wo 2013/116456 A1 |[IN I 0FV0 000000 0 O

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2013/116456 A1l

(51

eay)

(22)

(25)
(26)
(30)

1

(72

74

31

8 August 2013 (08.08.2013) WIPOIPCT
International Patent Classification:
GO6F 15/173 (2006.01)
International Application Number:
PCT/US2013/024039

International Filing Date:
31 January 2013 (31.01.2013)

Filing Language: English
Publication Language: English
Priority Data:

61/592,746 31 January 2012 (31.01.2012) US
13/754,398 30 January 2013 (30.01.2013) US
Applicant: MASSACHUSETTS INSTITUTE OF

TECHNOLOGY [US/US]; 77 Massachusetts Avenue,
Cambridge, Massachusetts 02139 (US).

Inventors: CALMON, Flavio, du Pin; 235 Albany Street,
Room 3120, Cambridge, Massachusetts 02139 (US).
CLOUD, Jason, M.; 524 Putnam Avenue, Apt. 11, Cam-
bridge, Massachusetts 02139 (US). MEDARD, Muriel; 45
Evergreen Way, Belmont, Massachusetts 02478 (US).
ZENG, Weifei; 75 5th Street, Floor 2, Cambridge, Mas-
sachusetts 02141 (US).

Agents: SCOTT, John, C. et al.; Daly, Crowley, Motford
& Durkee, LLP, 354A Turnpike Street, Suite 301A, Can-
ton, Massachusetts 02021 (US).

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,

(84)

AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU,
RW, SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ,
T™M, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA,
M, ZW.

Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ, GW,
ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:

as to applicant'’s entitlement to apply for and be granted a
patent (Rule 4.17(i1))

as to the applicant's entitlement to claim the priority of the
earlier application (Rule 4.17(iii))

Published:

with international search report (Art. 21(3))

(54) Title: MULTI-PATH DATA TRANSFER USING NETWORK CODING

) e B
FIG. 3 &
Application
g2
MPTCRNG
34
o ( TP TR
58 - Fast-TOPMNG Fast TORMNC
§fa 58
{ R i
. 3 §
80 &0a 80k
[ Metwork Matwork
§2 nteriace 1 interface 2
L] i)
&84 88

(57) Abstract: Techniques, devices, systems, and protocols are disclosed herein that relate to data transfer between communication
nodes via multiple heterogeneous paths. In various embodiments, network coding may be used to improve data tlow and reliability
in a multiple path scenario. Transmission control protocol (TCP) may also be used within different paths to further enhance data
transfer reliability. In some embodiments, multiple levels of network coding may be provided within a transmitter in a multiple path
scenario, with one level being applied across all paths and another being applied within individual paths.



PCT/US2013/024039

WO 2013/116456

«f

....
v,
7
e
fergei
s,
e,

ot

.,

Y
HAd

.
H

P
o)
ok
vgn

b

-

reees

=

o

]

:
o)

oy
s

and,

3

REHLS

cat

CIVRINL

L

ally to data

5
A X3

d herein relates pene

2,

Subject matter disclose

FO003]

ng data

transt

i

foruse

wnd protocols

kS
£

T,

o
2

g

y, to technigues, sy

uiayt

3

more part

a mudtiple different paths,

ot

OGURATONS Vi

between |

gornny

el
g

o

trwaad

eprs
terd




PCT/US2013/024039

WO 2013/116456

%

7
ke

rrerry

oo
o

o

P




PCT/US2013/024039

WO 2013/116456

o
q\v& b
] o,
% wanh
o T
2 2
(4 m,..\
7 75
G o= ot
P o s [
=3 s s
15 v
5 -,
=) P
e

e,
ted

[
ay g

Mo

o4

s
paty

¥

a3 4

-z -

ot i

= o

) [#]

e o

[ P

ok tered
oY) roeny P, P

Yeard Ko 0%

s ot po)

sy oy py

mx\ S Y

-4 24 Jo o

e 43 ] o’ o]
torrrst “ed Py wwnni P freedt




PCT/US2013/024039

WO 2013/116456

b
b
ek

54
ek

F=x3

=5




PCT/US2013/024039

WO 2013/116456

oty
=)

z
-y
teild

E b

“erpe P
gy o
erhd Py
P}

— erers peewey
g

irrrrd Yrwwaal

st



PCT/US2013/024039

WO 2013/116456

green,

JeNges
nl X 2

P
;
ki

tewawel

P

¥

et



PCT/US2013/024039

WO 2013/116456

Y
7
[y

i

ey
o h
)
et
o]

PR

Sk

P

prave
gransy

brrrrl

ooy

I

7

P

weed

P

i

et

s
]




PCT/US2013/024039

WO 2013/116456

o)

ord
]
k7]
«5oms
e
e
o
2y
e

¥
[

“

fodei

a5
wl

ey

R,
A SXE

&

"

=

[>555)

QR
Qo

Sy

&gy
e

\:. P
&

£
o
Lid

A
”
heeq
o
7]
o
Tt




PCT/US2013/024039

WO 2013/116456

5

]

feeeey

24
b
ded




PCT/US2013/024039

WO 2013/116456

P

s




PCT/US2013/024039

WO 2013/116456

7~

P

opes
Yo

vapry

o

s



PCT/US2013/024039

WO 2013/116456

preees;

i
wdast

h

Swwad




PCT/US2013/024039

WO 2013/116456

%
(£
o a gt
T 7

b b
# oot
] o
s
]
o)

)

P ”

s, Wh

o

i

ke
%4

&7y

i

o
2

R

<

prn
el

P
&5
)
)
“
P

o

P

e

frraaal




PCT/US2013/024039

WO 2013/116456

oy o
o] %
i 3
P4 pA
[) £
5] i
oM 2
2
K4
K
recd

.
Sik
54

et

e

7 wwirs
(57 et

[>555)



PCT/US2013/024039

WO 2013/116456

L)

ek

75

rdny

Yo
Yot

1

7
7

7
ord

Py
tent

verey

A
frt
Yed
}5

pevd

7]

P

7

wprsi



PCT/US2013/024039

WO 2013/116456

12
=y
Py
ke
et
7
Yot

o,
o
=4

Y
3
e

¥
o] K
£}

N

Y

Lo




PCT/US2013/024039

WO 2013/116456

it b
it L S ot
7 s <
b o P &
7 “ A, iy
55 [5] “iy ‘bt
o4 o e ]
) [ :
: ach A hed,
g (] o
oy A ek
- whes, s
cered et i
et s
m
pa P [s1)]
fod P P
] o Yot
291 - » ey
o4 g o]
J s
L] )
) s
et %
o]
A 5 7
5, i 7
7 z. [
ets I =1
# e el
o o] A
@ ped i3
e i 2
w4 £ o,
43 B pise]
“ ] Lo
% I I
7 e g 4y
5 7
wors, el i
s e [
WL\\ P2
o 4
o 7
% 2]
5] k] e, \
v.n\ gitead et
[ P} P
4 s ik
s %ri jor
L 5] o
i P ;
oo 74 74
sl Yt P
- L
e e el
A i ok chet
o, = 7 i
s Gt 2 ]
s s.ﬂ\ e
.
|21
s,

goes;

ody
(27
o
51

vk
i

7
(o]

E]

9]
]
b )
oy ;
]
-y b4
(= 4
R
3 :

et B

e Eon e

I 7= - 2

s p- Kree] o 5

¥ b ‘o 4

o ? [ g

P it 9] <

-y wges P-4 e

[ “ort Corr? e,

s o4 &

el bt P

Ve ] i fesi




PCT/US2013/024039

WO 2013/116456

5,

[ H

2

2

7
-
¥
8

#11]

vy

B
]

o

.\..
s
s



PCT/US2013/024039

WO 2013/116456

o

weet;

P
25

.




PCT/US2013/024039

WO 2013/116456

e

Sebrs,

ek

oy

Sreach

20



PCT/US2013/024039

WO 2013/116456

e

'
o
"
(-
Pa]
Gk
P
.
4

”
Fowwa
Vs

FERER
VE

%
peed




{13

PCT/US2013/024039

WO 2013/116456

\.
oo
foenss
hopd
forlry

e

N
e



PCT/US2013/024039

WO 2013/116456

postnrs,

b

Selads,

-4
oot

TR
¢ A Nan®

e
L XA

.
i
H

prens
Chrd

#
&

g,

43

e

(5

=~
&

{7}

7€y
[



PCT/US2013/024039

WO 2013/116456

VA

e, mn.m, o,
e 70
mnrd st heed P
N e Wx st
B o
: -
& i
<
L .
ot w\ cory
P foer,
b} 2
o e,
i - i ‘
i A
. Fo] |4
1o, 7,
oz A
o, i %
“rong wnnd 7
£ 7
3 ot
! & “
.
el —r it
I Sraw” n
= o =1
S’ ] =
e . b
fhove] -
£ £
P

N

ollows:

)i (i~ Dmin{L {1 - g, 3R ),
teratbing eguatio

o
2 . &
%]
ey
osd
3] o oo
p : z
9 4 e ‘
3 £ i
J——
) W bw]
S, mM
| el &

W
i3
hie expected

Serd

Frsd

o“

e

2

&

E

2

%

&

2

p e

5 g
Z s s 741
Jron, ek & aged
o Z2 & g
s o ) ]
£ )
3 & L
mm s m smm [
B m o et w4
W m .\\
- P
] poroes Vs

i P fpme, 5 e

& L = o
B & H
. : ol b
=8 Y. = G
= brrrd m!.u P o



WO 2013/116456 PCT/US2013/024039

The expected window size in equation (12} can be adjusted to account for the shorter
rounds by substituting [1¥] for {, where { is the round nomber when using the shorter

round duration and ¥ = {&, ft

7 {W@'}

ﬁﬁdxmﬂwﬁﬁ%{ﬁgawiﬁmnuidmpﬁg) (14)

Suhstituting the above equation inlo equation (13}, the perround throughput for 8 TCF

sub-flow § is obtained as follows:

70 s 1, },f}’;g;% (15}
Ty RTT (E[Wi ]
+ (11 = )min(e, (1~ p)8)  min(L, (1 (19
L))

This equation can be reduced if' s large enough redundancy frotor & is considered. As
will be demonstrated later, the value chosen for &y can be exitical in achieving the
maximom throughpot, If it is assumed that the network capacity between the source and
the destination is larger than the masinum window size Efie’;;ii X Ry for values of By >

~, then equation (16) becomes,
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of all sub-flows (Le, W = &5 §,§§® 1. While the approach shown here can be used for any
number of TOR/NC sub-flows, resulis will only be provided for two sub-flows designated
as sub-flow 1 and sub-fow 2 with packet loss probabilities and round-trip Smes of py,
BTT, and py, RTT,, vespectively.

syes

F0841  Ulsing the least common multiple of 87T and 8TT; as the duration of each
round and the values of @ and § defined in (23, the expected congestion window size for

MPTCP/NC is:

: ) 4 rids
EiW. I EiW H S+ W : 19
4 /o i-',fﬁaE {19}
w B W (1) &+ Fe (2) g
g i'lfgi} - E g (20}

= BW, O]+ (/o] ~ Dmin(s, (1~ pOR)

FE[W D]+ (151~ 1) min(, (1 - p2)Ry). @1

Cne thing that was not taken inte account is the maximum window size of each TCP/NC

F(1

¥ ey P
oo Snd subeflow 2,

sub-flow. Incorporating the maximem window stze of subflow 1, ¥

W;éiis the expected MPTCOP/NC window size begomes:

BIW,] = max (ng, B[,V + (Y1~ Dmin(1, (1 - pi);zij)

+max (nglm} % (gi / ﬁg - 1) min{1, {1 - ‘pg}}?z}} {37

27
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t fn oo nBkg- 1) } |
T 8T, (;}Eim 3“'“ TR min{}, {1~ ;ﬁv}i{ays 30
e ey mn— )
Thia m? < E"EE’E’ é“‘“ yomingd, (1 ?1\},3{1})
1 f - . }Q{ }
b o ® ’
““?gv;fa;mg{f“gg“’i J+ = mint, 1~ “@z}} 31

Wne, nd € &, the sbove squation will contain additional terms that contaln packets sent in
the rounds from {ny] to ny for ¥y = {a, 1. While these additional packets increase the
throughmy, their contribution is negligible for large enough n. Finally, the maxinnm

window size of sach sub-flow wﬂii is considered. First, lett

P {W“} B and r®

MiaX
< g (W~ Blw ), )

Using eguation (31} and assuming that B, > 1 1 {1 - 1) and B, > L 7 €1~ py four cases

for the average end-to-end throughput are generated:

G
L3P
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