ypnon tov subflows oe epappoyéc pikprg
kivnong ot omoieg Op®G Ba pmopovoav vo giyov ekTeAeoTEl PE MO0 KOl HLOVO UEYAAN
povada dedopévmv. Etor Adyom kat g un vrootpiEng tov TSO oto MPTCP, vtoloyilet

ta dedopéva avé MSS.

3.3. Avoperdooon - Retransmissions

H avapetddoon dedopévmv eivan mo mepimhokn oto MPTCP og cOykpion pe to
arhAd TCP kot ovtd ywarti €va yapévo segment umopei vo petadobei ek véov omd
onotodnmote subflow. 1o oyfua 12 pmopovpe va doVUE TOV UNYOVIGHO UETASOONG TOV
dedopévav. Mo GUYKEKPIUEVT] OVPA  XPNOWOTOlEiTOL Yioe To. retransmissions o
Bpicketon maveo and to scheduler yio va pmopel vo avopetadidet ta yopéva TaKéTo o€
onowodnmote subflow. And 1t otiyur] mov éva retransmission pmopei va kabvoteprost
™MV HETaPOPA Tov dedopévav , o scheduler octapatd vo otéhvel véa mokéto amd ™V
KOWN 0VPE AmOCTOANG LEYPL M KOWVH OVPA avaUETAd0oNG Vo adetdoel. Me tn Porfewa

10V oynpoTog 12 Ba mpoctabncovpe va dovpe Tmg yivetal avTo.
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2ynuo 131 Muyyaviouog Retransmission

Ac voBécovpe g £xovpe évo host ue dvo subflows. To subflow 1 Aaufdver
éva acknowledgement, avavemvel to congestion window kot {nté amd tov scheduler véa
nokéto. Emmpooheta vmobétovpe nog to retransmission queue eivol ddelo kot £T6t O
scheduler mapaympei oto subflow 1 éva segment peyéBovg S. To segment avtiypdpetot
avtovolo ko mopopével oto Shared send queue (uéypt vo yiver acknowledge oto
connection level) kot pia véa doun (my S1) mov deiyvel oto segment data diveton oty
ovpd amootoiig tov subflow 1. To S1 maipver subflow sequence number amd to
sequence number space tov subflow 1. Xto S1 mepiéyeton ko éva bitmap (
path_bitmap(S) ) to onoio avavedvetatl yio va yvopilel Tog 0 S €yel avirypasi udvo

oto path 1 ko o¢ ek TovTOL PIopel va avtypogel kat oto path 2 eav ypelootei.

Ynobétovpe mmg yuo to S1 dev Aappavoovpe acknowledge, petd amd o mwovon
tov subflow yivetar ek véov amootoAin. Ouwc éva timeout umopei vo. eivar por mbavn
BraPn oto subflow kar €tor Ba Mrav koAvtepo 1 avapetddoon va yivel ucm TOL
devtepov subflow. ‘Etot pe m ypnomn tov akyopibpov mov @aiverar oto oypua 13 10 S
npocaptdtol oto retransmit kabmg oto subflow 2 dev éyer moté kataywpnbei oto S. O
scheduler avolappdver porho kot yio va yiver To retransmission and to subflow 2. (Eéav
vapyovv whvm dvo subflows tote o scheduler Oa emdé€el o€ Moo amd avtd Oa yivel to

retransmission.)
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func timeout(subflow s £):
for each segment S in unacked segments(s £):
for each path i in available paths():
if i is not in path bitmap(S):
/* There is at least one possible alternative
* subflow for retransmission */
enqueue segment(clone(S), retransmit queue);
break;
schedule();
return;

2ynua 14: Retransmission algorithm

Ye mepintmon mov to subflow 2 dev déyetan makéta , yati pmopel va éxet oteilet
Nnon éva yeudro congestion window kot wepipéver va mépet acknowledgment o scheduler
nepluéverl uéypt to acknowledgment avoi&et ehevbepo ympo oto congestion window tov
subflow 2 kot avtd pe ™ oepd Tov va deytel véa maxéta. Xtn cvvéxew o scheduler
noipvel data oo to retransmission queue kat povo otov owtd adeldost maipvet véa data

amo to send queue.
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4. Kepararo - E@appoyn tov Linux-MPTCP o¢

TPUYROTIKO TEPLPArLoOV

o v ektédeon tng multipath epoappoynic oe mpaypotikd mepiaiiov
ypnouonomdnke vroAoylotig pe Aettovpyikod Linux Ubuntu 14.04 LTS oto omoio £ywve
eykataotaon tov MPTCP kernel amd to repository tov Ip Networking Lab tov

Université catholique de Louvain (UCL) otv diev6vvon http://multipath-tcp.org/. Xto

onueio avtd Ba mpémel va avapEpovpe OTL amatteital 1O10UTEPN TPOCOY| OTNV ETAOYN
tov release tov Linux mov Ba eykotactioovpe kabdg to repository tov mptep eivon
oxedlocpévo  yuoo  ovykekpiuévo releases. OAn m dwdikacio ™G €yKatdoTtoong
npoypatonotleital otov terminal Tov Linux. Télog n eykatdotacn pmopel va yivel eite og
avtdvopo mepPdrrov Linux, gite og mapdrinio pe Windows dAro akdun kot o virtual.
AoV Aourdv emAéEove to release Tov Linux (o10 mapdv 14.01) Kot 10 £yKOTAGTGOVUE

avoiyovpe to terminal.

Xpnowonowdvtag TV €vioA] sudo su maipvovue admin permissions kot

EKTEADVTOG TNV EVTOAN UName -a pumopolLe vo d00UE TANPOQOPIES Yo TO pe Hag OTMG,

6vopa (kernel), Aettovpywd (Linux Ubuntu 14.04 LTS).

@ ™ @ root@ubuntu-ldeapad-Z570: /home/ubuntu

ubuntu@ubuntu-Ideapad-z570:~$ sudo su

[sudo] password for ubuntu:

root@ubuntu-Ideapad-z570: /home/ubuntu# uname -a

fLinux ubuntu-Ideapad-Z570 3.11.0-26-generic #45-Ubuntu SMP Tue Jul 15 04:02:06 UTC 2014 x86_64 X
86_64 x86_64 GNU/Linux

root@ubuntu-Ideapad-z570: /home/ubuntu# ||

Eiwxova 1: Elodog s evroAng uname -a

H evtoln Isb_release —a, pag divel 1o release g £kdoong twv linux mov £yovpue

24


http://www.uclouvain.be/
http://www.uclouvain.be/
http://multipath-tcp.org/

ﬂ hash - Konsole

File FEdit View Bookmarks Settings Help
0 Sl lsh release -a

vo@lenovo- Ideapac

-] lenovo : bash

Eixova 2: ECodog evrolnc Ish_release -a

[MIpwv am Olo ko xotd Tnv Sudpkelr TG eykatdotoong Oo ypelaoctel va
EKTEAECOVUE OPKETES POPES TNV evioln apt-get update 1 sudo apt-get update (av dev
&yovpe to permissions) yia vo avavemBovv ol Aloteg twv packages kot va yivouv update
eav ypetdletor. EmmAéov 1 evioln apt-get upgrade avavedvel ta TOKETO OV €ivor

eykateomuéva. Extedovtag v evioin
wget -g -O - http://multipath-tcp.org/mptcp.gpg.key | sudo apt-key add -

gykabiotovpe éva gpg-apt-key.

¥t ovvéyeln avoiyovue to Software and Updates (| to Synaptic Package
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Manager) ot mpocbétovpe £va véo new software repository otov  @dkeLo

/etc/apt/sources.list.d/mptep.list pe v TopakdTm evioin
deb http://multipath-tcp.org/repos/apt/debian trusty main

(On an Ubuntu Trusty (14.04) for the newest v0.89-release)

== Enter the complete APT line of the
@ repository that you want to add as source
The APT line includes the type, location and

components of a repository, for example “deb hitp/
archive. ubuntu.comvubuntu lucid mair’.

APT line: het:- http.//packages.medibuntu.org/ubunt

| (Cancel || #}Aﬂﬂsoﬁﬂ__l

Eixova 3: Eicaywyn software repository nepioaotepeg ninpopopics oto
-https://help.ubuntu.com/community/Repositories/Ubuntu)

‘Emetta ektedovpe v evtoln sudo apt-get update ko axoAovBovue T 0dnyieg

ywo. va yiver to download Tov libraries.

[d1aitepn mpocoyn omouTEITOL GTIG EVNUEPDOGELS N TNV EYKOTAGTACT OAPOP®V
emmAéov libraries mov Ba ypelaotei 10 cHotua. Av VEaPEEL TO OTOLONTOTE KOAAN L GE
un eykateotuévo mpdypaupo M library (- libdecoration0, compiz-gnome, iproute2,
compiz-core, compiz, libcompizconfig0, net-tools ) amldg Kdvovpe copy T0 OVOUA TOV

Ko emavarappdavoope tn dwdikacio (y. sudo apt-get install compiz-gnome)

Metd v oAOKANP®ON TOV Topandvm, ekteAodue TV €KToAr sudo apt-get

install linux-mptcp éto1 dote va eykatacticovpe to mptep kernel.
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Exteddvtag ek véov v evtoAn uname -a PAémovpe tov véo kernel kot pe v

evtol dmesg | grep MPTCP BAénovpe v €ékdoon tov mptep.

& ubuntu@ubuntu-ldeapad-Z570: ~

ubuntu@ubuntu-Ideapad-Z570:~$ uname -a

Linux ubuntu-Ideapad-Z570 3.11.0-88-mptcp #12 SMP Thu Jul 24 22:25:30 UTC 2014 X
B6_ 64 x86_64 x86_64 GNU/Linux

ubuntu@ubuntu-Ideapad-Z570:~% dmesg | grep MPTCP

L 0.167166] : Stable release v0.88.12

ubuntu@ubuntu-Ideapad-Z570:~S I

Ewxova 4: Eyovue véo kernel MPTCP ue éxdoon v.0.88.12

Amo ™ otiypun mov &yovpe moAlomAd interfaces Qo €yovpe Kot TOAAOTAEG
devBivoelg kar Béhovpe va €govpe v dvvatdotnta vo movpe otov kernel mog av
O0élovple  vo YPNOYOTOUGOVIE  CLYKEKPIUEV  d1evBuven, vo  XP1NCLLOTO|GEL
oLYKEKPIEVO Interface ko gateway kot Oyl T0 TPOEMAEYLEVA TTOL VILAPYOLY G6TO network
config tov linux. Avtd emrtvyydvetor pe v dapopemon &vog routing table avd

e€epyopevo interface. KéOe routing table mpocdiopiCetar amd vav apBud.

H dwdwcasio emioyng dtadpouns cvppaivel oe 600 QAGELC.

I.  Tlpota o mupnvag kdvel o avalnon otov policy table (o omoiog mpémetl va
pvOuiotel pe ta ip rules). Xtn o1 pog mepintmon to policies, ivat, yu Y

poBepa [P myng, mnyaivovpe oto routing table pe apOuo x.

Il. Xt ovvéyeln, o avtiotoryog routing table e€etalel mowo gateway Qo emAésel pe

Bdon t d1evbBvvom mTpoopioov.

Yy mopodoo mepimtmon Eyovue évo cvotuo mov olabéter éva ethernet

interface, éva Wi-Fi interface xou éva 3G dongle mobile interface.
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Me v evtoln ifconfig pumopovpe va dovue to interface tov cvothuotog pag (ethO
wlan0 , ushb0).

root @ubuntu-ldeapad-z570: fhomefubuntu 1§ B (%% 4)
root@ubuntu-Ideapad-2570: fhome /ubuntu# ifconfig
E ethd: flags=4163<UP,BROADCAST,RUNNING,MULTICAST> mtu 1500
inet 192.168.2.5 netmask 255.255.255.0 broadcast 192.168.2.255
inet6 fe8d e:f1ff:fead:ch6@ prefixlen 64 scopeid Ox20<link>
ether f0:de:f1:a9:ch:60 txqueuelen 1000 (Ethernet)
RX packets 58702 bytes 77073170 (73.5 MiB)
RX errors 0 dropped 1 overruns @ frame ©
TX packets 34892 bytes 3517561 (3.3 MiB)
TX errors @ dropped @ overruns 0 carrier @ collisions 6

3 )

Blo: flags=73<UP,LOOPBACK,RUNNING> mtu 65536

| inet 127.0.6.1 netmask 255.6.0.0

inet6 ::1 prefixlen 128 scopeid 8x18<host>

loop txqueuelen & (Local Loopback)

RX packets 2137 bytes 219294 (214.1 KiB)

RX errors ® dropped 8 overruns @ frame @

TX packets 2137 bytes 219294 (214.1 KiB)

TX errors © dropped O overruns @ carrier 8 collisions @

usb@: flags=4163<UP,BROADCAST ,RUNNING,MULTICAST> mtu 1560
inet 192.168.9.100 netmask 255.255.255.0 broadcast 192.168.9.255
inet6 fe80::788e:66ff:fe59:b24d prefixlen 64 scopeid Ox20<link>
ether 7a:8e:66:59:b2:4d txqueuelen 1000 (Ethernet)
RX packets 6084 bytes 3562127 (3.3 MiB)
RX errors ® dropped 8 overruns @ frame @
TX packets 5344 bytes 796998 (778.3 KiB)
TX errors © dropped 0 overruns @ carrier 8 collisions @

]
B
B
£
T
B
(]
f

40 wlan@: flags=4163<UP,BROADCAST ,RUNNING,MULTICAST> mtu 1500
inet 192.1 6 netmask 255.255.255.0 broadcast 192.168.2.255
inet6 feBO::76e5:bff:fe77:77d0 prefixlen 64 scopeid Bx20<link>
ether 74:e5:0b:77:77:d0 txqueuelen 1000 (Ethernet)
RX packets 1018 bytes 134199 (131.6 KiB)
RX errors 0 dropped @ overruns @ frame @
TX packets 766 bytes 89334 (87.2 KiB)
TX errors 0 dropped @ overruns 0 carrier 8 collisions @

-—
root@ubuntu-Ideapad-2570: fhome /ubuntu# I

Eiwxova 5: To interfaces ta omoia éyw eivou: eth0 yia v Ethernet , wlan yia zo wireless
ko Usb0 yio to 3G. To lo eivou n loopback zov linux.

H xatackevn tov routing policies kot tov routing tables pmopei va yiver gite

EKTEADVTOG €VIOAEC oT0 terminal eite ovtdépota péow scripts mov LVAAPYOLV GTNV

KowotnTOo.

[Mo ekmodevTiKovg Adyovg otV mapovca epyocio EMAEEALE TOV TPDOTO TPOTO
oALG Ba mpémel va emonuaviel Ttog Oa mpénet va extedeitan KOs opd mov To cHOTN A

nog omevepyomnoteital 1 kKAgivouv ta interface kabmg ot mivakeg dev amobnkevovrat.
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‘Etol &ovpe:

routing policies

ip rule add from 192.168.2.5 table 1
ip rule add from 192.168.2.6 table 2

ip rule add from 192.168.9.100 table 3

routing tables

ip route add 192.168.2.0/24 dev eth0 scope link table 1

ip route add default via 192.168.2.1 dev ethO table 1

ip route add 192.168.2.0/24 dev wlan0 scope link table 2

ip route add default via 192.168.2.1 dev wlan0 table 2

ip route add 192.168.9.0/24 dev ush0 scope link table 3

ip route add default via 192.168.9.1 dev usbO table 3

®a tapatnpnoete Tog Yo To ethO kKot to wlan0 ypncponomOnke to idto default
way Kot avtd Y10Ti 6T0 cuoTNUA ToL doVAEYauE To ethernet kKou To Wi-Fi xotéAnyav oe

£va 0KloKO router.
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Me 11 mopaKATO EVIOAES LWITOPOVUE VO OOVUE TO, OMOTEAEGLOTA TV OCMV Od

TOL TOPOTAVE® EYOVUE EKTEAECEL Y10 TNV KATAOKELY] TV routing policies Kot routing table:

sudo ip rule show
sudo ip route

sudo ip route show table x (67ov X TO VOOLEPO TOL TTivaKaL)

211 GUVEYELD JLE TIC TOPAKATM EVTOAES evepyomOloVE TO mptcp yia Ta interfaces:

ip link set dev ethO multipath on
ip link set dev wlan0 multipath on
ip link set dev usbO multipath on

Mo v anevepyonoinon anidg amd on to kévovpe off.

[Tpocoyn otV evepyomoinon kot anevepyomoinon twv interfaces kabmg dtav
OTEVEPYOTOLOVVTOL YAVOVTOL Ol TIVAKEG OpopoAdynong ywori dev amodnkevovrar. H
amevepyomoinon tov interface yiveron pe v evroAr ip link set dev ethO down kot

ip link set dev ethO up yia va avéPet mdAtl. Apketéc opég fonda oto va katolafaivetl o

mptcp wote evepyomoleitan €va interface yio va to evtdéel otnv dwdikacio multipath
aAAG pdvo Otav ypnotpomotovpe SCript yio owtoépotn pvduion routing table. T v

evepyomoinom kat amevepyomoinom tov Interface 6to MPTCP vrdpyovv ot eviodég:
ip link set dev (int) multipath on

ip link set dev (int) multipath off
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Emiong vrapyet n dvvotdmra va yivouv emumhiéov pvbuicelg too MPTCP 6ntwg:

sysctl -w net.mptcp.mptcp_enabled=1 (default) yia tv gvepyomoinomn tov mptcp,

sysctl -w net. mptcp.mptcp_checksum=1 (default)
sysctl -w net.mptcp.mptcp_syn_retries=3 (default),

6mov kabopilel to TOoeg Popég Oa kaver retransmit éva SYN ue MP_CAPABLE-option

I'a tov kabopiopd Tov Path manager ot evioAéc givor ot mapakdto:
sysctl net. mptcp.mptcp_path_manager=fullmesh (default)
options: default

fullmesh

ndiffports

binder
"o tov kabopiopd tov Scheduler:
sysctl net. mptcp.mptcp_scheduler=default (default)
options: default

roundrobin

"o tov kabopiopd tov Congestion control, vedpyel n dvvatdTTa EAeYXOL TOL

congestion control Tov ypPNGUYLOTOLEITAL [LE TNV EVTOA
cat /proc/sys/net/ipv4/tcp_congestion_control

kaBdg emiong vo  dobue Towvg  aAyOplBuovg  Eyovpe TNV dvVATOTNTO VO
ypnouonomocovpe cat /proc/sys/net/ipva/tcp_available_congestion_control kot vo tov

aAra&ovpe sysctl -w net.ipv4.tcp_congestion_control=[value]
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M ™ root@ubuntu-ldeapad-Z570: fhome fubuntu

root@ubuntu-Ideapad-Z570@: /home/ubuntu# netstat -m

Active Internet connections (w/o serwvers)

Proto Recv-Q Send-Q Local Address Foreign Address
| Local Token Remote Token

root@ubuntu-Ideapad-Z570: fhome /ubuntu# .

Eixova 6: Me tnv evtods; netstat -m umopodue va dodue edv vmapyer evepyr; multipath
oOVOEDN. 2TNV TPOKEWEV] TEPITTWTN OEV VIOPYEL KOUIC.

Méow g gpapuoyng ncftp pmopodpe va cuvdebode otov multipath ftp server

ftp://ftp.multipath-tcp.org kou vo. mhonynbodue ce avtdv Kot va katefdoovpe Eva

M ® & root@ubuntu-ldeapad-Z570: fhomejfubuntu

root@ubuntu-Ideapad-Z570: fhome/ubuntu# ncftp

NcFTP 3.2.5 (Feb 82, 2011) by Mike Gleason (http://www.NcCFTP.com/contact/).
ncftp> open ftp://ftp.multipath-tcp.org

Connecting to 130.104.230.45...

|ProFTPD 1.3.4a Server (Debian) [::ffff:130.104.230.45]
FLogging in...

[Anonymous access granted, restrictions apply

lLogged in to ftp.multipath-tcp.org.

Current remote directory is /.

ncftp [/ = dir

=rW-r--r-- 111 G} 18673741824 Map 4 18:19 1GB

=MW-r--r-- 111 (G} 524288000 Map 4 17:39 500MB

drwXrwxr-x 111 1005 IoUv 25 00:19 ietf-full
drwxr-xr-x 111 1005 Auy 1 21:82 mptcp-patches
drwxr-xr-x 111 1005 NEK 6 2012 mptcp-repo
drwxr-xr-x 111 1005 IoUA 31 22:00 mptcp-snapshots
~-rW-r--r-- 111 1085 Ak 6 2012 README

ncftp / > [}

Eiwxova 7. Epapuoyn ncftp yo ftp transfer.

dwbéoio apyeio.

‘Etol méA pe v evrodn netsat -m BAEmovpe mwg €xel Yivel ) €YKATACTACT TG

ovvdeong pe Tov multiptah ftp server.
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M X —

root@ubuntu-ldeapad-Z570: /fhome fubuntu

ubuntu@ubuntu-Ideapad-Z570:~$ sudo su

[sudo] password for ubuntu:

root@ubuntu-Ideapad-Z570: /home /ubuntu# netstat -m

Active Internet connections (w/o servers)

Proto Recv-Q Send-Q Local Address Foreign Address State

Local Token Remote Token

mptcp <] ® ubuntu-Ideapad-Z5:39048 mptcp.info.ucl.ac.b:ftp ESTABLISHED
4202129214 3058872421

root@ubuntu-Ideapad-Z570: /home /ubuntu# l

Eixova 8: mptcp network establishment

Me 10 network monitoring bmon &yovpe tn dvvatdtnTo vo PAETOVNE TO TAKETOL

7oV amocTéEALOVTOL Kot AapPdvovtar arnd OAa pov ta interfaces!

Terminal AR U 0 (96%) ) 9:09MM %

usb® on ubuntu-Ideapad-z570 bmon 2.1.1-prel

Name X

ubuntu-Ideapad-Z576 (local) Rate
usbe 446 B

1 ethe 216.25KiB
2 lo 857 B
3  wlan® 291 B
Total 217.80K1iB

@S ® root@ubuntu-ldeapad-Z570:

Connecting to 1360.104.230.45...
ProFTPD 1.3.4a Server (Debian) [::ffff:130.104.230.45]
Logging in...
/Anonymous access granted, restrictions apply
Logged in to ftp.multipath-tcp.org.
Press g to enable graphical statistics Current remote directory is /.
Press d to enable detailed statistics A“Cftp / > dir )
‘ 1 21:09:56 2014 (6| -re-r-- 111 1073741824  Mdp 4 18:19 1GB
L TBCPLSTOIOS DY e e e Lt i 111 524288000 Map 4 17:39 500MB
111 IoUv 25 00:19  ietf-full
111 AUy 1 21:02 mptcp-patches
111 Aek 6 2012 mptcp-repo
111 IoUA 31 22:00 mptcp-snapshots
Dex 6 2012 README

The local file "1GB" already exists.
Local: 4960640 bytes, dated Tpi 04 Mdp 2014 06:19:09 pp EET.
Remote: 1073741824 bytes, dated Tpi 04 Map 2014 06:19:09 pp EET.

[0]verwrite? [R]esume? [A]lppend to? [S]kip? [N]ew Name?
[0!]verwrite all? [R!]esume all? [S!]kip all? [CJancel > o
ETA: 86:24 0,00/ 1,00 GB 201,90 kB/s

)
”
=]
B
B
B
i}
a|
T
7
@l
v
\J

Eixova 9: bmon network monitoring

Piyvovtag éva interface 0o mopatnpricovpe v oAloyn oty kivnon tov

voromeV interfaces mov givan gvepyd.
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5. Kepaiaro - EQappoyn tov Linux-MPTCP o¢ virtual
neppailov

Xe mepInT®on oL OeV LAPYEL N OLVATOTNTO VO EYKOTAGTHOOVUE To. Linux og
Evol TPAYUOTIKO GUOTNUO, TOTE UTOPOVUE VO, YPNCUYLOTOU|GOVUE EIKOVIKE U YOVILLOTO
(virtual machines). T'ie owtd Tov ckomd ypnolwomodnke to Vmware Player ywa va
eykataotafovv 1o Linux kot to MPTCP, pe tov tpomo mov meptypayape mopomdve

(Kepararo 4) .

Vidware Plaver (Non-commercial use only)

I

ile  Wirtual Machine Help

Product: WMware ® Player il then
Version: 7.0.0 build-2305329

Status: Mot licensed
Type: Mot applicable b will
Expiration: Mot applicable

Host name: lenovo-ldeapad-Z570
Memory: 5888 ME ftation

Host OS version: 3.14.0-89-mptcp
Ul log file: ftmpfvmware-lenowvofvrmware-vmplayer-17572 .log

Copyright @ 1998-2014 VMware, Inc. All rights reserved.

This product is protected by U.S. and international copyright and
intellectual property laws. WMware products are covered by one or
more patents listed at http //fwww.ymware .com/go/patents.

VMware is a registered trademark or trademark of WMware, Inc. in the
United States andfor other jurisdictions.

All other marks and names mentioned herein may be trademarks of their
respective companies. -

I . ke a
o€ Close |

Eiwxova 10: Vmware about

Ba wpénetl va 000l Eupacmn oto pviun mov Ba ypnoiponombei, otov YOO TOv
virtual disc koBmdg ko ota interfaces mov Oa ypnoipomomBovv. Kdabe moépog mov
ypnoonoteitol emPapvverl To Tpaypatikd cvotnue. H emioyn mov £yve yia dvo virtual
machines tav 2GB RAM, 2 processors, 20GB hard disk ka1 3 ethernet interfaces ex tov
omoiwv 10 éva givor NAT yio vo vrdpyer ocvvoeon pe 1o Internet kot 2 host-only ota

omoia Ba opicovpe gpeic IP.

34



Virtual Machine Settings

Hardware | pptions |

Device Summary

il Memory 20GB

¥ Processors 2

[ Hard Disk (scs) 20 GB

CD/DVD (SATA)  Auto detect

‘& Metwork Adapter  NAT

‘& Metwork Adapter 3 Host-only

& sound Card Auto detect

(= Printer Present

USB Controller  Present

= pisplay Auto detect
l + Add... ‘ l m= Apaipson

Device Status
O

] Connect at power on
MNetwork Connection
() Bridged: Connected directly to the physical network
O
) NAT: Used to share the host's IP address

@ Host-only: A private network shared with the host

I Hebp

[ & cancel ] [ [ save ]

Eiwcova 11: Ta settings tov virtual machine.

o mv avtoddayn apyeiov ypnowonomdnke to Samba File Server (yio to

onoio TAnpoopieg umopeite va Ppeite 610)

https://help.ubuntu.com/12.04/servergquide/samba-fileserver.html

IMa vo propéoet va yivel petagopd apyeiowv pécsm tov Samba Ba npénel oe KaOe

host va tpocBécovpe Evav network user. H tpocsOnm yiveton pe v evtoAn

sudo smbpasswd -a <username>

6mov username 1o dvopa Tov host mov BEAovpe va opicov|Le.
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@5 @ root@ubuntu: ~

root@ubuntu:~# smbpasswd -a vm2
New SMB password:
Retype new SMB password:
dded user wvm2.
root@ubuntu:~#

Ewxova 12: IIpoobixn yprnotn aro Samba

e kd@0e host opiCovpe éva share folder otov omoio Oa yivovrar OAeg ot

LETOQOPES TOV apyeimV Ko @TIdYVOLLE Kol éva routing table yio ke virtual machine.

["a dvo virtual machines éywve o TapaKdT® oYedOGUOC:

VM 1| | VM 2

|10.0.0.1/24  10.0.0.2/24 |

[10.0.1.1/24  10.0.1.2/24 |
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"Eto1 mpokvmTovy to mopakdto routing tables:

Routing Configuration for vm1:
#VM 1 routing configuration:
ip rule add from 10.0.0.1 table 1

ip rule add from 10.0.1.1 table 2

#Configure the two different routing tables
ip route add 10.0.0.0/24 dev eth1 scope link table 1

ip route add default via 10.0.0.244 dev ethl table 1

ip route add 10.0.1.0/24 dev eth2 scope link table 2

ip route add default via 10.0.1.244 dev eth2 table 2

#Enable interfaces for MPTCP

ip link set dev ethl multipath on

ip link set dev eth2 multipath on
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Routing Configuration for vm2:
#VM 2 routing configuration:
ip rule add from 10.0.0.2 table 1

ip rule add from 10.0.1.2 table 2

#Configure the two different routing tables
ip route add 10.0.0.0/24 dev ethl scope link table 1

ip route add default via 10.0.0.244 dev ethl table 1

ip route add 10.0.1.0/24 dev eth2 scope link table 2

ip route add default via 10.0.1.244 dev eth2 table 2

#Enable interfaces for MPTCP

ip link set dev ethl multipath on

ip link set dev eth2 multipath on
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vm2 Ubuntu 64-bit - VMware Player (Non-commercial use only)
File Virtual Machine Help File virtual Machine Help

root@ubuntu: fhome/vm1 1y 1)) 405AM Lt | |root@ubuntu: fhomejvmz 1y 1) 404PM I
RX errors ® dropped ® overruns ® frame 0 - RX errors @ dropped @ overruns @ frame @
TX packets 2118 bytes 163317 (159.4 KiB) TX packets 1994 bytes 1558308 (152.1 KiB)
TX errors ©® dropped O overruns @ carrier 8 collisions @ TX errors @ dropped @ overruns 8 carrier @ collisions @

eth1: flags=4163<UP,BROADCAST ,RUNNING,MULTICAST> mtu 1560 ethl: flags=4163<UP,BROADCAST ,RUNNING,MULTICAST> mtu 1560

inet 10.8.0.1 netmask 255.255.255.0 broadcast 10.0.6.255 inet 10.6.0.2 netmask 255.255.255.8 broadcast 16.6.8.255

inet6 feB0::250:56ff:fe28:7646 prefixlen 64 scopeid 8x20 inet6 fe8 0:56ff:fe2e:8518 prefixlen 64 scopeid 0x20
<link> <link>

ether 80:50:5 146 txqueuelen 1608 (Ethernet) ether #0:50:56:2e:85:10 txqueuelen 1060 (Ethernet)

RX packets 267 bytes 46439 (39.4 KiB) RX packets 114 bytes 17190 (16.7 KiB)

RX errors © dropped @ overruns @ frame @ RX errors © dropped @ overruns @ frame @

TX packets 127 bytes 18254 (17.8 KiB) TX packets 162 bytes 13669 (13.3 KiB)

TX errors @ dropped 0 overruns @ carrier @ collisions @ TX errors @ dropped © overruns @ carrier @ collisions @

eth2: flags=4163<UP,BROADCAST ,RUNNING,MULTICAST> mtu 1500 y eth2: flags=4163<UP,BROADCAST ,RUNNING,MULTICAST> mtu 1500
inet 10.0.1.1 netmask 255.255.255.0 broadcast 10.0.1.255 | | / inet 10.0.1.2 netmask 255.255.255.0 broadcast 10.0.1.255
inet6é feB0::250:567f:fe3d:95f2 prefixlen 64 scopeid 6x20 inet6 fes! 0:567f:fe3c:ec91 prefixlen 64 scopeid 0x20

<link> | <link>
ether 00:50:5 95:f2 txqueuelen 1800 (Ethernet) | ether #0:50:56:3c:ec:91 txqueuelen 1000 (Ethernet)
RX packets 256 bytes 38173 (37.2 KiB) . v RX packets 115 bytes 17320 (16.9 KiB)
RX errors ® dropped ® overruns ® frame 0 RX errors @ dropped @ overruns @ frame @
TX packets 125 bytes 18222 (17.7 KiB) TX packets 88 bytes 12671 (11.7 KiB)
TX errors ® dropped O overruns @ carrier @ collisions 0 TX errors @ dropped @ overruns ® carrier @ collisions @

lo: flags=73<UP,LOOPBACK,RUNNING> mtu 65536 lo: flags=73<UP,LOOPBACK,RUNNING> mtu 65536
inet 127.0.6.1 netmask 255.0.0.0 inet 127.8.0.1 netmask 255.0.0.8
inet6 ::1 prefixlen 128 scopeid 6x18<host> inet6 ::1 prefixlen 128 scopeid 8x1@8<host>
loop txquevelen 6 (Local Loopback) loop txqueuelen ® (Local Loopback)
RX packets 180 bytes 9681 (8.8 KiB) RX packets 184 bytes 10068 (9.8 KiB)
RX errors ©® dropped ® overruns 8 frame 0 RX errors @ dropped ®@ overruns @ frame @
TX packets 180 bytes 9681 (8.8 KiB) TX packets 184 bytes 10068 (9.8 KiB)

- TX errors ©® dropped O overruns @ carrier 8 collisions @ - TX errors @ dropped @ overruns 8 carrier @ collisions @

«= [root@ubuntu: /home/vmi# | = root@ubuntu: /home/vm2# |
To grab input, press Ctrl+G OO0WSSE@ BB &Y  Jogabinput, press Cir+6 AOKWKKWC2060MBY

E ##e ' vm1 Ubuntu 64-bi re Player (Non-comme: ) vm2 Ubuntu 64 tware Player (Non-comme £ z m # # ﬁ ﬁ 1))) E‘_ A 0405AM

Eiwova 13: Ta interfaces twv ovo virtual machines

root@ubuntu: /home/vmi# sudo ip route
default via 192.168.223.2 dev eth® proto static
10.0.0.0/24 dev ethl proto kernel scope link src 10.0.0.1 metric 1
10.0.1.0/24 dev eth2 proto kernel scope link src 10.0.1.1 metric 1
192.168.223.0/24 dev eth@ proto kernel scope link src 192.168.223.130 metric 1
root@ubuntu: /home/vmi# sudo ip rule
from all lookup local
32764: from 10.0.1.1 lookup 2
32765: from 10.0.0.1 lookup 1
32766: from all lookup main
32767: from all lookup default
root@ubuntu: /home/vm1# sudo ip route show table 1
default via 10.0.0.244 dev ethl
10.0.0.06/24 dev ethl scope link
root@ubuntu: /home/vmi# sudo ip route show table 2
default via 10.0.1.244 dev eth2
10.0.1.8/24 dev eth2 scope link
root@ubuntu: /home/vmi# I

Eiwxova 14: To routing table roo vml
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root@ubuntu: /home/vm2# sudo ip route
default via 192.168.223.2 dev eth® proto static
10.0.0.0/24 dev ethl proto kernel scope link src 10.0.6.2 metric 1
10.0.1.0/24 dev eth2 proto kernel scope link src 10.0.1.2 metric 1
192.168.223.0/24 dev eth® proto kernel scope link src 192.168.223.131 metric 1
root@ubuntu: /home/vm2# sudo ip rule
from all lookup local
64: from 10.0.1.2 lookup 2
from 10.0.0.2 lookup 1
from all lookup main
32767: from all lookup default
root@ubuntu: /home/vm2# sudo ip route show table 1
default via 10.0.0.244 dev ethl
10.0.0.0/24 dev ethl scope link
root@ubuntu: /home/vm2# sudo ip route show table 2
default via 10.0.1.244 dev eth2
10.0.1.0/24 dev eth2 scope link
root@ubuntu: /home/vm2# l

Eiwxova 15: To routing table zov vm2

H obvdeon péom Samba yivetar apod avoiZovpue to file folder

MNetwork
Places -1
© Recent h:-k_‘
M Home wWindows Network

Documents
O Server Address

smb:/{10.0.0.2/ a

< Downloads
dd Music

[=1 Pictures
i videos Recent Servers

1 Trash Network network:///

Devices
la] Floppy Disk
Computer
Network
¥ Browse Network

B connect to Server
Browse cancel Connect

Eixova 16: Xovoeon ue tov étepo host.
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Fle Virtual Machine Help

RX bps
(]

148.94KiB

qdisc none (pfifo_fast) ]
eth2
qdisc none (pfifo_fast) ]

51.94KiB

13 % 1) 7:20PM Lt | | Terminal

pPS %| TX bps
(] [c}

1.37K

Increase screen height to see graphical statistics

e

vm1@ubuntu: ~

vml@ubuntu:~$ netstat -m
Active Internet connections (w/o servers)
Proto Recv-( Send-Q Local Address
State Local Token Remote Token
nptecp 0 0 10.0.0.1:47318
ESTABLISHED 776595610 172603641
mptcp 63 0 16.0.0.1:microsoft-ds
ESTABLISHED 3741899957 22980891716
nptcp 0 0 10.0.0.1:netbios-ssn
ESTABLISHED 134546713 725341912
&= ptcp 0 0 10.0.0.1:57476
ESTABLISHED 821489304 1657123193
- vmigubuntu:~$ [l

To grab input, press Ctri+G

2 Wmplayer

Foreign Address
10.0.0.2:netbios-ssn
16.0.0.2:35062
16.0.0.2:58761

10.0.0.2:microsoft-ds

IRV T LT T°Ya

12.25M1B
0 11.32M1B
117 15.67MiB
(] 11.25M1B

vm2 Ubuntu 64-bit - VMware Player (Non-commercial use enly)

File Virtual Machine Help

13 3 1) 719Am o

.

root@ubuntu: /home/vm2

Interfaces RX bps pPs %| TX bps
Bl 0 0 0
ethl 11.36MiB  7.91K 149.29K1B
qdisc none (pfifo_fast) 0 0 149.29K1B
eth2 11.22MiB  7.78K 52.08KiB
qdisc none (pfifo_fast) 0 0 52.08KiB
Increase screen height to see graphical statistics

”
*
7
E

Press d to enable detailed statistics
—— Press 1 to enable additional information
Fri Sep 25 07:19:43 2015 Press ? for help

e
Proto Recv- Send-Q Local Address
State Local Token Remote Token
mptcp 62832 6 10.0.0.2:35062
ESTABLISHED 2298091716 3741899957
mptep 0 6 10.0.0.2:netbios-ssn
ESTABLISHED 172603641 776595610
mptcp 0 6 10.0.0.2:microsoft-ds
ESTABLISHED 1657123193 821489304
mptcp 0 6 10.0.0.2:58761
ESTABLISHED 725341912 134546713
=== root@ubuntu: /home /vm2#

To grab input, press CtrHG

Foreign Address
10.6.0.1:microsoft-ds
10.0.0.1:47318
16.6.0.1:57476

10.0.0.1:netbios-ssn

S EEL TS
DEem Y sl FEFEF 0 5 4 0720M

Eiwxova 17: Avtoiiayn dedouévarv uetalo ovo virtual machines ue t ypnon tov mptcp

To amotéleopa TG avtollayng dedoUEV@V e TN XPNON TOV mptcp EYOVUE TNV

duvatdmTo vo To doLUE pe TO bmon, O6mov EveEPYOMOIDVTIOG 1 OMEVEPYOTOIDOVTOG

interfaces mapoakoiovBodue v kivnon. Emiong pmopodue va dovpe kor T mptep

OLVOECELG TTOV £XOVV EYKATACTOOEL.
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6. Kepaiaro - AErordynon arlyopiOumv Ereyyov
GOPPOPN OGS

Onwc mpoavagépape 10 MPTCP dwvéper to @optio twv dedouévav Kot
onuovpyet Eegywprotd subflows. IMog Oa yvotav Aowmdv e avt)y TNV TEPITTOON 1
ePapLOYN TOov congestion control; Mo TpmdTn/edkoAn amdvinon Ba NTov va TpEYape 10
vrapyov congestion control tov regular TCP ce xkéBe subflow Eexympiotd. Mo tétown
Abon ouwg dev Ba Mtav dikoun yia Tic vrdAoweg cvvoéaelg TCP, ot omoleg popalovron

10 {010 bottleneck pe 1o MPTCP.

[t avtd 10 AOYO vEdpyovv Tpelg Pacikég mpodmobicelc Yoo va vdpiel Evag

epappooipog multipath congestion control aAyopOpog :

1. Bektioon g amdédoons. 'Evo multipath flow Oa mpémer va amodidet
TOVAGYLGTOV TOGO KAAQ OGO Lo POT} LOVIG OLAOPOUNG GTO KAAVTEPO OO TA
LOVOTATIO TOV €YEL O180€0T TNG.

2. Na pnv npokaiel mpopiqparta. Eva multipath flow dev Oa mpénet va €xet
LEYOADTEPT YOPNTIKOTNTO OO ONMOWONTOTE ONd TS MNYEG TOVL, TOV
popaetor PETAED TOV SOPOPETIKAOV PO®V TOL amd OTL vo fTav éva single
flow ko va xpno1pomolovce pio amd avTég TIG SLOPOES.

3. Tooppommquévn copeoépnen. 'Eva multipath flow 0o wpéner va odnyel 660
10 Ovvatov TEPLGGOTEPN Kivnon pokpld amd Sdpopég HE  HEYOAN

oupeoOpNoN.

O LIA (Coupled Congestion Control Algorithm (LIA) [RFC6356]) é&yet

epappoyn oto increase phase tov congestion avoidance KGvovtog cagr Tov TPOTO e TOV
onoio aw&davetror To window, katd v Aqyn evog ACK. Ot slow start, fast retransmit ko
fast recovery aiyopibpor 6nmg ko to multiplicative decrease tov congestion avoidance
napapévouy ot idtol pe to standard TCP [RFC5681]. Xvvend¢ to cuvolkd throughput
evog multipath flow e€aptdton omd T1g TIHéG TOL Tapdyovta alpha kot Tov loss rates, MSS
kot RTT tov kébe povomatio kot 0 VToAoyIoHOS TOVg YivETOl COLPMOVA LE TOVG TOTOVG

1 xou 2 ¢ mapaypdpov 3 tov RFC6356.
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e T kabe AneBév ACK oto subflow 1, to cwnd_1 avéavet kotd :

alpha * bytes acked * MSS i bytes acked * MSS i
min ( —===---—mmm e poTTTT T ) (1)
cwnd total cwnd i

e To alpha vroroyileton omd TOV TOPAKAT® TOHTTO :

MAX (cwnd i/rtt i~2)
alpha = cwnd total * ----------—--—--—-—-——————- (2)
(SUM (cwnd i/rtt _i))"2

Téhog o LIA «xoatagépver vo koloyel T1c 2 mpdteg mpobmobécels mov

avaEpOnKay Topamdved OpmG deV KOAVTTEL TO resource pooling.

H mpoétaom tov OLIA épyeton va koAvwetl to resource pooling. Epapudletan
onAadn oto increase phase Tov congestion avoidance pe pio emmpochetn S1UOPP®ON
otov slow start algorithm, omo¥ opiletan to ssthresh va eivar 1 MSS otav eykabiotavron
multipath cvvdécelc, pe okomd va omoeedyetonr M petddoon kivnong péca oe €va
LLOVOTIATL TTOL €ivol GE GLUEOPNON EVA VLIAPYOLY OOECIUO EVOAAUKTIKG LOVOTATLOL.
"Eto1 to suvoAikod throughput evoc multipath flow e&aptdror amd Tig TYég Tov Tapdyovta
alpha ko1 tov cwnd tov kdOe subflow, tov RTT tov kéOe subflow kabBmg ko1 amd

LETPNOELS Y10 TNV OVAOEIEN TOV KOAVTEPWOV LOVOTOTIDV.

O vroAoyloudc TOVE YiVETOl cLUEAVA Ue ToV TOTo 1 e mopaypdoeov 3 tov [Khalili].

o T x@be ACK oo path r, to w_r av&avet katd :

(SUM {p in all paths} (w p/rtt p))~"2 W r

multiplied by MSS r * bytes acked.

To GaBpoicpo 6TOV TAPOVOUAGTH TOV TPMTOL OPOVL EIval YioL OAX TO. LOVOTTATIO P GTO
all_paths. To w_p ko rtt_p dnidvouvv to window size kot to round trip time tov path p.

To alpha_r vmoAoyiletou :

-Edwv to r Bpioketan uéoa ota collected_paths, tote

1/number of paths

|collected paths|
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- Eav 1o r Bpioketon péoa ota max_Ww_paths kat av o collected_paths 6év etivan
aodswa, tote
1/number of paths
alpha r = = ——-—-m——m——m—mm oo

Imax w_paths|

- AMawg, alpha_r=0.
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21 cuvéxewn yvay PETPNOELS O TPAYUATIKO TEPPAAAwV e v Ponbeta twv
nopamdve congestion control algorithms. H tomoloyio mov ypnoyomombnke
neptlapPave Evav owktokd router pe ethernet koaw Wi-Fi 6hvdeon otov vmoAoylot Kabmg
katl éva usb 3G stick. Xto oyfua 14 @aivovtol To 0mOTEAECUOTO TOV UETPICEDV TOV

&yvav pe évav multipath server pe tnv Pondeia tov iperf.

7,000
6,000
2 5,000 AN etho
: [\
E 4,000 /\ ush0
'Eo 3,000 N wlan0
>
-g 2,000 \_/ O \.L-g mptcp-lia
- /\

= mptcp-olia

1,000

—— papptkn (eth0)

0,000
0 20 40 60 80 100 120 140

time (sec)

Zyfua 15:Metproerc throughput

210 MOPATAVED YPAPNLO TOPATNPNPOVLLE TN CLUTEPLPOPE TmV interfaces mov
Aertovpyov Eexmptotd 1o éva amd to dALo kKabmg Kot TNV avénon tov throughput otav
ypnopomoteiton to 3G stick. O LIA mopatnpeitor g Exel peyarvtepn actabeia kad' ot
TO, LELOVOUEVO LLOVOTATLOL AEITTOVPYOVV OVTAYWOVIGTIKA TO £val TPog TO GAAO o€ avtifeon
pe tov OLIA o omoiog katapépvel vo kdvel kaAdtepo pool resourcing d10TL 0 TPOTOG Le
Tov omoio Swoyelpiletar To PHOVOTATIO €YEL AUECT) OYEON WUE TOV aplOUd TOVS KOl TIG
HETPNOELS TTOL YivovTal Yo KAOe Eva amd avtd, OTmg £xel emonuaviel. Ltnv nepintwon
o6mov ta interfaces ypmowonoovv to ido0 bottleneck toéte mapatnpodue mwOC TO
throughput pe MPTCP dev eivan peyohdtepo amd to peyaAvtepo throughput tov

Kaivtepov interface.
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7. Kepararo - Zopumepaocpoto

To MPTCP elvan por onuovtikn enéktaon tov TCP kot pog diver v
duvaTdTTo VO OVTOALAGOVUE dEGOUEVE. GE VITAPYOVTH GLGTIUOTO LEGH OO JLUPOPETIKA
interfaces kot dradpouéc. Avtd o¢ amotédecpo. pog divel Tnv dvvatdTnTa Vo avENcoveE

10 d1a0éapo bandwidth oty cvvdeon poc.

Méoa amd TV Topovca SIMAMUOTIKY EIYOUE TNV SVVATOTNTA VO YVOPIGOVUE TIG
Baowéc apyés kar tov Tpoémo Asrtovpyiog tov MPTCP, va 10 €yKatooTGOVUE, VO TO
pvBuicovpe kot va kévovpe emtuyn xpnon Tov. O xpodvog Tov YPEdoTNKE NTAV APKETOC,
kaBdg dev Ntav uévo to MPTCP mov énpene va yive kotavontd aAAdd kot To 1010 to OS
(Linux) mov ypnowomomOnke yio va eykatactadei (routing table , topology, congestion
control, cpu, interface buffers, MSS, RTT).

Ievikd pmopodue vo movpe mwg 10 MPTCP dev éyer oloxinpwBel g
TPOTOKOALO Kot 1 €pevva kot PedtioTomoinorn tov cuvveyiletor o€ mOAAG emimeda. To
Oépuo g acpdielng elvar éva oamd to mpoto (nTtRpoTa wov cvveyilovtal va
avortoocovtal. To retransmission ypewdletar meportépo  Pedtiotonmoinon  kabmdg
ompiletor akdpo otov retransmission pnyoviopd tov TCP. Emiong eidape mmg to
MPTCP ypnowomotei 6Aa. to interfaces mov givat evepyd yior avtodloyn dES0UEVOV KATL
7oL dev divel amapaitnta KoAvtepn amoddoon. ‘Evac unyoavicpdg emioyng interface péow
uetpnoewv tov kdbe povomatiov (RTT) Oa €dwve koAvtepa amoteréopato KoOmG
povomdtio pe peyaies dapopés RTT dev divouv kahdtepa amoteréopata. EmmAiéov Oa

npénel va vapéel Pedtiotonoinon g oAniemidpdoeic tov MPTCP pe ta middle-boxes.

H tehukn eviommwon mov pével sivar g 1o MPTCP dgv yperaletar mAéov
TOAOTTAOKOL ETOYYEMUOTIKG UNYOVALLOLTA Y10, TV TapGAANAN xpnon molhamidv interface
Kot 0 6T0Y0G givar vo emektobel mépa and ta data centers, 6to omitt 0AAG Kot 6TV Kvn

TAEQOVia.
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