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NS-2 TCP-Linux (1)
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NS-2 TCP-Linux (2)

+ LinuxEESN TS TCP (2.6.16-3117%)

- TCP-Reno, TCP-Vegas, HighSpeed-TCP,
Scalable-TCP, BIC-TCP, CUBIC-TCP
(default), TCP-Westwood, H-TCP, TCP-
Hybla

- B EFTSNTLNVSTCP

- TCP-Veno, TCP-LowPriority, Compound-
TCP (Windows)



NS-2 TCP-Linux (3)

* TCP Implementation in Linux

application application
== | e |
-_ recv buffer
TCP/IP Twne| < send buffer TCP/IP = (tcp_rmem)
wpiral Somos (fcp_wmem) “srral Goaos -
= I.‘E.r; ~TY] I
e Erei3e TCP (tep_sk)
[
(rxqiz;s/;en) . - % . packet == ' MT —
, .(} “‘?\ n ! (sk_buff) -
N iNE
Dy Dot m—t i Rarvicn Crisnr - ‘~\~~
fo'iﬂ - IrhrJ:l: i nim rat : = ,'X,'i,’
9 [E=] [ i
NIC BN NIC o
| — | -
Packet transmission Packet reception

http://www.ece.virginia.edu/cheetah/documents/papers/TCPlinux.pdf



NS-2 TCP-Linux (4)

* Variables in tcp_sk

Name Meaning Equivalent in
NS-2 TCPAgent

snd_ slow-start threshold ssthresh_
ssthresh
snd_ imteser part of the trunci{cwnd_)
cwnd congestion window
snd_ fraction of congestion | trunc{cwnd_"2)
cwnd_cnt window Yotrune{cwnd_)
icsk_ca_ a 512-bit array to n/a
pPriv hold per-flow state

for a congestion

control algorithm
sk _ca_ a pomnter to the n/a
ops congestion control

algorithm, interface

N

Congestion control modules:

cong_avoid: slow start & congestion avoidance
ssthresh: loss event handling
min_cwnd: fast retransmission

http://netlab.caltech.edu/projects/ns2tcplinux/



NS-2 TCP-Linux (5)

- Code structure

N5-2 Code Legend
Tepdgent |::> Class Inherit
The original N5-2 TCP
{f} — = References
LinuxTepAgent
A class for TCP-Linux

i e S

ScoreBoardl ns—linux—util. b / . cc
SACK processing Interface between N5-2 and Linux
el
= - F Y —

tep cong. c| |tep highspeed. c|| tep vegas. ¢| | tep bic. c

Eeno HighSpeed TCP ICP-Vegas BIC-TCF
Linux M T /

e

ns—I1inux—c. h
Shortcuts for irrelevant Linux system calls

http://netlab.caltech.edu/projects/ns2tcplinux/
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- Simulation (1) ns-2 & Linux
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NS-2 TCP-Linux (6)
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http://netlab.caltech.edu/projects/ns2tcplinux/
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NS-2 TCP-Linux (7)

» Simulation (2) accuracy & speed

thiroughiput vs random packet ioes rate . simulation Bme for highspesd, [RTT=04ms, 7 of fow=12E)
10 T T T T T — T T T T T — T T T T
| == TCP-Liranx
[ | + ==t TCP-Z20K1 »
..... ;
#
- -‘.

oL e ’

C #

#
| 4
[
E ]
W’ # .
.D:l | i
- “:I o n-——'—"'_-_-‘-_.
.D-'l ' L L (11 PR L1l L e R TR
-& -5 -4 -3 -2 -1 10 10 i) 107
10-basad logarthm of per packst loss rais banchidih {Mops)
Accuracy Speed

http://netlab.caltech.edu/projects/ns2tcplinux/



TCP Equations



TCP Modeling

» TCP-Reno Equivalent Rate

cwnd

I : : TCP_RenO: w: /Ny R BREFEERFDcwnd
A p: /Ny RBREESR

RTT: SOVRM) YT EE

R: (1) L—Fk

b: delayed ACK D&%k

v

1 1
1 1
< [
]

w/2 RTT round
( 8 BALTINERE
p=r"
) | Y s )
P P 2
R= . RTT.— 4+t 23— -p(1+32
\ RTT 2 p 3 RTO,'OSS 8 p( p )

J.Padhye et al: "Modeling TCP Throughput: A Simple Model and its Empirical Validation", ACM SIGCOMM 1998.



TCP Westwood

. DUP“CGTQ ACKS FSE: Fair Share Estimates

ssthresh = FSE*RTT ..
If (cwnd > ssthreh) cwnd = ssthresh

* Timeout TCP-Reno MIEE -
ssthresh =cwnd / 2
ssthresh = FSE*RTT, ..
cwnd =1

+ FSEOKROAICRLCTHERI/NN—D3Y

C.Casetti et al: "TCP Westwood: Bandwidth Estimation for Enhanced Transport over Wireless Links", ACM MOBICOM 2001.



Bandwidth Share Estimation

TCPW-BE “packet pair"
sender receiver
%\
RTT,, o Hz) Dx
/§
it //
At | N /

(1) 5(2) £(3)

Bandwidth share: b= m_in(b(j))
j

1+ ack arrival time of the Ath packet
d, size of the A-th packet

¢

¢

BITYEFTOTEEE: b — FSE

C.Casetti et al: "TCP Westwood: Bandwidth Estimation for Enhanced Transport over Wireless Links", ACM MOBICOM 2001.



Rate Estimation

(%) TCP-Vegas

diff —| _wnd RTT,_
RTT

/ \

expect rate actual rate
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TCPW-RE:

7
7

tj;k_T i a {EB#(cwnd) = /(2 d) R de

RE, = T RTT= #BIEERA(T= ZAt,) il D At

BETEFOERL: RE, > FSE

M.Gerla et al: "TCP westwood with adaptive bandwidth estimation to improve ...", Comp. & Comm., 2004.

T =n-RTT (eg. n=4)



BSELRED LEER

4% BSE. BEfR: RE. 7r#R: fair share. &R *v/\oTq—mE{7A—

Time [s2¢)

- BSEIXENE

DIZEHEYOTNUN—RNEDT=8)

- REIZOZRMNHAHEEIEDHIZEYOT LN

M.Gerla et al: "TCP westwood with adaptive bandwidth estimation to improve ...

Time [ssac)
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", Comp. & Comm., 2004.



Adaptive Bandwidth Share
Estimation

+ BSEIXE®. REIXRSFHI(ED)
+ BSEELREMELY: YT ILRERTO K/

.
+ BREREF (A TERSL, BB A TE /NS

TCPW-ABSE: / actual rate
To=max T, RTT .(1—Th ' RTTmi”j
cwnd Toin: ACKEI3 FEIIR

Th-RTT,, <cwnd =) smaEfkiE C0) T, EAS(RTHILREN)
ZHONTYNEES>TEEL M EABEL

M.Gerla et al: "TCP westwood with adaptive bandwidth estimation to improve ...", Comp. & Comm., 2004.
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TFRC (RFC 3448)

* TCP-Friendly Rate Control

PS

RTFRC —
RTT |22 1 4.RTT 3> . p(1+32p?)
3 y V8

!

b=1: delayed ACK (H#12)

lero TCPEEAALT IR

- RTTEN AR FRpZEAIL T “"TCP-Renol Z& 1"
HL—hEEtE

- RTP/UDP 4> DCCP IZ&BITIEAALZRATAT (B
BE.ERE MG S—L)ICAZEE

M.Handley et al: "TCP Friendly Rate Control (TFRC): Protocol Specification”, IETF RFC 3448, 2003.



TFRC D5 R

+ TCP-RenoM 55 m& BXEE

- I\ I7H BDP KYUH/NSWNFE ., F8EIZZE
=wEiEMNELS

- I5—HH-

ELAOT LR (4

EfRIREESE) T,

SHEICL— I‘%T('}'é = LDA



L D A (1 ) "TFRC Wireless"

» Loss Differentiation Algorithm
- BEORESUSF LIS—ORD XA

1 ROTT - # of pht lost
max — congestion loss s \
: 4
B pikestart . witeless loss - _
P L —|—§— congestion loss
B T |
- wireless loss ~.____.-*" : | - ot
min |- Time dev dev
/ mean — dev  mean — 3 mean mean + 5
Spike algorithm ZigZag algorithm
Bspikestart = rOttmin ta- (rOttmax - rOttmin)
Bspikeend — rOttmin +ﬂ ’ (rOttmax - rOttmin)
a=1/2, B=1/3 ROTT: Relative One-way Trip Time

S.Cen et al: "End-to-end differentiation of congestion and wireless losses”, TEEE/ACM Trans. Networking, 2003.



L D A (2 ) "TFRC Wireless"

KDAN) YO (EHhB)
o« 2)L—F Yk
« IREEOR
~ ~

. VEJ_ D—‘/H )EEF{ « SUA LOREF|EENF-EREOX

 REBOREHESN-507 L0ORX

Wireless last hop Wireless backbone
LAN speed wired link  wireless 13 LAN speed wired link :
. delay 1an delay . TFRC sender ] (m delay 1., » | TFE.C receiver 1
Y rate g, Fate ylAn - s 7 =
[TFRC wmdwz |® ' - RI TERC sender 1 | ® ' s ®[TERC mceiver] |
[ .. * *
* - ¥ N . 3 *
wired shared lin * wireless shared link .
- delay ghared TERC sander 1 | ® d21ay wghar=d [ TFRC recaiver N
Fate ghared

rate yghared

PERFORMANCE FOR WIRELESSLAST HOP, 1 FLOW PERFORMANCE FOR WIRELESS BACKBONME, | FLOW

TcP | TFRC | Oumni | Bisz | mBisz | Spike | ZizZagz TC? | TFRC | Ommi | Bisz | mBisz | Spike | ZizZag
Tput [ 55 | 84 | @0 [ 09 00 | 00 | 08 fput | 22 [ 37 [ 99 |97 [ o1 [ 90 | 3
cong | 08 | 02 |23 [23]23 |04 03 cong | 00 | 00 | 04 |04 |04 |00 | coO
. 0 [ 0 | ¢ (00000000 . 0 [ 0 [0 [00]00 00 00
M, 100 | 100 V] 6.3 6.6 58 66 M, 100 | 1040 [} 24 7.0 0 &0
\ ) \ )
' LDA "LDA

S.Cen et al: "End-to-end differentiation of congestion and wireless losses”, IEEE/ACM Trans. Networking, 2003.



VTP (1)

* Video Transport Protocol
- LDA (8EEEORESUA LOXDRX A~ TFRC
Wireless)

- TCPW-REERIHRDL—IHEE (Achieved
Rate®;EFH)

- TCP-Reno® )« FflfEIDT=aL—bk (L
A —TCPEDER M)

G.Yang et al: "Smooth and efficient real-time video transport in the presence of wireless errors”, ACM Trans. MCCAP, 2006.



VTP (2)

+ VTP IR

A Al=A2: OXDEITNIEENT=/ Ty L
C+1RTT
:\«:\ amsas  TCP
lime \] — TP
:-\\ : Al
Buffer size = BDP 1R % / b >
|_ |_ time
] ff- i

/ﬁb“)l‘ﬂ}ﬁ%%b:jp RTTmin

sanding rate

A

rate rgducticn

NF
R
I

G.Yang et al: "Smooth and efficient real-time video transport in the presence of wireless errors”, ACM Trans. MCCAP, 2006.



VTP (3)

« VTPD 42 ki1
- #EA{E: TCPW-RETRKESAchieved Rate
- BH RTTZEIZ1I/ N yREM

RO = Achived Rate RTTAMEMLAEHAIE R, =R + 1

RTT,
ewnd, =R xRTT,

R ewnd,,,  ewnd,, R, xRTT, +1
“* RTT.,, RTT +ARTT, RTT, +(RTT, —RTT,.,)

G.Yang et al: "Smooth and efficient real-time video transport in the presence of wireless errors”, ACM Trans. MCCAP, 2006.



VTP (4)

TFRC Wireless
TCP (TFRC+LDA) VTP

« 2al—Ia 4 \ / /

35 \/ '
O 5
- =
1Mbps e~ = <
100Mbps o _O 2
+* e B g 25¢
20msec P S
L E VTP
al LR =, |teRe
Base Stalion EEE
SORT
Intermat Semers Wireless Clirnts 15 4 5 :
0 1 2 3 4 5
Error Rate (76}
[ & f
WTF 1_0.02 TFREC WRLS 1_0.02 MULTFRC 1_0.02
5 5 5
E 4] LG WA B o
£ 3 T U = 3 T g = 3 — —
5 i} Yol : 2 {4 g 3 I *
& = ik MULTFRC: 28D TFRC
1 1 1 aRDaVERY., HiEF
o 0 D hER =
LI 100 200 300 o 100 FLLH] 300 L] 100 200 30k %XJJ$0)E& = élé
Teme {sac) Time [sec) Time [sec)
(1) 2% errors [avg. time in good state = 1 sec, avg, time in had state = 0,02 sec),

G.Yang et al: "Smooth and efficient real-time video transport in the presence of wireless errors”, ACM Trans. MCCAP, 2006.



- Buffer size = BDP O A3 FE

- Buffer size < BDP DiZ &4
B FFE

/

VTP (5)

DFRBITETE
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INATYYRTFRC (1)

+ INADV)YRTCPD TFRCHR

- RTTAE ML LZE (X Achieved Rate TiE
E GhEMEDHE)

- RTTAEMLE=SVTPERBRD D1 Kol
TiEE GRAIEDFER)

- INNYTFHAZXADF G = RTTORR

G.Yang et al: "Smooth and efficient real-time video transport in the presence of wireless errors”, ACM Trans. MCCAP, 2006.



INA TV YRTFRC (2)

« NAT)YRFTFRCOEFE (Renoix & FF)

cwnd packet loss

cwnd,

~

AR

cwnd, /2

TCP-Reno

— = == Hybrid TCP
VTP

Hybrid TFRC

RTT r'our;d



INA TV YRTFRC (3)

—a ML)

Buffer size = BDP

—~-TCPReno = TFRC —+ VTP —<Hybrid TFRC

Throughput[Mbps]

O N b~ O 00

0 001 002 003 004 0.05
Packet Loss Rate



Throughput[Mbps]

INAT)YRTERC (4)

12-

10-

—&— Hybrid TFRC
—— VTP

= Reno(vs Hybrid TFRC) ]
=8 Reno(vs VTP)
— fair share

Time[sec]

Throughput

( ) Buffer size = BDP/2

80 - ' ' '
—E— Hybrid TFRC

. —F— VTP .
@ Reno(vs Hybrid TFRC)
cfe Peno(vs VTP) .

60

———BDP/2

ewnd & cwnd

10+
0 ' ' ' '
65 66 67 68 69 70
Time[sec]
ewnd & cwnd



TFWC & Relentless CC



TCP-Friendly Window-based
Congestion Control (1)

» JEEDTFRCOFE R

- Friendliness: INNXYT7EFICARDENELD (FRE
TCPZELVH )

- Smoothness: EIEL— M KEIREITHZELH D
(RTTHAZRELELV =)

- Smoothness: RTTHA/NSBEREL—
L7z0Y

- Responsiveness: 7O0—MDON/OFFIZx 9 B &4
(& ?

- Rate-based = Window-based

S.H.Choi et al: "Designing TCP-Friendly Window-based Congestion Control ..", PFLDNet 2009.



TCP-Friendly Window-based
Congestion Control (2)

- Ack Vector:

- ZEHIT. ZELENTIRDU—H U REBE
D (Ack Vector)ZEEEEITIRY

- EEFEIL. Ack Vectorh o/ Ny bORX D F

ML

TWRC —

_FaElKra’EnJrﬁL,(l/p) cwndZz5E 59 %

. T . ) PS
\E+12\F8 PUA32RT) > P s

- RTTAZFENLGL D THEMICRTE

S.H.Choi et al: "Designing TCP-Friendly Window-based Congestion Control ..", PFLDNet 2009.



TCP-Friendly Window-based
Congestion Control (3)

» Hybrid Window & Rate
- cwndb\ll\a‘f(&b)a_%%t’ﬂ

ALTYIMRETD §
— = TCP

= pifTFRC -

2 TFWC

= | |

q' 1] I.II'I|' arnbbied

E 0 . | 14 I

¥ 250 260 270 280 290 200

- cwndWNhSKBYBEH :
SITFRCEEESED & 7 4

Simulation Time (s2c)

(b) operated by window /rate-based

S.H.Choi et al: "Designing TCP-Friendly Window-based Congestion Control ..", PFLDNet 2009.



TCP-Friendly Window-based
Congestion Control (4)

- Phase effectxisk
- drop tail TIEFERE7A—NDA
REMNKECRBHEN DS o

BFEZ7O—OOXMN"EEL") 2 ip
= 1L
- %%R: RED (Random Early % &
— = > & p2f . . | | |
Dr'op) “;67/9 Ar%_ﬁ r :lEE':I 205 210 215 | 225 230
(a) Without Jitter
) '.2:
g 28L:
- fAHE: cwndITRUNRELER"E 5 oF
j]u ié r y i} 2::'5 EI':I EI'E EIEEI EIEE Z30
Simulation Time (sec)
(b)) With Jitter |

S.H.Choi et al: "Designing TCP-Friendly Window-based Congestion Control ..", PFLDNet 2009.



TCP-Friendly Window-based
Congestion Control (D)

+ Smoothness * Responsiveness

E ....I....|||.-|.|||---|.-_'|II{.IIII gy =R ™T T T T [T T T L | ]
£ o8, JOT AR e = 24Ff TCP -
£ I o b D s s 18F TFWC 3
.-;_T :|.2 = T e a S ._-\..._____-_-, - - ? . 2 -_ l :
a8 e = i
E o op & ggk Y =
" 210 215 220 225 230 235 240 g paf 3

Fl_ .:I L1, M BT L [

Simulation Time (s=c)

(a) TCP's Abrupt Sending Rate Change

T
1

0.4 P et e I sa T T ———

Throughput (Mbis)

P T T N T N T T T T T N T O I BN L __.-"_-.. -

0

210 215 220 2325 230 235 240 os y [T
Simulation Time (s=c) 0 , . . 1 , , , , ,

(b} TFRC Smoothness 210 212 214 240 242 244

ib) Zoom-In (high-lichted area)

08 - -
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e L T L A L

o b Ve
210 215 220 225 230 235 240

Simulation Time (s=c)

Thircug hput (Mb's)

() TFWC Smoothness

S.H.Choi et al: "Designing TCP-Friendly Window-based Congestion Control ..", PFLDNet 2009.



D,,I,m | s Conage
NALAN conge

Con’rrol (1

- Packet conservation

- NV SN =5, FILLW Ay R EE
89 % (SIGCOMM 1988)

¥

- /\°"7'JI~75“EIZL,7°_6 ZTDORAFM 7 T=1Tcwnd
A (1721348 xFIZL7ELY)

cwnd = cwnd — loss counts
ssthresh = cwnd — loss counts

IR BEE TIESlow Start THEEMN

M.Mathis: "Relentless Congestion Control”, PFLDNet 2009.




Dn'nm |~ /'nv\ rotiAan
NCICINIC bU” estion
ConTroI( )
+ Scalability

- JEEDAIMDIZE. /Ny kOX D EFfEfEfEH
wIRIE(IZISCTEIET S
- Relentless CClE., FEIRIZIEKFET . 7\
FORERE—FEIZT 5 (e.g. 3*RTT)
- CUBIC-TCPOBXEE

- End-to-end = Network assist (baseline
AQM)

M.Mathis: "Relentless Congestion Control”, PFLDNet 2009.
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Control (3)

+ Relentless CC + Baseline AQM (Active
Queue Management)

- ORXRHVEE

[+#LXcwnd=cwnd+1

- BRTTEIT/ IR EBEE (by AQM)
- CWHG7J“DI—IA$(XZ’:IIL‘ k'ﬁifn
- L EOBYEL

* TCP-unfriendly paradigm

M.Mathis: "Relentless Congestion Control”, PFLDNet 2009.



