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ns-2 (ns) (nse) http://www.isi.edu/nsnam/ns/

ns-3 http://www.nsnam.org/

OPNET http://www.opnet.com/

Qualnet, EXata http://www.scalable-networks.com/

GloMoSim

Scenergie http://www.spacetime-eng.com/
PacketStorm http://www.packetstorm.com/
Cloud http://www.shunra.com/ve-cloud.php
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» http://www.isi.edu/nsnam/ns/
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The Network Simulator — ns-2

Note: The project is migrating these weh pages to a new wiki This page can now he found here

Ms is a discrete event simulator targeted at networking research. Ns provides substantial support for simulation of TCP, routing, and multicast
protocels over wirad and wireless (ocal and satsllite) networks

MNe began as a variant of the REAL network simulator in 1885 and has evolved substantially over the past few years. In 1885 ns development was
supported by DARPA through the MINT project at LBL, Xerox PARC, UCE, and USC/ISL Currently ns development is support through DARPA with
SAMAN and through NSF with CONSER, hoth in cellahoration with other researchers including ACIRT Ns has always included substantal contributions
from other researchers, including wireless code from the UGE Daedelus and ChMU Monarch projects and Sun Microsystems. For documentation on
recent changes, see the wersion 2 change log

Read this first:

While we have considerable confidence in ns, ns is not a polished and finished product, but the result of an on—going effort of research and
development. In particular, hugs in the software are still heing discovered and corrected Users of ns are responsible for verifying for themselves that
their simulations are not invalidated by bugs We are working to help the user with this by significantly expanding and automating the valdation tests
and demeos,

Similarly, users are responsible for verifying for themsshes that their simulations are not invalidated because the maodel implemented in the simulator
is not the model that they were expecting The ongoing MNs Manual should help in this process

Links to help getting started

® Getting ns and avoiding problems
o Download and Build s
o Installation Problems and Bug Fixes
o Validation Tests and Demos
o Copyright statement
o Bug report form
+ Documentation:
core documentation:
o ns frequently asked guestions
o limitations: limitations and assumations of ns, advice on running simulations
o introductory: Marc Grais's tutorial (now maintained by WINT group), also see “NS for Beginners” by Altman and Jimsnez
o reference MNs Manual (formerly called “ns Motes and Documentation”
© errata: Installation Problems and Bug Fixes
development help:
o NS-related Mailing Lists
o dehugging tips -
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- AyrA—kY Ak
- 2.29LUf%:
http://sourceforge.net/projects/nsnam/

- 2.28LIHI:
http://www.isi.edu/nsnam/dist/

allinone %> 0O—k . EH. configure. maked 5D HV &
(Tcl/Tk, Otcl, TclCL, ns, nam)
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* ns-2 Architecture

OTcl

ns-2

Simulation
Scripts

Simulation
Objects
(Otcl)

Simulation
Objects

(C++)

Xt

ns-2 shell executable command

Simulation

Trace File

SN

nam awk & gnuplot
(animation) (graph)
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+ Simulation scripts (*.tcl)

H INSA—LZDPHARE

# SimulatorA 7oz ObD E R
set ns [ new Simulator ]

# 2RI —OROCDESE

HI—UI 7TV —a v DER
#IJO—UvDERE (finish%)
proc finish () ...

HARNVER

$ns at 1.0 "$ftp start”
#zal—avER

$ns run

set ns [hew Simulator]
set f [open out.tr w]
$ns trace-all $f

set n0 [$ns node]
set nl [$ns node]
$ns duplex-link $n0 $n1 100Mb 1ms DropTail

set udpO [new Agent/UDP]

$ns attach-agent $n0 $udpO

set cbrO [new Application/Traffic/CBR]
$cbr0 attach-agent $udpO
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» Simulation Objects (C++/0OTcl)

C++ OTcl
static class XXXTcpClass : public TclClass { set tcp [new Agent/TCP/XXX]
public:

XXXTcpClass() : TclClass("Agent/TCP/XXX") {3
TclObject™ create(int, const char*const™) {

return (new XXXTcpAgent()): '
}
} class_XXX; ' \

XXXTCPAgent Agent/TCP/XXX

TclObject TclClass
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» Simulation Objects (C++/0OTcl)

C++

class XXXTcpAgent : public TcpAgent {
public:
XXXTcpAgent();
virtual void recv(Packet *pkt, Handler*);
virtual void dupack_action();
virtual void timeout (int tno);
virtual void opencwnd();

protected:
int command(int argc, const char*const™ argv);

double fr_amin_;
double fr_amax_;
double fr_prev_;

}

\

~

J

~N

/XXXTCPAgenT
method
recv dupack_action
timeout opencwnd
command |
variables
fr_amin || fr_amax || fr_prev
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» Simulation Objects (C++/0OTcl)

C++

XXXTcpAgent: : XXXTcpAgent()

OTcl

set tcp [new Agent/TCP/XXX]
$tcp set fid_1

bind("fr_amin_", &fr_amin_); <€
bind("fr_amax_", &fr_amax_);

-

XXXTCPAgent::command(int argc, const char*consiX

{

}

if (argc == 3){
if ( strcmp(argv[1], “target”) == 0) {

}
}

return (NsObject::command(argc,argv));

$tcp set fr_amin_0.2

$tcp set fr_amax_ 0.8
$tcp target [new Agent/Null]

p
XXXTCPAgent

Vs

g

command }

fr_amin N fr_amaxA‘

\ \_J

p
Agent/TCP/XXX
) fr_amin__ . fr_amax_
WA /

S bind
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» Trace File (*.1r)

> +1.843750 2 cbr 210 ------ 00.03.1225 610
e, -1.8437502 cbr 210 - 00.0 3.1 225 610
dequese T 11844712 1 cbr 210 —---- 13.0 1.0 195 600
recelve r 1.84566 2 0 ack 40 ------- 23.20.182 602
+1.84566 0 2 tcp 1000 ------- 2 0.13.2 102 611
- 1.84566 0 2 tcp 1000 ------- 2 0.13.2 102 611
r 1.84609 0 2 cbr 210 ------- 00.03.1225 610
+1.84609 2 3 cbr 210 —---—--- 00.03.1225 610
d 1.84609 2 3 cbr 210 - 00.0 3.1225 610
drop 184612 3 cbr 210 —mrevv 00.0 3.1192 511

r 1.84612 3 2 cbr 210 ------- 13.01.0196 603
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- Awk / Perl
- Z9)TRZEAWERL—RT7AILDEFH
- Gnuplot’Z EIZEHET-H 7

Gnuplot /

*tr ——>| Awk/Perl |——
Excel

—> 937
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* http://www.ieice.org/~ns/jpn/archive

s.html

- 2009/8: ns-2 (H<—RT—L)

- 2009/8: OPNET (H~<¥—RX9—)JL)

- 2009/12: Qualnet (Fa—kFJ)7IL)

ZDM, Tns-2 Fa—kr)T7IL] LETREEZNTNITFHRZ
X ns-3DFEMITEL VLD = Fro X



TCP Variants



TCP-Reno (loss-driven)

BDP

increase: cwnd = cwnd + 1/cwnd
decrease: cwnd = cwnd / 2

AIMD: additive increase multiplicative decrease



TCP-Vegas (delay-driven)

cwnd
. INVTFRFEBINTYR
INYIT I o
BDP
n
0 ] e.g. a=1, =3
dift ZK cwnd —CwndJ-RTT | cwnd +1  diff <-a
RTT RTT increase: cwnd ={ cwnd  otherwise
1INy IT7RTEE NI cwnd -1 diff > g

decrease: cwnd =cwnd *0.75
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- VRS OEMAGEUMTAEL (FENEM)
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- BRI S—E/\VI7A—/\—2J0—%XF|T
%&L\

- TCP-Reno (NewReno, SACK) M X E¢
- Reno & Vegas ZHEBR9 % (FEFRFTHE)




2000FE1X D TCP Variants

Loss driven (AIMD)

TCP-Reno / NewReno / SACK
High-Speed TCP (IETF RFC 3649, Dec 2003)
Scalable TCP (PFLDnet 2003)

BIC-TCP / CUBIC-TCP (IEEE INFOCOM 2004, PFLDnet
2005) ... Linux

H-TCP (PFLDne’r 2004)
TCP-Westwood (ACM MOBICOM 2001)

Delay -driven (RTT Observation)

TCP-Vegas (IEEE JSAC, Oct 1995)
FAST-TCP (INFOCOM 2004)

Hybr'ld

Gentle High-Speed TCP (PfHSN 2003)
TCP-Africa (IEEE INFOCOM 2005)
Compound TCP (PFLDnet 2006) ... Windows
Adaptive Reno (PFLDnet 2006)

YeAH-TCP (PFLDnet 2007)

TCP-Fusion (PFLDnet 2007)



aggressive 7

adaptive

—

Loss-driven TCPs

a b
VEUERS Increase / Update Decrease
TCP-Reno 1 0.5
HighSpeed TCP (HS-TCP) a(W)zzwz-b(w)-p(w) bw) = 09W) —100We) g1 05

2—b(w)
e.g. 70 (10Gbps, 100ms)

10g(W,yg,) —10gW,g,,) "

e.g. 0.1 (10Gbps, 100ms)

Scalable TCP (STCP)

0.01 (per every ACK)

0.875

BIC-TCP additive increase ( fast) 0.875
binary search (slow)
max probing ( fast)
CuUBIC-TCP 0.8
w=04(t-32W__)° +W__
H-TCP a < 2(1- )1 +105-(t-TH)} o5 for |[BKFD-B®|_,
B B(k)
RTT,, .
min otherwise
RTT,.,

TCP-Westwood (TCPW)

(not congested)

RE*RTT,,, /PS
(congested)

BE*RTT,, /PS




Delay-driven TCPs

a b
Variants Update Decrease
TCP-Vegas w+1 (no congestion) 0.75

W< W (stable)

w-1 (early congestion)

FAST-TCP 0.5 (?)

. RTT .
W<« mins 2w, (1— )W+ y| —w+ o




Hybrid TCP

1 AA AA AX

IRAC S

e RTTIEMNAL: OXRE—K = HIMDOHE
s RTTEMBY: BEE—F = PERMHOHHE



simple -

adaptive-

Hybrid TCPs

a b
Variants Increase Decrease
Gentle HS-TCP HS-TCP / Reno HS-TCP
TCP-Africa HS-TCP / Reno HS-TCP
Compound TCP (CTCP) 0.125-cwnd®” / Reno 0.5
Adaptive Reno (ARENO) B/10Mbps / Reno 1 (non congestion loss)
0.5  (congestion loss)
YeAH-TCP STCP / Reno RTT
max] ——, 0.
RTT
TCP-Fusion B*D, . / Reno max RTT . 0.
PS RTT
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BIC-TCP (1)

* Binary Increase Congestion Control

Additive Increase  Binary Search

> > »
Wimax E
/ EEEEEEEEEEEEEEEEEEEEEEENEEEEEEEEER E
/Ny XM s
F4£LT-cwnd = Max Probing
=4

>

L.Xu et al: "Binary Increase Congestion Control (BIC) for Fast Long-Distance Networks,”" TEEE INFOCOM 2004.



BIC-TCP (2)

» Window Increase binary search

4

if (cwnd < Wmax )

Winc = (Wmax - cwnd) / 2;
else

Winc = (cwnd - Wmax) / 2;

w n
L _ convex
Additive Increase  Binary Search

-+

Wimax

Max Probing

-

“concave"

if (Winc > Smax)

additive increase (= Winc = Smax;
(linear increase) elseif (Winc < Smin)
Winc = Smin;
Wmax: ERIZ/ 7y REENES -cwnd
Smax: cwndiEM D K{E (e.g. 32)
Smin: cwndiE D& /IME (e.g. 0.01)

cwnd = cwnd + Winc / cwnd;

L.Xu et al: "Binary Increase Congestion Control (BIC) for Fast Long-Distance Networks,”" TEEE INFOCOM 2004.



BIC-TCP (3)

- Window Decrease

AX2
Wmax,new=cwnd

Additive Increase  Binary Search
-+ et
Wimax
________________________________________________________________________
L]
H
X1 H Max Probing

‘e >

Wmax,new=0.9*cwnd

Y

*0.9: RS ATO—ICHEESZS
... "Fast Convergence”

@ Wmax=target cwnd & E #f

if (cwnd < Wmax )

Wmax,new = cwnd * (2-5) / 2;
else

Wmax,new = cwnd;

cwnd = cwnd * (1- p);

B B E (e.g.0.2)

L.Xu et al: "Binary Increase Congestion Control (BIC) for Fast Long-Distance Networks,”" TEEE INFOCOM 2004.
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» Cubic approximation of BIC-TCP

Steady State Behavior

« ”

Wmax

Wax Probing

>

S.Ha et al: "CUBIC: A New TCP Friendly HighSpeed TCP Variant”, ACM SIGOPS Review, 2008.



CUBIC-TCP (2)

Window Increase

/* cubic function */
Winc = W(+RTT) - cwnd;

Steady State Behavior

-+ > W(t)

Wmax

cwnd = cwnd + Winc / cwnd;

&
N

: Max Probing /* TCP mOde */
B > if (Wtcp> cwnd)
cwnd = Wtcp;

- Wmax*(1-B)

W(t)=C*(t-K)’+W__

Renol= =4 % Window Decrease [&BIC&E[RIU

K: Wmaxﬂ @
C p B RE (e.g.0.2)
t
ty=W__(1-3)+3 C: % (e.9. 0.4)
tcp() max( ﬁ) 2 ﬁ RTT €eg

S.Ha et al: "CUBIC: A New TCP Friendly HighSpeed TCP Variant”, ACM SIGOPS Review, 2008.



CUBIC-TCP (3)

+ CUBICOZEE)

[ = T Y

13000
16000
12000
12000
10000
3000
o000
2000
2000
0

| | CLUBIC 'IIH?? —

200 400 200 o0l
Time (sacond)

S.Ha et al: "CUBIC: A New TCP Friendly HighSpeed TCP Variant”, ACM SIGOPS Review, 2008.
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- CUBICOKFR

- REM (stability)
- EHCUBICTO—DAF 4 (intra-protocol
fairness)

+ CUBICO¥EFR

- IR (responsiveness)
- N\YITDOEEEEDEM (& delay-driven)

- 7 OrILED T AT (inter-protocol
unfairness

- "Linux beats Windows!" (vs. Compound TCP)

K.Munir et al: "Linux beats Windows! or the Worrying Evolution of TCP...", PFLDNet 2007.



Hybrid TCP and its
Performance Analysis



Hybrid TCP (1)

° :; zﬂ JU— - packet loss
cwnd .,
Hybrid
clearing buffer “ @
(TCPW) RTT
cwnd — _ — ;
T vacant capacity _.~ :
I _- I
o K BDP !
Cwnd|ast/2 .................... [, /egacy(Reﬂo) L7 "

“ODE—FDEIHETIYEZ (loss & delay):
@ RTTHEM T 5FTIE—FEL—F (delay mode) : $h3&E 4
@ RTTHAEMLIEH =5 Reno ELTENE (loss mode) : FFNE



Hybrid TCP (2)

e 4 JA —_—
* B/ J B packet loss
cwnd |
clearing buffer .
(TCPW)
— RTT, .
CWndIast . i |
1T vacant capacity _ .~ |
I - I
RS BDPI2 | _
Cwnd|ast /2 .................... ' /egacy (Reﬂo) 17

ZONE—FOHEHEHIVEZ (loss & delay):

D cwnd O 2FAIEM (delay ... h3E)

@ cwnd DIEZEMNERA (delay ... BRER[E]E)

@ RTTHAEMLIES =5 Reno ELTENME(loss ... FHFIME)



Min-Max Fair (FE78f#

c ZUDBUVWHEHEIATEZ T TOWSAA—HICRROFEHEI A TEITD
BEZE. TRNTOLI—HFITHLTRYRT (R/DEXAFE),

OF N W% STl N2y
— FE 1 Z2EYET

@ Ry
— ZYD 2/3 BYET
O RrLRY DD
— NFEIZY/3EYET

D.Bertsekas and R.Gallager: "Data Networks," Prentice Hall.
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TCPH EE

i

A

vl alRia Aty a B

/ Min-Max Fair I/

TCP Reno
{F R A Min-Max Fair & LE(T5
| wvvavmm ROy 2 Bt

/

e ]



TCPOIBREZEEIET)L (1)

s ETILDOER
- Loss-driven (TCP-Reno) :
- cwnd += 1 ("RTTZO K" &)
- cwnd *= 1/2 (7\4y A XEF)
- Delay-driven:
« RTTAEMLALESIZ "INAT" H#1BDH DB (o UEFEWNY]
)

- Hybrid:
« RTTABIILZALSE S X delay E—FTENME
- RTTAMEMLIRO =5 loss E—FTEIME
+ E—FZER: cwnd = max( cwnd,ygs, cWnd ey )
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s INTA—HDEE

- wiINTYRARDBRRET BNV
- W:b&2&E)I0FEWNIS/ Ny 8L ~ BDP
- p /N rybARE

- (BL=mR) IRE
- NYITFA—N—TO—([Z&B/NrybORE . SUE
LIS—[Z&B/\ryrAORDEELZZEZMEALT,
8
3w

P=_——"(incase of TCP-Reno)
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- TCPLURYDETIL

cwnd

A TCP-Reno

-

w: /Ny RAXDEEES cwnd
p: /N7 YRR
RTT: S9VFRN) T B

R: FH{fzL—k

v

O I: :I
w/2 RTT round

N rYROZAMNEEDETEND /NI (= B OETE) 8

l,(uw)ﬂﬁwz :'|> 3w
2 \ 2 2 8 R PS 3

TRTT \2p

N
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e HoOo—niE4

bottleneck link receiver

&8 s

single TCP flow




TCPHEBZEEIETIL (5)

e cwnd & RTT DE &)

loss-driven
ewnd — mmmmmme=e- delay-driven
4 397 b -- o =
“W ................. hybrid w~HBAHE, W""Fﬁ'tgjz[l]ﬂi
loss & hybrid cwnd
v buffer wl loss buffer cwnd
-~ - hybrid delay & hybrid | buffer
w/2 who_ W ' I
e P - Tompe - — - T e R\ Ty P ] 4T T P T P T T ST PR T PR TS P TS PR AT
W X dela X del .
y wiz X elay | vacant capacity
BDP | 7 BDP loss BDP
vacant capacity
0 w2 0 w-wn2 w/2 " 0w .
RTT RTT
loss & hybrid
\ ; loss, delay & hybrid
......... - - L..-.....-...-rc:"-"- -- RTT . s e
RTT i, x delay o min i
g 0 w-w2 w/2 " 0 we
(i) W< w/2 (i) w/2< W<w (i) w<W
INYTFRBAREID NIV, ARER AOXEKR, BIZEEFE

(& [Zloss-mode) (delay — loss) (®IZdelay-mode)



CA round (i)w2<sW<w (i) w < w
Loss transmitted 3, , 3,
—W —w W
packets 8 8
elapsed time
P lw-RTT e (3w —4WW) - E 1w-RTTmm+1(w—W)2-E 1w-RTT
2 2 2 B 2
Dela transmitted 1
Y 1W-W 1W-W —w-W
packets 2 2 2
elapsed time
P 1w RTT 1W-RTTmin 1W-RTTmin
2 2 2
Hybrid transmitted
Y 3w Lww +l(W—W)2 Lww
packets 8 2 2 2
elapsed time
P L. RTT,,, +£(3W2 —4WW)-E lw~ RTT,.. +£(W—W)2 S L. RTT,.,
2 8 B 2 2 B 2

PS: Packet size, B: Link bandwidth




mll

TCPOEBEZEFETIL (7)
. EABIDMIAH (FEHER)

Hybrids Window increase Window decrease
Compound TCP | 0.125*cwnd®-7> 1/2

ARENO B/10Mbps 1/2~1

YeAH-TCP Scalable TCP (1.01) |1/2,RTT,,,/RTT,7/8
TCP-Fusion B*D,,in/ (N*PS) RTT,, /RTT

Din: Timer resolution, N: # of flows
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o ETIILEHEES S aL— 3 Rl

RIL—Tyk del
120 : ‘ e Cly& —FB—Reno (sim)
Case1 ! Case 2 Case?l hybr'ld —K—FAST (sim)
| } —2A—CTCP (sim)
—&— ARENO (sim)
100 e —>%— YeAH (sim)
o 3OA —&—Fusion (sim)
- — — Loss (model)
% 80 — - —Delay {(model)
2 - - - - Hybrid/Fusion (model)
= - = = =CTCP (model)
- \i\ Y& - - = ARENO (model)
2 60 = = = =YeAH (model)
§
S : BN
- : \ X m\\Q&
20 —— Ioss-dmven '
: : S0 o
: : E‘\:.h__
0 ! = %y
-6 -5 -4 -3 -2 -1

Packet Loss Rate {107n) Oz &

1Gbps 1Gbps

S0
100Mbps
RTT=40ms

buffer size = BDP (constant)
Packet loss rate : variable

OXENKEFVEW2<W),
delay & hybrid @R )L—T vk
[ loss-driven &UHI1E5BH
REVN(EEDOHE),

Compound & YeAH D4FEA

/ﬁ'-"’.—)éo) [j: r?'f./l‘ '—7/}&’]\
MREL=D,
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loss-based TCP flow Q‘%"“

=

bottleneck link =

receivers

loss-based or hybrid TCP flow 3
<




loss-driven
hybrid
total (loss + hybrid)

BZEE)ET /L (10)

w~BARE W~ mEiE

cwnd
) cwnd t
-7 total Pl 4 | buffer
VLo e _w] gl
W o — e e e e e e = —.T.—._
hybrid ------------------------
w | thyMiie oy
A s T e \ h brid ---------------
--------- 4 W/z__________y_____________ _
W/2 : ' BDP BDP
w/2 X W _/
loss X
- v w/2 loss i
0 w/2 0 (W-w)/2 w/2 0 wi2

(i) W< w(low PLR)

always buffered
(loss mode)

INYIT 7R BREID

vacant — buffered
(delay — loss)

Ny I7IN, AREFER

(ii) w< W< 2*w (medium PLR) (iii) 2*w < W (high PLR)

always vacant
(delay mode)

AREX, BICESHE
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CA round

(i) w<W < 2w UDRATERY
Loss transmitted 3. EWZ §w2
packets 8 8 8
Hybrid transmitted
Y 3w 3w+l —w)? Lww 3w
packets 8 8 4 2 8
common) | elapsed time
( P %W' RTT,,, +%W(3W—2\N)-PTBS %W RTT,, += (2 w-W)?- PBS %w- RTT,.,

PS: Packet size, B: Link bandwidth



100

80

Throughput (Mbps)

20

TCPHOIEEEFETIL (12)

o ETIILEHEES S aL— 3 Rl

RJIL—T vk

Case 1

—B8—Reno (sim)

| Case 2| Case 3 —*—FAST (sim)

—A—CTCP (sim)
—&— ARENO (sim)

—>—YeAH (sim)
—o—Fusion (sim)
- — = Loss {model)
= = =Hybrid (model)

= = =CTCP (model)
= = = ARENO (model)
= = =YeAH (model)

IOOMbps prd
RTT-40ms

buffer size = BDP (constant)
Packet loss rate : variable

O X ZEHNKENDFEWW).
delay & hybrid @R )L—T vk
(X loss-driven &UHIEEHIZ
REVN(EEOHE),

0 R ZE A /NSO (wW).,
hybrididloss& B #k IR 5 5E5
(BMEDHE)
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- Hybrid TCPO#| =
- EEHENFET DR N TYFOXENKREE).
RAIL—T b FEE KEHE (delay-driven® Fl =)

- EEFRENGFELEWLE N I7H A XN KRELE)
LAL—TCPEDIHRFNMEZEFEIH (loss-drivenD Fll g1)

- Hybrid TCPM 55 = @

- N\YI7H AL XA KELE, delay-drivenD F| S AV
WAL —TCPIEESIESKELN?)

ST .EILFLEDo 60



Hybrid TCPDZE &S



Hybrid TCPOE&ESH

« A=Y ERLBFTNME DML
- DPIWEBALRAN) =29 KIBEDID7AILF o0
—RK A~ D B
- ERRETEEY?
- CUBIC-TCP*>Compound-TCPEMEFHFNE
- CUBIC-TCP: LinuxT2#4J)Lk

- Compound-TCP: Windows
- TD/DARN) VY
+ RTT2 ¥, Mice/Elephant. INEEE. etc..

- =L, HETELEMGED (X delay-driven
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