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ABSTRACT

For the Transmission Control Protocol (TCP), a TCP sender relies on packet dropping as
the indication of congestion from the intermediate nodes to avoid packet loss and packet
retransmission over the network. A prediction mechanism on the intermediate nodes that predicts
the chance of congestion in the near future can send some information to a TCP sender to drop the
sending packets in advance. The Explicit Congestion Notification (ECN) implemented on
Random Early Detection (RED) gateways has been proposed to pass on the information. In this
thesis, the combination between Explicit Congestion Notification mechanism and a normal Drop-
Tail gateway is proposed. This mechanism, the Drop-Tail with ECN (DT-ECN), is simulated
using the Network Simulator version 2 (NS-2) to evaluate and generate the results that show

greater benefits of Drop-Tail with ECN than the others in terms of packet dropping.
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IUUUUA N IR protocol  FuTualsy TomilumsAnuiFesaon liveldnsiud
Foanvevqasliifudmilsenoudesnssaaulvuveega TCP/IP protocol  Tuumnaeliisnes
wAna TCP aduAoadundn midu protocol Milnududounaziinanedszdniamly

Msaatoyany19uIN
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Transmission Control Protocol (TCP)

'
a a A

WelszAnEamusInsi¥oudansouls  MIDONULIVLAZAITNALIYEY  transport
<] A Ao w a ] .
protocol Lﬂuﬁdﬂ’dmﬂgﬂﬂﬂ transport protocol 1RU3N15 interface 5¥MIN9 application LD
deanuazanlunsifouss TCP W transport protocol 111J1) connection-oriented CETIN
7 a . " = U ' & 2 w2 T
VYDYANWININN application E]'ElﬂL‘]Ju?f’JHEJE]EJG] nnduazldnalnlunsdads (transmission)
v T
UAZMITATET  (retransmission) NdanafUANUIDTAVEIFOINIITOYA  (congestion) U
=) 1
GEGERE
Py = n:iid_l P Y 1 ' =t ~ 9
unflisrngyada TCP Al transport protocol Nignldedieuninatn Taviinisizonly
au1ag application @3ulnajuuge TCP/IP protocol  I3UTHIINANIINYDI TCP FDINIZ
[ 9 [ 1
2 UWHIMTINVD4 flow and error control Y84 TCP MINUUIZOFUITO congestion control N

anusugeuly TCP

3.1 TCP header format (3Uuuua 3111983 TCP)
as o A = = = '
TCP 19 protocol data unit (TCP header i1 %yjammuwua) INGALV VLAY 158N
] B
TCP segment Aauanalugil 3.1 1189910 header uuUIRBIRBIAINTATBITUNA InTanNAYDS

protocol d4Wal# TCP header Hutnasoudralnag) Tavvinadngaie 20 byte

0 1 2 3
012345678 90123456789012345¢6728890H1

Source Port Destination Port

Sequence Number

Acknowledgment Number

l— 20 octets —l

UTATP[RTSTF
Data Offset Reserved R|c|s|[s]|Y]|! Window
G|K|H|JTININ
Checksum Urgent Pointer
Options Padding
Data

gﬂﬁ 3.1 Header format U943 TCP

1 5y ' {4 io o o 3 9
delUiifoswaziBuavoudas field (flofilu header Nimualidmsunudoya

-
1)52nnnilq) i TCP header
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- Source port (16 bit): m‘llﬁ‘ilﬂﬂ TCP application UH host AUN
- Destination port (16 bit): !.a‘il‘lél‘Ui?J\‘l TCP application U host arenig
- Sequence number (32 bit): RYLAAIRIALVDY byte Lliﬂﬂjﬂﬁﬂg’ﬁﬁﬂgﬂmﬂiu segment
v uniudh SYN flag gn set 81 SYN g set imuddulu field fHozmined initial
sequence number (ISN) uﬂx‘ﬁ’mgﬁ byte mﬂ%mi‘lu ISN+1
- Acknowledgement number (32 bit): 1%!.L’c‘(ﬂdﬁWﬁ‘lJ‘Umﬂsfﬂﬂallﬁ byte ﬁ’ﬂ"lﬂﬁmﬂ’iwz
1850
- Data offset (4 bit): $1UIUVDI word YUIA 32-bit 11 header
- Reserved (6 bit): tile 13dm$ueuna
- Flags (6 bit):
URG: taasniimsly Urgent pointer field
ACK: 19118015 19 Acknowledgement field
PSH: push function
RST: reset (9M4An) N3 deas
SYN: uana1iluns synchronization (M350 1% eAY) vesddudeya
FIN: nuadeyaiineds uozaumsdoms
- Window (16 bit): [lumssaassiuiituna’ln flow control azuansdadmaudoyad
d0amssy Taniudeyadausnandiwuly acknowledgement field
- Checksum (16 bit): SHAATITOUTOYARANA 0
- Urgent pointer (16 bit): “]?Llﬂtufﬂ byte qaﬁw‘lmgﬂmm urgent data Lﬁﬂiﬁﬁlg’hﬁ
urgent data (911137011 15
- Options (v laiuviuew): idhudoyafismiiudy
field §119130 11 TCP header gneanuuuiioe113iflues1sd  sequence number uag
acknowledgement number gnoenuuLldiaadssudoyaiin byte nnhitazdums
HAAURNIZUA Y segment i @t segment Usznoudivd Wi 1000 waziidoya
$11491 600 byte sequence number VEUAAIDINALVYDS byte u5nIUNGUUDYA segment 6@ 11)
UM logical 9213¥noUAIY sequence number 1600 1A TCP nosyAdoyafidaday
logical  TCP vzfuyavostoyaningliuaziinnsmmuiy segment suweduasldduay
$1989909LAAY segment
PUSH 118 URGENT flag gnl#aiveryuusns 2 otadadl
- Data stream push: Tavdn@ TCP azsausamdeyalilRunszdunilsdaagimg

a$14 segment lumsems  uddld TCP awnsadesveld TCP imsdedoya

a
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v 14 [ 4
whifiswiedoyaiumioudids PusH  eonliTaelidesseldasusmauau
segment 1n@ uazluileiy TP wdedoyalddldlugdunudoadu  Alddneely
cvan:? A @ . 9
auautatmdouruilu logical break Yoedoya
; . 2 o v v Yo Y_a
- Urgent data signaling: maﬁunﬁuuﬂmmwﬂgﬁﬂlwﬂu TCP Yareme  oimsven
o s 19 ;rd, 1 'i‘_] 1 v ‘3' 1o 9iq 9 "
1 “Urgent” uarashdoyagaiindawndiuuuuain udsztusgiudldlaoniaing
v g z:ly 1
aoUaueIRndoyaiodiels
414 TCP (manofa application 1y FTP) $oaveld TCP dedoyadivdrcda SEND
o P i =4 § 1 o A w 1 w 1
TCP wzthdoyaivzadaudu 13 send buffer (mirsanusiindeyanounisinde) &
v ¥ F e
PUSH flag gndaal3 doyarianualu send buffer saumiadeyaimmesuiduazgniadaiug
(9199999ANINIANTT 1 segment) 1A0 segment §ARIBYNIZYAIY PUSH flag 61 PUSH flag
' & =] Fr [ v A
1ai'18d4'18 Tep wwifudoyatiu 131y send buffer tazaydadeiiaz 1 segment 30U NN ULlD
doams Moty TCP  azieunsziadeyasuaumndnazauudiedoy Wiz
segment Nnvwialvgniziilsz@niamlunsdadoyauinndi (overhead A1)  Aldo1992
v " ¥ T v
A9 URGENT flag nudoyauwiounumdys SEND 1unsdill segment Mnouiuazgnas
URGENT flag N8131A20
- 1 ar s d
Yoyalu segment smAuMadaTodiomde TP dJawmanasgnianylilu

'
1 =

delivery buffer (MiaeaNuiRadeyaneun TCP Fudhannoudsldds application) #

U

v o o

1 ¥ ] v £
Fusiusiumsemaiu fideyafidungnds PUSH flag 13 doyavanualy delivery buffer

1 E4
wgndsldadldlaemaiuiidiodids RECEIVE  dhidoyalignds PUSH flag  TCP 9z

& 9 Y

'
@ 1 o 9

Saduiloanumssimuzan fedaugy TCP e1vzsorunszadoyadmazausuiivng
wnwe ieaamitaiimazszuutenn 5wﬁagaﬁaﬁwuwgﬂ§q URGENT flag 140z 105y
ﬁ'iuufuum’iﬁfay‘mfmﬂmmn URGENT

Checksum field (Fumstinna segment 39UAY pseudo header (YOyAAIUANNIAY
wonmile TCP header) finawoIMIfUIN (@nafledauaziy) pseudo header D Aoy
910 1P header ﬁd‘l‘f source 1P, destination 1P, protocol SN #7148 1)UB9 segment nuﬁ#’faq
59U pseudo header huftetlossudonianan iy TCP wannmsiadaes I fufud 1P
§Ada segment 1184 hosti ligndea udag il bit finananaly segment 1Ay TCP Hadufds
aunsoasiniudofianaafifiaduld  TCP checksum gnATUAmAWTE 16bit one's
complement YD9 16-bit word Tu pseudo header, TCP header ttnig TCP body Lﬁl'ﬂﬂ’:l”lllﬁxﬂ’lﬂ

° ° a a1 g o
°lumimmm checksum field Qﬂmﬁuﬂiﬁ'ﬂﬂmmﬁum’uﬂuquﬂ
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RFEC 793 lafmua option Piosupuiao) Ao maximum segment size  16-bit option
-=I.y 9 P o 9/ a 9/ y =% 1 =]
fi01999gn19lu segment MHMsFoveiEuAUMsTOMS  ¥11A segment Fagaiiviuily
5] =] ° - 5 = Ad ar ' Y =)
byte @WAUNITHUAUD RFC U option B 2 LL‘].I‘]Jﬂlﬂuﬂﬂﬂﬂﬁﬂ@ﬂ]ﬂﬂﬁlwﬂ']']ﬁﬂﬂ
; a Y = ¥
- Window scale factor: 1a81/n@A window field 11 TCP header I 13 uanuiaiims v 13
@ ] < o : o ! .
uya ety byte ueiil1n15 19 window scale option A1UDY window field 92
y [~ ! 1 § o
gnamAa 2° 1iie F 1iluA1909 window scale option  A1gegAvDI F 1 TCP youiufe
. A Y Ay A v 4
14 option ugﬂlmmmﬂu segment N¥pevoisNAUMI oS

o

- Timestamp (ﬂ'liﬁilﬁﬂ!.i]ﬁﬂ: option ﬁyil:‘;"QG]LLEB{’JQﬂ‘I‘Iﬂu data segment wazivuall 2
optional field TCP 2191 UNn Timestamp Value field 1unnﬂ] segment “ﬁﬁmﬁﬁ'ﬂﬂ'\i
iife segment gugﬂmu%“mm?iﬂ?h 92 MIADUATUAIY Timestamp Echo Reply
field ﬁ’mnmtﬁmﬁuﬁdwﬂu Timestamp Value field Tu segment ﬁﬁlﬂﬂ%ﬂ option
f5ise TomTuns1% monitor (FhAAMWATIVEEL) A1 round trip time (AUAN

la)-ndw) vesdoya

3.2 TCP flow control
protocol @aulnajiinezdoaiinisaauny flow control  TCP l¥nalnves sliding
. A 1 ~ 4 ! A
window Fafinnuuand1991nna 11414 protocol U9 19U LLC, HDLC iag X.25 a59AM

1 ar = o & o o a % 1 '
tcp hildmsneuiuvestoyaii laiuuds sududrhmuadnslumsdadeyalm

2

g9/ "

udnaln flow control Y94 TCP 3673 credit allocation scheme #9035131 Yoyyaus

a:ﬁmﬁgﬂdwzﬂﬂﬁmmﬁaﬂ sequence number 1o TCP a4 segment TCP wld sequence

U

b.

k4 1
number Y94 byte usnlugadoyaiudrllds  Tcp HeSurzaeuiy segment Mdnanday

k2 3
donnwlugduuuil (A =1, W =) o510 18

s

& f’ﬁ‘qﬂﬁ] byte 4 sequence number i — 1 g]ﬂmau%’maé’a byte imaezlasuda liae
sequence number {
3o al ! . YV - A v @ - '
- 18805 lumsda window (W) veedoyaiiuAudn j byte Aeiudeyadn j byte 619
2y -
taldnn sequence number N i Q47+ -1

517 3.2 waasdanalnuuy sliding window ¥4 TCP 1o Iigdw 19 uaasms Inaveq

doyalunuuiirmadeasauudld Imsdedoyaiiaz 200 byte Tuudaz segment (51910
E

" [ P
TuAoUTUAUAEURD sequence number VoWTIH A wAZTITgANTTIIUNIUT YIRS Y
uaz A wldueyanalidadeya’ld 1400 byte ;550 byte 1 1001 ndsmNTimsealy 600

byte 7011 3 segment A 9¥AAVUIAVDY window DUKAB 800 byte (MADANTIUNITAI 1601

qd

] ¥ b
42400) ¥&99107 B 145U segment 119 3 481 B aeuiudoyananuaday 1601 wazIind
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§111 1000 byte MaBANN A FNsadadoyR@IFUTA 1601 f9 2600 (5 segment) Fraafi
FoAMWU0a B 1183 A A M&ada 2 segment UsznouAIY byte §19UT 1601 f9 2000 (Fada
$lumsldaninnaeuEud) A A Efemﬁaﬁmﬁdag: 400 byte (2 segment) N3
Lmﬂxﬂﬁiﬂui’fﬂqaﬁuudaxﬂ%"’q A 92ROUTIUNIYDY window ﬂﬂﬂ%ﬁﬁﬁ"ﬂ uRvzideudIU

@ 1
=

. = A Yo a a
1949 window AABLD A5 UANTINY

Transport Entity A Transport Entity B

...1000 | 1001 2400 | 2401... ...1000 | 1001 2400 | 2401..

Shs
b ol t00, oy i
A lafuintlunisaa 1400 byte S.'vg,?o B 3 uufin it ToTy 1400 byte T3 uAuDINA WM 1001
7

SNQT"U;I

...1000 | 1001 1601 2400 | 2401.. ..1600 | 1601 2601...

B ADUNEY 3 segment (600 byte) LA auazsuveyainladn
200 byte UoNIMiToVINTIMAD

e swean
A QAYUIAYDY transmit window 84 Tuumazasailimsmeon

...1000 | 1001 2001 2401...
...1600 | 1601 2001 2601...
..1600 | 1601 | 2001 2601...
» . \SN-;
A UMY window AILFANT Il 5 2001
¥s22,
SN.:-2401
...1600 | 1601 2600 | 2601...
L . ..2600 | 2601 4000 | 4001..
A nuadnilumsas pe260)
B ABUNAL § segment (1000 byte) taznsouiuvoyalamnoun
...2600 | 2601 4000 | 4001...

iof - -‘ b
A lafuiingluy

4 1 ar = Q‘{ 1
s 32 dedrsvesnalnlumsdaassiinglumsdeves TCP

' v Y v '
sifi 3.3 uasdddmudimsihauvesnalnfinnidldunssy Taodnda 2 H
¥ ¥ ¥
wdnating lnfiviag maehdeyatimsuanu/foufuuuy 2 firma (full duplex)  nalnlums
o . A A 1 v w A Y A A g :
fMnuadniiianubangugann deiedeil fonnugamendunnn B Ao (A=, W=))

1 9
uazdoya byte ganief B 1a5ufie i— 1 Ay
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]
=Y

o !.Wﬂ!.wuﬁﬂﬁﬁnuju k(k>j) lll@vl E] m‘wummmm B i]”ul"'l)"lJﬂﬂ'J'liJTl (A=i, W
=k
] o a g = Y ¥ ; 1at A
- INDADUITL segment ﬂl‘]]']iJ']ﬂlliﬂ;’ﬂﬂUﬂ'Jﬂ‘UagﬂﬂJU'm m byte (m <) Iﬂﬂl{lﬂlﬂﬂ'ﬁlwu

=

ans Bawlddennui (A=i+m W=/-m)

Sequence space Tumsas
¥ + Ww v
o ;o & . ” "
” voyaitlafunouiu .'“m-'-“ﬂ”ﬂm"‘"““.‘” < voyafirunzaasla >
¥ d! ¥

< ypyanaINag >

| | 1 B
Initial sequence .SI:I qany aN ao'llfvz o VDUV window
number (ISN) lafunouiy (SND.NXT) (SND.UNA + SND.WND)

(SND.UNA)

Sequence space Tumssu

,,l 1 th v 4 - 1 ¥
" !Qi n“.lﬂﬂll aA0] Fupm ] HEITIIN u ﬂﬂﬂ‘UiUni‘\‘U yoyanNAIWITNTY ﬂ-‘
V‘-I |
v
- voyaiiiyua -
| PR . |
Initial sequence YayagANIY yoyaganiuii laiy YBUVD window
number (ISN) finouiundy’hl (RCV.NXT) (RCV.NXT + RCV.WND)

ﬂﬁ 3.3 N394 IUUDY sequence space YB3 flow control

9/ [ 1o 4 9 [ 1 @ A 1 Yy o
ausulisuiluszdesnousunn segment oE1VIUA udvzIe IMIMIATAUIINIY
& Y @ e Y A 0 ° 9 ~ 1 A Y 1A
wianou  usuiuduszdesiimssmuaianvesdoyanoygnalideds eldiniladil
éi‘ ~ ~ T @ 1A 9 1 o 1 P 9 a =
WUN buffer (REANOABMTTDITY segment Inaifazdun wulughn 3.2 Yeanuiindnd
usn1n B fmua 131 1000 byte tazdonnuianasimualdi 1400 byte

&0 flow control LULIMY ©19921UN15AA throughput (SATIMIATIUTEYA) VBA

]
S0

] ¥ v
msdoasiulunioteiitaimmisanng  uadae35i HeSuemnsauin throughput 18
@ a a [ 1 9 ru [~4 1 Call s}g A
Tasmslfuvnauesdnilunsds Wy $1 buffer Musufy udmamssiiag ldnunfuun
1000 byte Awlu round-trip propagation time Ayl 1dneg I ansuuia 1000 byte Talviun
w A y ﬂ'. Y 1 d' n') 1 [~ “!
fdusuiliui 1000 byte "lﬁ’ﬂunmﬂﬂuﬂ%ua%mNamﬂwmﬁﬁ 9218 uM TN throughput
uagrdeyanintadanianouudliin AU segment ‘i]uﬂﬂ“ﬂ\‘iul‘ﬂ sliAamsdad vl

ﬁ‘iﬂulﬂ’ﬂﬂTiﬂ’J‘]Jﬂl! flow control AR 1A protocol fianududou
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3.2.1 WAUDIVMIAVDY window ARUszaANEMN

(3189150AINUA throughput YIgAYDY TCP connection  throughput ﬁuagﬁu window
size, propagation delay (0¥ data rate

W = TCP window size (ﬁﬂummﬂu byte)

R = Data rate (bps) i TCP ﬁqﬁumqﬁuaéﬁmmazﬂwssﬁ%uﬁia

D = Propagation delay (3U19) 521219 TCP Fumanazdaremasumsidouno

1AL 1379289 overhead bit Ty TCP segment oon'ld  awudd1 TCP Auma
Gududsdeyarugesmedomandslaemalding D Furi dmsy byte usniEumania
Janem uagauiu@van D Tui dmdudennuaouiunduiedume  dredeuluiit

L
lifimsinadSuavesdoyalumsds annsavzaeldvianua 2RD bit ¥50 RD/4 byte 11

"
@

a g o w - Yl 9 ar ar LY g
anuiluage Aunagniriavuiaves window 130 W byte sunszneldsumsaonsy daiuy
1 W > RD/4 waneanunmsadedoyalse@ninmgega uad W < RD/4 Anlsz@niam
Taevia 'l Ao dasrdIuUs W iy RD/4 l,i'lﬁqﬂ!,ﬂquﬂﬁ’ﬁ normalized throughput W30 S il

'@ A

4
A1AIU

S=1 (1/0 W > RD/4

S = (4W)/(RD) o W <RD/4

MNVUIAGIGAVDY window A1D 2" — 1 = 65,535 byte Fannwedmiy application
w29l 191 1-Gbps Ethernet Miaufudioszozna 100 was  wiowdnszia T-1 (1,544
Mbps) Aoy uaniuensdifivinaves window s3suatliaunsaian’ldd wu
Optical SDH (synchronous digital hierarchy) ‘ﬁﬁN‘luﬁ 155 Mbps L%ﬂnﬁﬂﬁuﬁﬁﬂnﬂxﬂwﬁ‘lﬂa
110 Tunsdifi window scale factor azgniinnldiferiunlsz@nsnm 5ue191d window scale

tactor 11U 4 F 11 1Av09 window il 2 - 1 = 1,048,575 byte

3.2.2 nssu%’ﬁ"lumi%’mfac;‘ﬁ (retransmission)

TCP ﬁmiﬂ’flﬂﬂu‘ﬁﬂ error control L8¢ flow control TCP Tysinng 14 negative
acknowledgement Milouly  link control protocol 1@ TCP azlfawiz positive
acknowledgement LIQ1¥ retransmission Lﬁﬂulﬁulﬁ 71 acknowledgement ﬂ’ltﬂﬂ“ﬁ’Nl‘Jﬁ1ﬂﬁd

fiog 2 mgmssiii IiRansda TCP segment 41 fie o81ausn segment 1AFuAY

= 1 = 1A = quu d' o o
Forme JusenIans@Eung uairun1anaatena Tunsaill checksum AV U segment
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4 v
1 LY -

o w Y o @ sy a 9 o @ ] 1 a
$!1Juﬁl’J‘iJﬂﬂﬂ’iuPlQ'i‘U’J'l llﬁJBNﬂWﬂ'lﬂiﬁﬂ’lﬂ'l'iﬂﬂ segment HUNY  TIUDYNNADI segment

1 ] 1 1 1 ] [ 1 [ L4
18 edareme wazsandailade 1ins1wi segment laildgniadedatanenisensanysal
9
a 1o o 1 o v 0 ' o
&1 segment Bumaliduse a2l ACK aoundu wazszdeuhimisdedr A
sa Y A a  w 4 v ¥ 1 ~ Y T
1AM IaiazAeell tmer (WIEMIVNAY) Ndaa1 131HuADE segment AgRIATY 07 timer
] o 0 E ¥
VOAIMUANAT NEUNTANMITADUTY segment WU FT99211N1509 segment 1UCH
wanlumsesnuuyly TCP ABAY4 retransmission timer f1viooiAU 11 zifanIds

o

S o g Ya (& ] A s 2 T RY, a
segment $18143uIN M IdRaYTinadoyalunTotomuan  uadds I iunnduly sgi
9 ¥
1% TCP AN ADUAUBIADNITIAT segment 51 ANYDY retransmission timer AITIZA 1A
' . A [y @ =1 i =
10N round-trip delay (19017184 segment Mluag1d51 ACK aoundy) 1WA delay
] v
wilslasn Il ldnaeauduanieldmsldaumietiamilowdy  AuiuaiaveIn delay A9
veilavuas luauson lvuod Internet
= adAq YA e’: Ag Yo . A - =] a ]
i 2 nssuAtildfe dauranan iy timer odlumsfnufangdnssunsinnves
e e a a ' = A 9y &
Internet 254 luAveTYszANTAmIunITeVauRIrensAsulasvounses M@
=1 3 a 1 oy A A [V a
Pinnlfzaevauesd  drvanm e lssifamsdadunn  uiuanuuedaliiy
A i o W £ . ga v an ~ <
50910 @aunuulsudaalame (Adaptive) Nt luaadues  aun@N TCP Imsiny
y da @ ' yo 5 4 A 2 v o
may}anam‘lmumwﬂmu acknowledgement LLAZUINURDY WoAaa1 ¥ retransmission
é 1 ;GJ 1 1 ¥ 1 Ciy
timer aeA1Hda livuilosinmena 3 08191l
o w 1 w w " Y Yo A J [N =1
- tcp Hefuemezliasuiuiuil  maizhidazay i uniaminouiuezll
UszAnTamgand
4 o 1 ] | ] 1 ~ w ar
- flovmsds segment Tun3odhe fdaliannsedi ack nlasuidumanouiy
1 b ] Y
segment NAIATILTN 1150 segment NNIN1TAHN
- 11172904 Internet 919N TTsUUYAtRYARRANEAT
9 9/ 1 ldyn Y 1aad P Cd L) 9= L] o
nniaymdredumariiildlifiit lafauysel  uanldimsuusihmsdunm

1ﬁﬁu timer 11 REC 793

3.2.3 T mdunmamsumsdagssuuuyiula (Adaptive retransmission timer)
9 A A ai ' A& .. . =3
Sanzuouniovionso Internet 1/aou 11 A1eaIa1n@alu retransmission timer
senmoiluiinn lwiodes Uiy Taofialduda TCP v21)s21iunA1v04 round-trip delay
1 1 o A o o
TasmIns 980U UULLVEIAT delay VDY segment AFATIUIUMILY wazazihndimuald

U 1 1o A
timer JJA1417A71 round-trip delay DEIIUIUNIY
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a & A 4 1 4 o . 7 °
EmInilandivg Won1ARABYDINITE150 round-trip time Y9I segment V1UIU
A U Y H Al % = L o 1 . "
nile drrundofiniamin round-trip delay Tuouinatinuuiug vzdanald retransmission

N ¥
timer HszansamanulUde dreorsvesaunslunmsfaamasuaasatl

K+1
ARTT(K +1) = EJHZRTT(i) (3.1)

i=l

il RTT(G) fof1 round-trip time N152991AMIIATAL segment A i LAz ARTT(K) Ao undy
U round-trip time VDI segment ABUNTNTINIU K segment
E
o a 1 =
aumsiigminndaglndladiy

ARTT(K +1) = —>— ARTT(K) + L RrTR+1) (3.2)
K +1 K +1

£y

¥ v 9
dvaumsti iz ludestinsfiuan summation Hanuad luuaazass Tuuaay term Ty
. o vq 9 1 . = o o 3 kY ! a
summation @ARMUATAIFM weight @Audiy TilAuAY term QRgIAILMAIN 1/(K+1)
Tawvia 151921971 weight MUIANIIAY segment NN IN51291 segment N Insnd19E
= 9 Y 1 acd ) o 1 1 F=}
uaasneaauz luownaldlndifsani Fimsdwmsumammda ldonnguueaianluean

figauuzihlu REC 793 AomsmAuii exponential
SRTT(K +1) = o x SRTT(K) + (1 — ) x RTT(K +1) (3.3)

1i}9 SRTT(K) fioa11ls2anaiu09 smoothed round-trip time  1fFouiilvuiyu aumsi 3.2 Tay
9 n:l P = o e o = [N 9) e
a5 19a1nad oL (0 < O < 1) Bz wuinedisn luedn 1518ensleanumsaln

1 = o 1 3 o w 9 o v A VY 9 aa g
duunluednndian wis ldanuddgdesasaudunamly e ladrleagadn 5

wNTa Tasnsueeny aun1si 3.3

SRTT(K +1) = (1- o)RTT(K +1) + a(1-a)RTT(K) + 2> (1- a)RTT(K ~ 1) +...+
o¥ (1-)RTT(1) + X" RTT(0)

'
=) LY

L '
Wa oL uag (1 - o) iseunii 1 udaz term faoiiioadu I luaunsezfidniosas wu i3

unus oL = 0.8 18ty
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SRTT(K +1) = 0.2RTT(K +1) + 0.16RTT(K) + 0.128RTT(K 1) +...

[ Y1 1 Ao a o ~ ' 1 4 v
ﬂamm"lm'mmmi’mUamumumumﬂ%nwammmaﬂuaﬂm

1
= o 1

1 s = nf { 1 o 1 1
YUIAUDY coefficient (AdUYszANT) Adoondn azlanudAgreandisdiga

q
9

] 1 1 [ { o3| o o 11 A a1 1
1N @Y 01vna ldnm o i 0.5 WumsldanudiAgsemndise 4-5 adiaga A
1 :i :: dl o ) 1 9 1 = Y w =; o q’/’ 1 r=)
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1 4.2 §10619n159% simulation 494 network topology 4189

Ly

n v = 3 9 l = T A 9 9/ = )
Ns-2 lildgailisnduindas oTel edufd uaduliouads C++ Ay IMaHaNdIATY
A9i309upelseANTAIN NS-2 1o data path 1A control path BOAINMY oAANAIEIMTY
5152098 packet 1oy event (Nahdpaldasalilyiaindiaed)  event scheduler uaz

& a4 v : Ay v o 9
network component WHFIUITYNVIUVUUIAY C++  object #1010 CH+ mmmgmwﬂh
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[
1

Taedaua30141 OTel MIUFUFoU OTecl NgimTINTURTZH 319 OTel object AU C++ object

U

A a o

9
uagihI¥msaruguuazasdamdauts 1y C++ object iMlURUMAY OTel object

4.2 $179819M31M simulation 961991

dotasuaniga0619999 NS-2 simulation script :iwqw%’anﬁaﬁm%mﬂ 00190
i#lu OTel script FRvuftoatruniothoieuazinosanmmsallugii 4.2

Yundotheiilsznon 12 4 node (0, nt, n2, n3) Fanaaslugalfi 42 Link AT
11U Duplex gﬂﬂmu%'amwiw n0 11 n2 11ag nl AU n2 & bandwidth 2 Mbps Loz delay 10
ms Duplex link %nxﬁuﬂﬁaﬁmw’f}ﬂmzwjn n2 ag n3 § bandwidth 1.7 Mbps Uag delay 20
ms  U60¢ node 19 queue LUV Drop-Tail ‘ﬁfl‘uu’lﬂ 10 packet “tcp” agent gﬂﬁmwieﬁu n0
MoliRansAea sy “sink” agent fRoRy n3 13719/ default FUvUIAFIGAYDI packet i
“op” agent INITNAIOONAD 1 kByte “sink” agent 923 19uaz A ACK ASUINTRE (“top”
agent) ‘“‘udp” agent ﬁ@iaﬁu nl ﬁ1ﬁuﬂ1ﬁﬁﬂﬁ1iﬁﬂ “null” agent “ﬁﬁiﬂ’ﬂéﬁﬂ n3 “null” agent 9%

s

o 1 { g qJ 1 '
%1 packet udldoomielyl  “fip” uaz “cbr’ MuAIAIN traffic ADOYN “tep” UAT “udp”

[l
at

addY tag “cbr” gnamualiadng waffic 1l packet YH1A 1 kByte H9A31 1 Mbps  “cbr”

i mualAiEufinm 0.1 sec uazngAR 4.5 sec AU “fip” (TUT1 1.0 sec uazvyAi 4.0 sec

#Create a simulator object

set ns [new Simulator]

#Define different colors for data flows (for NAM)
$ns color 1 Blue

$ns color 2 Red

#Open the NAM trace file
set nf [open out.nam w]

$ns namtrace-all $nf

#Define a 'finish' procedure
proc finish {} {
global ns nf

$ns flush-trace
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#Close the NAM ftrace file
close $nf

#Execute NAM on the trace file
exec nam out.nam &

exit 0

#Create four nodes
set n0 [$ns node]
set nl [$ns node]
set n2 [$ns node]

set n3 [$ns node]

#Create links between the nodes

$ns duplex-link $n0 $n2 2Mb 10ms DropTail
$ns duplex-link $n1 $n2 2Mb 10ms DropTail
$ns duplex-link $n2 $n3 1.7Mb 20ms DropTail

#Set Queue Size of link (n2-n3) to 10

$ns queue-limit $n2 $n3 10

#Give node position (for NAM)
$ns duplex-link-op $n0 $n2 orient right-down
$ns duplex-link-op $nl $n2 orient right-up

$ns duplex-link-op $n2 $n3 orient right

#Monitor the queue for link (n2-n3). (for NAM)

$ns duplex-link-op $n2 $n3 queuePos 0.5

#Setup a TCP connection

set tep [new Agent/TCP]
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$tcp set class_ 2

$ns attach-agent $n0 $tcp

set sink [new Agent/TCPSink]
$ns attach-agent $n3 $sink
$ns connect Stcp $sink

$tep set fid_ 1

#Setup a FTP over TCP connection
set ftp [new Application/FTP]

$ftp attach-agent $tcp

$ftp set type FTP

#Setup a UDP connection
set udp [new Agent/UDP]
$ns attach-agent $nl Sudp
set null [new Agent/Null]

$ns attach-agent $n3 $null
$ns connect $udp $null

$udp set fid 2

#Setup a CBR over UDP connection
set cbr [new Application/Traffic/CBR]
$cbr attach-agent $udp

$cbr set type CBR

$cbr set packet_size 1000

$cbr set rate_ 1mb

$cbr set random_ false

#Schedule events for the CBR and FTP agents

$ns at 0.1 "$cbr start"
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$ns at 1.0 "$ftp start"
$ns at 4.0 "$ftp stop”
$ns at 4.5 "$cbr stop"”

#Detach tcp and sink agents (not really necessary)

$ns at 4.5 "$ns detach-agent $n0 $tcp ; $ns detach-agent $n3 Ssink"

#Call the finish procedure after 5 seconds of simulation time

$ns at 5.0 "finish"

#Print CBR packet size and interval
puts "CBR packet size = [$cbr set packet_size_]"

puts "CBR interval = [$cbr set interval_]"

#Run the simulation

$ns run

td v i
DPUY script froenalddail Tasnaly Ns-2 script 9215UAUAY Simulator object instance
- set ns [new Simulator]: & 3§19 NS-2 simulator object instance uazfimuadls ns
a A:?d g A
y3391atiil Aie
=
- 19383 JUIUL packet
- 91514 scheduler (default f19 calendar scheduler)
- 139NA1 default Y8I3UUVY address
v 9y
Simulator object finvhihasre Ui
- ¥ compound object 1Y node 1A% link
& ' . A k) :3
- l¥DUAD network component object NYNTINNVU
3 J v a
- #aA1 IR network component
- ademsdeunpIENIIN agent (1YW @319MSIFOUADITNIN “top” LAY
“sink” 11¢79614)
- fmuaddonuaawa lu NAM

4 @ 1 [ 3 1 o . % i ! t) { 1 3
nihimandulng) fe MsdsANIs simulation uag scheduling uAMMHITUNITAS

] d 9 e £
muﬁmwﬂu NAM ﬂLﬂN‘HUTﬂﬂﬂﬂiﬁﬂﬂﬁuﬂ
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o o o [ {
- $ns color fid color: (unsAMuATUBY packet §1MFVMS flow VDA packet ATz 1Ay
. Y ¥
flow id (fid) MYM#iTiU9a Simulator object oM FHAAINATY NAM at1uife) vzl
finafanIiaounIouy
. s i Yo R &Y
- $ns namtrace-all file-descriptor: (umMsVeN Simulator T TUTiNMAMIRIAIgIIDY
o o y { = o o & LY i
Y91 NAM uazdammuadoudlunoz1¥idoufindsd oM $ns flush-trace 1A

9/ a v A Hq ¥ o 2 o Y a
agrefunifive trace-all filFiufinmsiiansdrogiunuilng

v 4
o

- proc finish {}: gniSUNNAINS simulation IAEAAY $ns at 5.0 “finish” Arwfidsiivy
i ldifanszuumsndesimaimsdiany
o Y g . o
- set n0 [$ns nodel: 1l1UN15519 node  node Tu Ns-2 1w compound object N
U32ADUAY address LAY port classifier ud;ﬁ’i%mmmﬁ%’w node i} address 1oz
‘ ¥ g .® V" v oA agy v
port classifier LHINNU wanihndedudaiinla
- $ns duplex-link nodel node2 bandwidth delay queue-type: 4519 link HUUNIAYI 2
1 1 9 i
U #20 bandwidth 1ag delay iszy  uazFoudefiuns 2 node Nszy  u NS-2
W 3 o 1 A . ar u’: 9q o =
output queue ¥89 node gaWANNIFIuAIUMTve link  AvuFlFrzimuasiia
1 ¥
494 queue N334 link TuFI98198 Drop-Tail queve gniiunly  usidus
Foamslé RED queve AvnsiAsudonaunn “DropTail” liliflu “RED” o
] =
f1  Ns-2 @219 link wmiouadhd node  link AU compound object tazdld
AMTOTZ4 sub-object HagAnIdAU node 18
9 ¥
- $ns queue-limit nodel node2 number: V37 Watmmuavualiny queuc 14 2 simplex
link 71910 nodel 19111 node2 MuANRUNTLY
3/ 1 1
- $ns duplex-link-op nodel node2 ... U3sWATIUAZEN 2 VsTRTiamI gnldiens
UAAIHAYDI NAM
A dy 9 d:. =} ] =1 ny 9 1 Y 1
fafimsadiuguniotioaisduuds  doliisnayaing waffic agent 1y TCP iag UDP,
traffic source 1¥1 FTP 1Az CBR  tazavidi node fad1a13udn
3/ v
- set tep [mew AgentTCP]: U3sTiAHanImyain TCP agent unlaviialy {14
v
ATaadie agent W39 traffic source AABIDH agent L0 traffic source i object
9
wugm (19 compound object) dulngiianndas C++ uag link 11y OTel
o 5 & Vo Y ; v ‘ . 4 9 a
gariudelidesuenld simulator object 313 object instance IWDHINY agent NID
o o ! . P A A A
traffic source £ 193111AD3%0 class YD object Moo 14109 (Agent/TCP,
3
Agent/TCPSink, Application/FTP 1Hudu) deyamariimldninnidada « The ns

Manual”
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o . { oy 9 o
- $ns attach-agent node agent: attach-agent N3N agent object NE51U4910U node

object

1

A u 3/

- $ns connect agent] agent2: 33910 2 agent NegFomrsAugnadiauds aelifons

U

] Fd
(FouADAUNI logical T¥HI14 agent N4 2
an > 1 A 1w 4 4 ' EY o = o va &
A hmIdeaunieeianuaededy  delzdoundimuais aaumsain lniiavu
=1 ) o d’
Tunsevwiaosil
; . 3| v, ; ) A o
- $ns at time "string": Wunisuenld simulator object 71519 scheduler MADIANTTNNIU
{ =1 { 1 3
amdonanuiszylu “string” Haafiszay 15U $ns at 0.1 "$cbr start” iiluMsven

) 2 & n' T 9
T scheduler 11A15156n 19 start U049 cbr traffic source object FIILITUMTAIVDYD

cbr 11 NS Unfuda traffic source 213 1ddadoyaian urvzudalil agent ignin

a

- 9 v

1 o 4 ! | 1A ' '
agiidoyasaunilafiozds dau agent Jfvauaniidoyarzdaunaua vy uan
o :7 A w1
NIN1THI19 segment LNDIAT

3
NAIINMIRIAUATDUIY, scheduling LAZNTTVIUMINEIVLMTHIABIAY  gatheAonsds

' ] " v
Mdalimdandou 13 anuanianualy $ns run

4.3 NS-2 packet format

¥ '
NS-2 packet 1/38ADUAWHU (stack) YD header HazmUAWNLNTOYD Fag

=h.

4.3

A& g A

munna1 131u@0819m15 simulation 91 packet header format QARMMUAITUAU 11D simulator
. 9 A& P P o Ao = ¥

object g9l Guiluduves header Migndmuammz header NMIRIMITouldan

B Ed 1

¥ header ué’aiwﬁa header ﬁgﬂcl‘ff’ﬂuiﬂﬂ object muslmy, 1% IP header, TCP header, RTP

ar =

¥
header (UDP 14 RTP header) L10% Trace header Taw offset YDAUIAAL header °lu°fi’uiazgn UNN

5

Packet P - CMN Header uid_:  unique id
T ptype_: pkt type
Mg size_: aimulated plt size
Header IP Header S ts_: time stamp
Data (optional) | “\ TCP Header g
N
N\
e RTP Header

g‘ﬂﬁ 4.3 NS-2 packet format

Trace Header
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¥y ¥ 9
o A A @

UnAud packet 923 header (uAFFNUATOYAI1a)A1) AU packet aINIAAY
E=) P % e [ |
‘i’fﬂigﬁil‘iﬁ"] (911 application) Taun15ar319 data space 9119 application Li01¥ agent Nauuie
Y 1 Y "W [ /e 1 o o
soasuludaudl sz lisesiisy Temifezdadeyalylumsiaeslunaiines
' =] v Y o . . A 1w L . . 9 -
agnalsAmu dusideanisWann application iNodedeyalion application VIMATOUIY 137

Y y ) vy 4 9 ' " aa A A
E]'ﬁ]ilzfﬂ@Qﬂl‘]fﬂ'}nllﬂ"]1.1"l5ﬂuﬂ')ﬂﬂ1ﬁllﬂqmlﬁﬂueﬂluﬁ?umﬂ§1ﬂ1TWQ“'H'] agent ATNITDUN

h.

I~ 9 z 1o o i A y
Ful18Aomsad1a header Aumlvad My application Huazudly agent 1Wdoudoyad

2 . 3 A o g 1
1451910 application 2411 header AfMUATU TN

4.4 Trace format

Y

NAFE LA TSS9 NAM trace file 1o 1duananaly NAM s 1huuiui@y

=y A lﬂl o =1 1 1 H =
125im5 a2 Trace file Bouuuniiafiozi W 1Flumsinsgraell  dwiludimfe code

(11 daudidufe code N 11

#Open the NAM trace file
set nf [open out.nam w]

$ns namtrace-all $nf

#Open the Trace file
set tf [open out.tr w]

$ns trace-all $tf

#Define a 'finish' procedure
proc finish 1} 3

global ns nf tf

$ns tlush-trace

#Close the NAM frace file
close $nf

#Close the Trace file
close §tf

#FExecute NAM on the trace file

exec nam out.nam &
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exit 0

|_even1 | time | :zdn; | to node | pkt type l pkt size | flags l fid | src addr | dst addr l seq num| pkt id |

r : receive (at to_node)
+: enqueue (at queue) src_addr : node.port (3.0)
- ¢ dequeue (at queue) dst_addr : node.port (0.0)
d : drop (at queue)

r 1.3556 3 2 ack 40 ---—--- 1 3.0 0.0 15 201

+1.3556 2 0 ack 40 ------- 1 3.0 0.0 15 201

- 1.3556 2 0 ack 40 ------- 1 3.0 0.0 15 201

r 1.35576 0 2 tcp 1000 ------- 1 0.0 3.0 29 199

+1.35576 2 3 tcp 1000 ----—-- 1 0.0 3.0 29 199

d1.35576 2 3 tcp 1000 ------- 1 0.0 3.0 29 199

+1.356 1 2 cbr 1000 ------- 2 1.0 3.1 157 207

- 1.356 1 2 cbr 1000 ----—- 2 1.0 3.1 157 207

g‘l.lﬁ 4.4 #19819 Trace format

iieaums simulation ud A file “outtr” 9314 Trace format Nilguuuudagzii 4.4
1 o ) ¥ o A d a _a
LA AZUSSNANLSUAUAY event (+, -, d, r) MuAIWIAISIABI AINUWTUIUIN) 1AZIN node
a A at o { = é’ 1
(from node) 11J§4 node (to node) Funzflugrimuamgmsaifiiaiuuu link  dellfe
¥

packet type (pkt type) ti0 packet size (pkt size) Hmiamily byte AU iy flag gty «m
s yape i fmue flag  delUfie flow id (fid) Aldfmuadldusas flow Wouanag
TuNAM 5811l address AN (src addr) 1@ address Ua1om19 (dst addr) ueraalugluuy
node.port Ao lino sequence number (seq num) 21911 network layer protocol fgﬂﬁwﬁﬂ

[ 9
packet id (pkt id) 7l luunAag packet

4.5 I1n59@3149 directory U949 NS-2

Turdeiazdiunsinuiaalaseadi directory tazufluuns NS-2  ns-allinone 11y
software package ¥u1alngjlugUnuumsiiveanuy gz 1u11AHa 50MB  ns-allinone package
Humssmien package Sovqiidududemsldaumnsan 3ty $1f NS 2.9, NAM
1.0alla, Tcl 8.3.2, TclCL 1.0b12, Tk 8.3.2, OTcl 1.0a8, Zlib 1.1.3, Xgraph 12.1 Lﬁ'ﬂﬁ']ﬂ’!i!mﬂ
file ponuazinInssadedaaaslugyl 45 01014 directory “ns-allinone-2.169a” U “ns-

[ ¥ 14
2.1b9a” L‘f]u“?l’i AUVD9 code NIMUAVDINT simulator (NI C++ LAy OTcl), validation test OTcl
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14
. st 1 7y o & Y T
script LAY AIDUNVD Otcl script ﬂ']UtlélJ “tcl” %ﬂ‘nuwm%wu OTcl code, AU AT NI

Ed
Y 1 1 ] 3 o e
NAAOUNINUA  @IU C++ code AU IMaNTUNITWAIUT event scheduler LAY object class VD

o

a-.'?lJ e 5 o 1 Y s
network component WHFIUILDYN directory HAN 1FU D19TNT code NITWAIUIVDY UDP agent

aoa Ui directory “ns-allinone-2.1b9a/ns-2.1b9a” udadlaudu “udp.h” 110% “udp.cc”

ns-allinone-2.1bSaJ

tcl.3.2 | | tk8.3.2 | rotcl-1.DaB | | tclcl-1.0b12 l ‘ ns-2.1b%a l |nam-1.0a11aJ LI I

C++ source
Otcl code

N}

tel

\ ex \ | test J | lib

[ ] .
Validation test Otcl source

51 45 Tns9a31 directory Y99 NS-2

4
M61¢ directory “tcl” 9z1l5znOUAWNGUYUBY directory #afi MulR “lib” 1y OTel
) o g 1 ' g Y '
source code AM3URUFWAM Inejlu NS-2 (agent, node, link) 11018 “ex” Huiifud 061
1 = 4 [
finannawlddom  uazgaiionold “est” Wuiiiy code Tumnsandeuds Ns-2 1oe

Y] a 3 o =) =3 1 9 o a ar 1A 9
HAJAINNITARNFN TGIEJ‘I"I']ﬂ'l'iL'ﬂ'ifJ‘]JL"ﬂU‘].IﬂTllﬂiﬂﬂﬂTiﬂN‘luﬂﬁ&ﬂﬁjﬂ"l‘ﬂQﬂﬂEN

4.6 Network Animator (NAM)
Y o p i a’.’ 9 [ & 3 1 r A a
Ua4N15N1 simulation "\l‘ljﬂm‘i'ﬁlzulﬂ output file IMUIUNU ("U‘Ll’ﬂgﬂﬂ script NVYU) N
) Aa 4 " R
Usznoudedeyadianiiaduluvme simulation 151813715011 output file WaNUAAIHALLIY
i " 4 g { o A o
graphic 141Ag NAM (Network Animator) Gty TU/sinsuiinuannfy NS-2 azianymens
o v 1 . ’ i o L4
FOUABIOR CD Player luidunans play, forward, rewind, pause L1agdue)  iodaunansl
o P g/ r-g VY 9 a da o 1 a g/ do
MOUVBITEUV 519U uadrdeamsdinaziseimuetisazBandazsuily

. :%) a § o 1
v Aoalioy script YuunuRIAINDY Trace file lillszuranade
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Mam Console v1.0a11a @@[Xl

Po [ MM TiNewokAumorviosts | Hop |
N e R e

Y

NAM - The Network Animator

Welcome to Nam 1.0al1a

Developed by UCB and the VINT, SAMAN, and Conser projects at ISI.

Nam contalns smma gqﬁgfydth:un.fo-lmm copyrights:

Copyright (c) 1991-1934 Regents of the University of Califomia.

Copyright (c) 1997-1999 University of Southem Califonia

Copyright (c) 2000-2002 USC/infonmation Sciences Institute B

o By Ay
g'ﬂﬁ 4.6 NAM Console

L

i o 0 £
diaiunld NAM 910 command line Tu UNIX 99119 NAM @319 window U131 (1u
o £ w A
31 4.6) Gon window 1191 NAM console FuziflufaniugqumsiFenld NAM trace file

¥
ABINTI

nam: 01.nam.gz

51N 47 NAM nansdnumziiiendo (topology)

§ ! . P | 2
Hornsitla NAM trace file 71899015442 NAM 92379 window 1 2 YHIN5BUNT

o =R

¥1M35219 network topology Mgntiuiineglu NAM trace file (uanslugl 4.7 %o file A

u

'
ot

Olnam.gz) WNANATINANANRUAY 50 LAz 51 MDY node My router AN
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) v @ Yy Y A A = A ¥y w v A A
watweiedeufunedudnsiiofiny 0 i 24 tazasnauinegounUMEIMYNNBNELY
! d 1 ) 0 W H J g) o
25 B4 49 MR node Miufdwasdiunwivy  FunsefiFenuras node HvAuAD

link

nam: 01.nam.gz

Lo lo[= @D

7 el AT

¥

71l71 4.8 NAM uana packet MiAnvu luLdazm

¥ 1 ]
MU NAlly play (Ay) mileuiumIdeuu CD Player (TsunsuvisemToau

' v
A W a

[ a d v o § o
D) fifiste Funth, aoonds, munii3a, aesndada uag vga iedald NAM iaasdans

¥

inAPUTYDY packet AMUNATINAIINT simulation A28 NS-2  Tugd 4.8 uaaans play DI

EY ] " E4
0394 3117 woudndsemihGu@E@dunaasda packet 1 lvamnetiadeniios iduilszmintu
Edu)iiutadng fnanald link MFousENIN node 50 AU 51 fie ACK NnouTunARIY
4 1 é’ a’: | J s 2
nazdutsefaety 1 uuuagad link 521319 node 50 AU 51 1A node 50 1AAITY packet
fioglu quene osomstadalylu ik Tugl 49 uamanmiinm 20412 Jurl Tuoy
3/ = A A = A A 1 e @ A 1 . A A Py 1
dhnlseAuns@dou)iinanads packet flagnasonindiduaunsegly link Ndodeutlad

{ o 1 A oA A '
1A% node 50 TTUVDA traffic SnnquuiTefiindnnlwaTow
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UNAN 5

Y uane)d Drop-Tail with ECN

4 T ' o
11nna'lnues TCP oA I9a@DI packet §N drop 1HILNINANI 910 2 1mMgMIaiAe
E
Y o W s o . . . ‘é
TCP sender 1851 ACK packet fhud e 3 a5e vie AN timeout 1A retransmit timer B
& o ! 1A &4 . 1
Wa 2 mamsaidesldiinumniii TCP sender 9M31U7UAR congestion Yulu link TEMI
] [ Y o a Y
manazimsdiud IR s auiueanig network 9399 14

0 & ;
na'ln Explicit Congestion Notification (ECN) ldgnineneduuuneudiamves

L
=

| 1 oW [ o n” 1o & o ]
TCP Andnnddy  Taoidendsiide flosfunisda packet falayliduilu hlvhides

v
=1
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o 1 = o "o é 1 =
RIn5a packet NG uduTouRTRINTOMINNINIY  Ga9EaAUTIN traffic T network 11

o ] = o 3 1o o '
anad uaz 1118 TCP sender 2317imsiAa congestion AT Taslusududessoruniieg

Qu
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[

8% ACK packet 110818 3 151 130 Fyay 19! timeout 910 retransmit timer
o ' [ o3| 1 4
ECN gminenelif 199113 2uf Random Early Detection (RED) llustiausn  titeld
v o o { a s A é 1 ::Ay o A
RED iludrsmuadaanaiuaastaanmiedalioninis  udluuniliswsiuaueisns

111 ECN 3m52gnd 147D Drop-Tail

5.1 M39AMN3 Queue

o 9

e = 2 d"’ﬁj W & 4 :n ' A
MITAMS quene Aozwanatiilumstamadunlumaindeya (5un2 queue 130
{ L3 ' V. aa ' o

buffer) figunsaiszninamavesmsdeindeya fiSond gateway 130 router uea  lav

a y { £ Y Y w y 4 Tw 1
UnAuduitetl packet 141317 link ite tio ¥ router SactalIEadn link nils router vy liivmety

£

U @ 4 g At ' a a 1 o [~ "
Ioderud ifosnnudsi lifllszaninm udszimafudh quese Pnou udaiasion
] 4 a =Y d  a e ar
10NN quene Wolinnumuzan  ludnniiwusaufiseyadenalalumsdansnis

b
Wudiieen 2 szmnite Drop-Tail wag RED fre 11l

5.1.1 Drop-Tail

EY

Queue LyLsTIvzyAteil1#i5msdien oz Wuhdenldiulagily Ao Drop-Tail

=S W

¥ 9
911NF0U0 queue A lAawentednyue Idodedannd wihnmsnaiannaIur o1

msihamnngid 5.1 183uilell packet tAiumadnn  azgadamsuuy FIFO (First In First

=

A g ] A 1 [ A A A ] A d '
Out ¥159 [W1NDUDDNNDU) A TIUIANITITATIVADU TNWHWW@ﬂﬁﬂTN (packet mﬂ‘lJ’e)gclu
9

'y

quene TR max 3ol emnzadadyldfeziudh lldderelu quene udth

v v

o { [ @ A 1 ° o
queue 113 (packet MAY 13N max) Aoz packet Hualll @aun151iu07 packet 1) 1902300
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DENIINAIUNIUS 0 ABY (dIUR) packet ogAmmlsBuzuduIMaTud 1 dumia uag

P A A o w
N9l queue INUBNFIMTU 1 packet

) max
Drop-Tail buffer 0
- p- SN 4
Discard Queue

51 5.1 713111974¥94 queue LY Drop-Tail

5.1.2 Random Early Detection (RED)

a ad & A Yo W [ A a A g (Y
fJﬂ'J‘ﬁﬂ'liﬂuﬁ‘ﬂﬂﬂu13Jﬂ‘]5‘i]ﬂﬂ’l‘iﬂﬂﬂ’)’lmmilﬂ1u Internet ﬂ’fJ’J‘ﬁﬂ’lﬁl.L‘lJ‘U‘mﬂuﬂﬁﬂﬂ

LY
4 T

g @ a1 ) a 4 @ a a
packet MUY proactive (FATADUN buffer sztfn)  iWeitlumsdfulgalsedniamyes
3
niethe  SEmsiioenuuuani1Ffu queue 1Y FIFO UV queue A7 inzdaNsagniaen
o Y o ' v A A E d o L
1 1Fu queue 11 router nuvA199 1ABANUTANGUAD traffic TiNATY
vinmai ilefiFinu waffic Sruamnnifaedsiuiiiulalunsedis  buffer vos
o o WA Ay 1 v g '
router 9zgnldamianifuuaznniuazfaie packet filiamnsadanuag buffer 14 ud

s 1

{ o ] 1 . A [=f [ a
wansznuiiddade TCP Aniludayanaudg congestion control Fwiilumsiliuanimn
o 19 A by L
msdadedoyanuiounilgmanuuesa
L =) 1 4 a 1 :’ ! é

uaneldifa 2 aymiaumie at1ausn packet fivne lildoagniadadnln Gatlums
a |a Y Yo A o a ' Yo U Ay 1o
wilSinadoyaldfuniedie vasdadumamunnuminlifudeyandewniy  sonndes

I A 1 a = { a .;5'

fe 15ngMsaini3ondy “global synchronization” AsuUTinadeyainnaiiadiu buffer 92

a T g a @ .:5,’ o o [
onldauiuetesaiunzifinmsfa packet s uaumn A TCP connection $1143u

Y 1 : 3 @ o a = a A 1 =

UINIUE congestion control WIDNNUITUIUUIN HaNANUIAD YT traffic TunTev8N
1Siadn s oa1esnes1I9E1aMn (underutilization)

as g 1 1 1 2 A a 9 A'l =)

SFudilymediaiqetranilsiemsiinvinaves buffer THunnqiteantsunmms
LY cf 1q 1ad A [~ Y 1 [ a
#n packet M4 ualile3Efann 2 dszduil  edusnie buffer vualugiieliina

14 44 & 4 4y = LA &4
ANMUMUTRLINA YA NANTUYDA buffer 1oz ugAoA1TUN traffic NINAUITOYNYY
M1AiAa buffer lunemuax

Sfanide deduegluanwiesalidedyyiowen TCP connection fias 1

y ) 1 o o [ 3 o @ 1
connection talftaalSumnIdas LAzMINTATINGANULDDANAINNUY tduuezda
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Yoya1au 190 1 TCP connection MimsaalTunamsdans Llﬂzﬂi’J‘ﬂﬂ“ﬂ’J’muﬂﬁﬂ%ﬂﬂgﬂ M
ogiidn fusuninzamsaniuquaniosaluniedy1d

oS11enaln RED 1441 RED vefimsfniavianie (average) ¥99U11A queue
Tasms 19 low-pass filter 594N exponential weighted moving average mmfmzﬁwm
lSoufeuRY 2 threshold AD minimum threshold 1A% maximum threshold fm average U0
YUIA queue 198N 31 minimum threshold ' liifans drop packet fen average UDIUYUIA
queue 111NN 01NV maximum threshold 9$¥11A15 drop NN packet uAdA average U8
YA queue VINNIM3TDMIAY minimum threshold 1A% 1108NT1 maximum threshold 931113
g drop packet #avaamni1nziiiu p, fisnon 14

4
ansauanslugyl Algorithm 1aasil

for each packet arrival do
calculate the average queue size avg
if min, <avg < max,,
calculate probability p,
with probability p,

drop the arriving packet

else
if max, <avg
drop the arriving packet
else
enqueue the packet
Tay
avg: fudunBounin queue 9100198 110
min,: (Fun threshold f1egafiimia
max,,: Jufn threshold gagafifmua
p.; Husanuinzdunsmsam

pBuemsThaungdi 5.2 18iudledl packet UM szifiamsfiuama

= = v An Y g A A ot
average YBIULIA queue waziToudouminldeglumenlylann 3 Sew'ly il min, uag
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Y 1 y @ ] 1 " kY
max, Wt ove 1) 181 queve iuf - 2) Wanminedugioiies drop nio 11 quene

%50 3) drop iuh

RED buffer max,, miny,

_ > > —
Discard Discard or queue Queue
depend on probability

5191 5.2 713911911999 queue LY RED

Fredrevesmsi RED lililszgadldamlunGasiaeiniagsia (commercial product)
14UA Cisco 108 11.2 GS 7140 core router §1 12000 (3171 5.3) 1Az Cisco 108 12.0 M4y
router j: U 7500 (3 1 5.4) 1w Cisco FTUNN Weighted RED (WRED) [10] 42¢ Distributed

Weighted RED (dWRED) [11]

51U 5.3 Router Tuasza 12000 Y94 Cisco
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5191 5.4 Router TunsEQA 7500 Y94 Cisco

5.2 MSNNUUDY Explicit Congestion Notification (ECN)

msdarudeyaued ECN shudumsdedeyaudsanmied (congestion) Tuinioty
unsnadlyly TCPAP header imoite'liliifa overhead Winluszuuindodis  Taldiins
1A 4 bit 11 1P header 1T TCP header iionansisdoyaves ECN "lumﬁﬁﬂ'umguﬁaﬁ
T IP header §N13R11UA 2 bit iv ECN-Capable Transport (ECT) Wiouaasiini 895y ECN
Fadumatmoma uag Congestion Experienced (CE) 9 set 910 gateway iouaaiufa
congestion  @Ulu TCP header §imsfvua 2 bit Ain ECN Echo (ECE) odeaniue
congestion naw1éa TCP sender tiag Congestion Window Reduced (CWR) Lﬁfl‘ljﬂﬂ’h TCP
sender 1A1INM3513 AR congestion Suud

- [}
ansaueaIMIiauYes ECN 18 3 duaoudauaaslugili s.5

.
ECE @
-

@CE

= crarmrven 4

TCP sender Gateway TCP receiver

5155 $1AuMsiuves ECN
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T
1. Gateway 111015 mark 71 CE bit
2. TCP receiver dafayay 14 ECE

3. TCP sender @14 vﬂjuﬂﬁm CWR 1184 receiver

f1umived bit Agadmuau@Audmvmiayunaln ECN T header format vos

TCP, IPv4 Lz IPv6 gauaaslugiil 5.6 - 5.8 mudAy

0 1 2 3
0123 4567890123456789012345¢6728890H1

Source Port Destination Port

Sequence Number

Acknowledgment Number

I—— 20 octets —{

UTATPIR]S]TF
Data Offset ReservedM B[R |c|s|s|Y ]! Window
G|KI|HITININ
Checksum Urgent Pointer
Options Padding
Data

|]]I|] CWR bit
% ECN-Echo bit

gﬂﬁ 5.6 TCP header format Nerrive %u ECN

Source Address

Destination Address

0 1 2 3
0123456789 0123456789012345¢672890H1
G R D) O 10 0 T - M G A O OSSO U N S G O
P P R VRN N N PR S N N AN Y Y s N )t PN A N o S L DL L

T Version IHL Type of Servicell B Total Length

@ Identification Flags Fragment Offset

(O]

B Time to Live Protocol Header Checksum

(=]

o™

Options Padding

[[]]]] ECT bit
@ CE bit

5101 5.7 1Pv4 header format NauaYU ECN



0
0123 456789012345¢67282901

2

23456788901

||
S

Version Priority (I B

Flow Label

Payload Length

Next Header

Hop Limit

— Source Address (16 octets) —

40 octets
I
|

— Destination Address (16 octets) —

Ml  EcN-capable (EC) bit
E]  ECN-Notify (EN) bit
11 5.8 1Pv6 header format Nert{uayu ECN

LA
5.3 Drop-Tail N4 ECN
Fd 1 Ed
Drop-Tail with ECN (DT-ECN) [12] gavinausiiunuieant/Sunm packet gasiaialu
A d ° 9 ' w oA A
windw  TeodlumsiiuausuuInienisly ECN 52U gateway UUU Drop-Tail @43
wa § o3| & 4 ~ 1
AuauiAafugIuie Wi quese Y FIFO (First In, First Out) 4iiioil packet amda 14l
A A P d o vy d o o 3 = Y ¥ A g !
fufineRazifiy packet 17114 flozsiimafia packet ufs Tavfinisud 1l packet Moy

T

11 quene usegdMAUNAAN threshold uAda TaiifiuuL1AGIEAYDI queue 7015 set CE bit 1A
a =] o [ -:” a 4 {
FuAuvLIAGaEAYDY queue AIETINIAR packet iaamInd iile packet Afin13 set CE bit 14
gnindeean’lin queue nAAAUNIES TCP receiver A2 TCP receiver 92111N13AT 0O
Lo a A vy ad v g s & A4
ADUZUNY CF bit M3 set umTola Silinvzaounduddn ACK Niins set ECE %31/
v

{BUN1983 TCP sender 131 TCP sender 95N51171f1A9921AA congestion Tuidumatiu sz
MIneUdI CWR udr30hnstsuan congestion window auieansasimMIdsdoya
k4 3/ 3 ] ' '

Funousis 3 gadmustuiieldifa reliability Tunaln el packet NiTINT3 set bit o 1Ty
Wiovie way lifmsdmue packet uuiieuda lidumsadelinm waffic wly

A 1]
LRGN

yudv

ansouaaslugyl Algorithm 1ddadl
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ECN_threshold = MAX_queue_size * (Queue_utilization / 100)
for each packet arrival do
if queue_length < MAX queue_size
if queue_length+1 >= ECN_threshold
mark CE bit on the arriving packet

enqueue the packet

else
drop the arriving packet
Tay

T
ECN_threshold: HuszaunislFanves queve e 130 111in5 mark CE bit
MAX queue_size: UVUIAYPIFAVDN queue

] Ad ny Vet
Queue_utilization: percent N17 SARITLN queue fna 1301431015 mark CE bit
v ¥

queue_length: YUIAVDI queue ﬁgﬂi«%’ﬂluﬂlmxﬁ’u

970 algorithm Y89 DT-ECN f13dugnuananisiiamlugliuy diagram lugii 5.9
A 1 1 o g/ 9 A o o P 9
wennudwaemsmanudhls  naln DT-ECN gnnaliiedamsfiu packet M1
megudheile neuiaztadudn1iduly queue  get queue length Fnvhuaaslinmuos

Foyaiioglu queue gnldilFonidioniy vunagagAYea queue 1Az ECN_threshold Y11 3

Vv
v a ...

Gumanidiu1alld ae dadie, 1l queue oz viasdou CE bit Aeutiudnly queue

'
1

'

'

1

i

1

'

gel queue_length !

4 \ !
'

'

i

'

1

), \ %
& %
3 / FIFO queue
Packets [rom TCP__| queue_lenglh < YESI ueun_longth 11 += .Y“. ’7 ;1131k CE bit | = » Packets to TGP
senders MAx“quoue_size/ ECN_threshold I A - receivers
"“}' ™| T T T
r r— pass the packet k] o ©
drop the packet ;i %
e -5 £
| z
o
Drop-Tail with ECN Engine g w

77159 n35%19110181UY99 Drop-Tail with ECN
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4 o [ g/ '
SngUiluamamsiuyes DT-ECN asgdl 5.10 Tavldyuuesvesnsneuauoine
a ' ' 1 1 o v
packet MEM1 TNLARZE9099 Queue TABATTILIFIIVDIAT max 1@z ECN_threshold ¥l

1
a ] v A o o 2 U L) v
[Aia 3 329 fio fania, 1119111 queue wag Fmadiou CE bit noutiudlu queve

DT-ECN buffer max ECN_threshold

A

<l
-

Y

B [
Lt L |

Discard Queue with CE bit Queue
marking

11 5.10 M591911909 queue 1LY DT-ECN

o @ Y ! o o
ECN threshold ifudautlsfai@naves DT-ECN ffludrfmuavenwanmsudaufon
ANMLDSA MIRIMUARIYEY ECN_threshold Miiana1aiuenn lilazdh 19 queve v DT-
v L
ECN fimsnevaussneanimndouiuanaafuoen lude ddsBimunzaudy
g/ L] 1 Vet a a aiv o ¢ ) A n’)’ 1
anwinadeuseudawaliiiszAnamgega Tuuniimdalulduuziinsosnsdam

ECN _threshold Miminzau 1Aifloanndeserdiumsirasunfediuiofnumainmung oy

5.4 agl

nnunitis1datenalnuuulmituniiGend DT-ECN  dail Tnseade lidudou
waslamuansalumsiduiouisanmanuuesaveunietionouieziianisia packet i
Tuumaelisozdmuaismslumsnageunalauuy DT-ECN funalnuuudug lugiuny

a9 Tald Ns-2 iWhunTeaiiondnlumssnounioie
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N19 simulation

1 " 9
Tyuniiud1auuzihna'ln DT-ECN ioldandSuimmsaa packet falumangu]

1 ¥ Ed
uade il ldwadaluudvoslsz@nFamieg 1dsunnnalall  Tuuniissshudrgamsathe DT-

J g o o 4 o 1 1 =1
ECN 3131878 NS-2 nmiuezdimssnuadau lalunssianuaiediienisnziooe
T ) 1 'l v
wWonvzihnaln DT-ECN  wnaasunuldidenlui ldfmuail Taudosaaandoeny

a

o a a d o dyd' 1 Y o
anlsrasAuazvenave I iwusaduinnary iluumi

6.1 1A5093N 111N 3 simulation

:!'i A a 9/ o A 1 d'l [ a A a =Y o w q”
n3eailafldlumssianunsetiemaialszaninmluinnidnusntivilsznou

11w

Hardware: Notebook Computer (111 Pentium IIT 600MHz, 256MB RAM, 20GB HDD

0S: Red Hat Linux release 7.1, Seawolf, Kernel 2.4.2-2

Application: NS 2.169a, NAM 1.0al1la, Tcl 8.3.2, TclCL 1.0b12, Tk 8.3.2, OTecl 1.0a8, Zlib
1.1.3, Xgraph 12.1, GNU Awk 3.0.6, gcc 2.96, GNU Make 3.79.1

i o ' a = ¢ w i
Hardware 19 lumssiaounsevioludneiinusnifuiiilu Personal Computer (PC)
o & A q ' o ° w a ' Aq 9
wusian il Feflanusaninzaudemsimisiana (CPU i memory Hnadoia1hlylu
M381a89 ATMVDY Hard disk SvadeuinAuaziILYes trace file Aicusanuld Bens
° Ao oy ¥ da v dag 4 A E
$ransidudounazAvanagounalsnjluuungsneen1s CPU N52UU memory NINYY LAZ
d‘.d J - owa 4 s s
Hard disk #fanuagetn)  szunilfidasuun Linu gaidenldiiosnindanndiulddu
5201 UNIX Duauazyinaylduy PC iosoafun1iiiauues NS-2  a9u Application Han
i o &
Ao Ns-2 iy simulator Uy object-oriented 1A% discrete event driven WAy lay
. . ; p a A 4
University of California at Berkeley (UC Berkeley) (18HUUL191IANTHI C++ LA OTel 43 NS-
2 gnlflunuitoungmsSoumsaeulumalszmaeinumsnaty (1R 18MTHANLITY
o = o ~ 1

flugmauunfild Ns2 Tumamuan v) NS 2.169a 1311 version igniHBLWTIAID 13 WHBY
2545

A o a A A A Yy Y oAy Y & a4 '

diomimswssumsesdoninanudeduGoudesudrnntunuludiuveans

o ¥ 2 i @ <] T
WAIUT code ﬁum @N’ﬁ"l‘h'l‘iﬂLL“]J»‘]f’ITiWﬁJ‘L!'IﬂEﬂﬁJH 397U ﬁﬂ
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s J ] d‘ L]
1. WA queue object VU TmaidI8A 11 C++ MuLUIMeAf LA Tas NS-2 (a9
source code Y84 DT-ECN TUmANUIN .1 1ag 1.2)
2. Walu script @201 OTel (Hansdangasamlunanuan n.3) ieldfimua
T Yo = o g/ = d a 3
topology, setup A1A199 1AL object MFenld waznAMMAMIBIAINATY
v 1 1 ]
THFD NS-2  91ui1ms run ol 1dwadwi iy trace file fitsznouliday
o 1A 1 P = =) 9/
7@, §nUaf packet ag, 3AN packet ziAUM 1Y, ¥iIAVDY packet AL VoyA
A
a9
3. Walu seript @280781 OTel N5on1d Awk awlumsiszuiana (iaasdaedng
v lumanuan n.4) edendoyaidesmsuiedau (filter) 910 trace file #

1&ulszuana

6.2 M9 simulation
Snerinusatun 18ims simulation Tasl4 network topology ANENHULILY wide

area network (WAN) ﬁﬂi&ﬂﬂﬁﬁ?ﬂﬂduﬁlﬂﬂ source mMadneile ﬁq%’agaﬁm router 2 A1 11Jdia

nqUYY destination MeuMilo Fanaaalugili 6.1 Tauiinstmuadeeie 19 lums

smounioviofsil

- Link %anuafivnna bandwidth 1 45Mbps (AUIIATFIU T3) LAzl propagation delay
L‘ﬂu 10 msec

- TCP sender ﬁlﬁﬂﬂi‘ﬁﬁ 2 U D LWL TCP-Reno ‘ﬁﬁﬂf’l‘lﬂ Fast-Retransmit (1% Fast-
Recovery Uagily TCP Selective Acknowledgment (TCP SACK) [13] ﬁﬁ"]ummgmﬁwqﬂﬁ
qnil3u1l3enmn eI TCP Reno luaanefinmue packet gn drop N1y window iRuariu
[13] @etheves 0s 7 14 sack WhanasgiuuazdmualignlfonTaosudu Wy sun
Solaris 8 [14] #1910 RFC 2018 1182 RFC 1323, Sun Solaris 9, Linux kernel 2.1.90 Hudn 1)
, Microsoft Windows 98)

- TCP connection ﬁaﬁmgﬂﬁﬂﬂ"l‘%’%m application 1LY FTP fifimsdsdoyangaasana
(bulk-data connection)

- Maximum segment size (MSS) 494 TCP Qﬂgﬂ‘ﬂu 1460 byte

- TCP receiver’s buffer size gﬂ{gﬂﬁﬁﬁm‘. 1AVDY 16-bit window size

- @uls ssthresh Qﬂ¢{41ﬁ’ﬁﬁ1zéuﬁuﬁ 65536 byte

- Buffer size ﬁ router Qﬂﬁmuﬂiﬁ’ﬁﬁu‘ﬂu 2 1N1984 bandwidth-delay product (BDP) “Aﬁdﬁﬂliﬂﬂ

675 kbyte
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- threshold 14 set ECN bit fnualiiaudlu 25%, 50%, 75%, 80% Liag 90% 04 buffer size
o w A o 2 o & 'K g A 9 3 =
aMuaauy ﬂ’]'iﬂﬂ']ﬂuﬂ‘lluliﬂ‘ﬁﬂiﬁil'lfJﬂ'ii’]‘lJﬂijllﬂQlMuﬂUﬂull’]ﬂﬂL‘Wﬂﬁlzulﬂlﬂufl\iﬂ'ﬁ

LT ST R G FYRT T o

Bottleneck Link

Sy thRia ]

outer 2

Source Destination N

gﬂﬁ 6.1 Network topology HUU WAN ldnaaou

a =Y d  w e @ P 1
Sneniinuiatuil ldasmageufugluuuves  taffic  fignsiwdhily  network
w109 311U 13U §119U connection 5ugegAINTioee Tilaufianing (25 - 100 connection)
. K 4 4 ' oA ' i
L1a¢ connection LUUTADEURIALIUMLY, LULAENIAMIILLIULA IR aaas T audl
puufivuiunsfinaeanar fei ldsmuadunuues traffic 13 6 3Uuuy fie 1w A, B, C,
¥
D, E uag F a4l
g PP o ' .
- uuU A WunINY traffic 91494 10 connection ogAnDALIAN simulation (0.0 second — 60.0
second) LA 1HINA1UD AT (20.0 second — 40.0 second) A3 traffic DN 15 connection 191
a P y o =
yiiluszozina 20 second @Ao'l (ansdiegili 6.2) e ldidludumuvoarlsum
traffic Nvioongaly 6
ﬂ 4 ja A 1a 4 4 . . a4
-y B dluiuundsing taffic HUSunaunyduINIUMS simulation AB (5NN 10
P2 " g .
connection ﬁnmﬁnﬁ’u 0.0 second Lm::mu"lﬂﬁ‘lu 25 connection N30 20.0 second L&f’{'?lmll
[ I~ - { o c'iv
o liifly 50 connection 1081 40.0 second LazAINAI LU lavRUNIS
s 0 ! a i g w a {
simulation 711381 60.0 second (araadaeg 6.3) ivelHTludunuvestSual traffic inn
o Aa a A 4 A
woauadstaz NIl TnaNLU U o0Y
A (a a v a . A a v
- upv C© Sunuufusun raffic SN lvides Tawisua1n 50 connection NIAUTUAU
0.0 second HBIAAAUNAD 35 connection 1AM 20.0 second HazanadluFATUMAD 10

[ N 9 1
connection N7 40.0 second meﬂwﬁw%m’mﬁ'lﬂﬂuﬂ'umﬁ simulation 11391 60.0 second
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ansdaogilit 6.4) eldifludumuvessiing traffic fuanemuaisiaziuuuuid
1Sunanauons
[ | [y Vel a a o ' A
-y D Whunuuiindiedy uuy B udimsiislSue taffic Wy 2 i Ao (G910 20
§ a A . < ¥ A
connection NIANUTUAY 0.0 second uag:mu"lﬂﬁ‘lu 50 connection N30 20.0 second LAUNWN
= LI =1 4 { o dy
sahd iy 100 connection M9 40.0 second HazAIAwI LU T IS
. . = 9 a A 9 o = ~
simulation 11901 60.0 second (AR 6.5) e 1Fiiludwnuvosual taffic finn
= d Ao a A 2 A
ngauazituiuunTUTnuiuIuGoss
a 9/ ar 1 o a =) =] 1 A

- wuv E dlunuufindedy oy ¢ uavimsmuySune waffic 1w 2 v Tasisuan 100

connection MIANFTUAYU 0.0 second LAIAAAUNTD 70 connection 1IN 20.0 second LAZ
1 T L2
anaslugregaomide 20 connection A1 40.0 second tazANdw L Tlausms
. . = i ¥ =] W a el
simulation 111981 60.0 second (A3 UN 6.6) tve lTluduMUYDIUTUIN traffic NN
AgauaziluuuuntiUSnauanausosy
3) =/ o at ' = ¥ .
- uaggamouyy Fiflunuuifinnumuuiuves taffic qega 1aviin1319%91u 100 connection
Y 1 r ¥

AABAT 0.0 second — 60.0 second (erAsALgR 6.7) e lHiTudunuveaLsIn traffic 9

mnhgauaziifsuanniganinaasana

connection
A

100 ~1—

80 ——

Bl =

40 -1

20 T
*__. ——
0 20 40 60

gﬂﬁ 6.2 Traffic LU A
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connection

100
80
60
40
20

second
0 20 40 60

51 6.3 Traffic UV B

connection

100
80
60
40
20

second

0 20 40 60

517 6.4 Traffic 11 C

connection

100
80
60
40
20

second

5UN 65 Traffic UV D
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connection

100
80
60
40
20

second

0 20 40 60

51U 6.6 Traffic LUV E

connection

100
80
60
40
20

second
0 20 40 60

51U 6.7 Traffic 11UV F

%%miﬁhﬁs]ﬁlﬂﬁm']ﬁiﬂﬁ simulation Lﬁmﬂ?ﬂmﬁwﬁuﬁﬁaﬁ Drop-Tail, Drop-Tail
with ECN at 25%, Drop-Tail with ECN at 50%, Drop-Tail with ECN at 75%, Drop-Tail with
ECN at 80%, Drop-Tail with ECN at 90%, RED with ECN a2 RED without ECN 1504
awddy  Tudmves parameter 1190 RED 15718 set Ml Floyd S. uuzii 131 [5] fio
min, = 1/4 of queue size, max,, = 2 * min,, max, = 0.02, w, = 0.002 v%ammﬁyﬂmmﬂﬁauﬁ’u
Traffic 11UU A, B, C, D, E, F unzmﬁauﬁ’uﬁyq TCP Reno 1A% TCP SACK (/@93 151809M
M3 simulation TQMNA 8x6x2 = 96 JUsuy Lﬁaiﬁ"lﬁmogmmfﬁnﬁﬂﬁuﬂlugﬂﬂum trace file

NINUA 96 file
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6.3 M3lszurana trace file
Y] o A 1 9 = =2 fa a J =
‘ﬂﬂ\ﬁ]"!ﬂﬂ‘l]ﬂ'ﬁ‘I]'Iﬂ'ﬂ\‘llﬂﬁ'ﬂqﬂﬂﬂxhlﬂ trace file ﬂlLﬂﬂQﬂﬁLﬁﬁ]ﬂ'ﬁﬂlﬂmﬂﬁluﬂ']1]Eﬂll‘].]l]qﬂ

aa3luiade 44 drogedheaiesfiounadiuued trace file #i1d31AN1INATOY Drop-Tail

]
=

@ { T Ao o 1 a as o
with ECN " 75% 0V traffic HUU A ﬁkﬁﬂﬂﬂ'ﬂﬂﬂ?ﬁﬁ')ﬂﬂ‘iﬂlﬂﬂﬁElﬂ"l'i’t]ﬁﬂ"lﬂﬁ»‘l']ﬁﬂ']ﬁlﬂi]

39

vya

+ 0181685 0 S50 E€p L5009 ~==z=== N 10.025.0 7 140

= 0 HE8L6BE 0 50 ECPp ALBOO === N 10.0 25.0 7 140
10191952 0 B0 'Gtép 1500 =aws N 10.0 25.0 7 140

+ 0.191952 50 51 tcp 1500 ------ N 10.025.0 7 140

- 0.191952 50 51 tep 1500 ------N 1 0.0 25.0 7 140

T 05202218 50 51 bep 1500 ====== N10.025.0 7 140

+ 0.202219 51 25 tcp 1500 ------ N 1 0.0 25.0 7 140

= 0.202219 51 25 tep 1500 ====== N 1 0.0 25.0 7 140

r 0i.212485 51, .25 Eep 1500 s N 1 0.0 25.0 7 140

+ 0.469883 50 51 tcp 1500 ------ N1 0.0 25.0 165 2127
d 0.469883 50 51 tecp 1500 ------ N 1 0.0 25.0 165 2127

51 +/‘
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. “ time 50 51 .. 1A309MIY - e packet gaasr 111U bottlencck link TAd1T0
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HaD1NNISNI Simulation

7.1 Wa1nnN15N1 Simulation

.

= a d  w dyw oo 3

AneinuEariui el e AnEnmune queue 119 8 wuL Taogan waswvestoyah
[ o o 1 a a qy [}
dafudd s lunuae byte (Bytes sent) uaz Waswupidoyangnaanalunioy byte (Bytes
dropped) Tugtuosduavluasiad 7.1, 7.2, 7.3, 7.4 uaglugduoansnumns Tugdn 7.1, 7.2,

73,74

M9 7.1 YSum Bytes sent (#1014 TCP Reno

Drop-Tail DT-ECN@ | DTECN@ | DI-ECN@ | DrECN@ | DT-ECN@ | REDwECN | REDwh
25% 50% 5% 80% 90% ECN
A 329588500 | 317008000 | 328577500 | 327248500 | 327817000 | 329168500 | 324961000 | 325607500
B 320532500 | 315795500 | 328050500 | 328442000 | 329160500 329319500 | 323399000 | 322890500
c 331103000 | 312348500 | 328025000 | 330624500 | 329052500 | 329663000 | 330620000 330560000
D 330272500 | 313489000 | 320800000 | 320813500 | 329731000 | 330217000 | 326879500 | 324503500
E 331523500 | 312826000 | 334180000 | 331286500 | 330103000 | 330109000 | 331148500 | 330953500
F 332239000 | 312853000 | 333370000 | 331660000 | 331807000 | 331327000 | 331747000 | 331477000

Total 1984259000 1884410000 1982093000 1979084000 1977671000 1979804000 1968755000 1965992000

maan 7.2 s Bytes dropped i}io1% TCP Reno

Drop-Tail | DT-ECN@ | DT-ECN@ | DT-ECN@ | DT-ECN@ | DT-ECN@ | REDwWECN | REDwh
25% 50% 75% 80% 90% ECN

A 1695000 0 342000 681000 762000 882000 1122000 1972500
B 2694000 0 342000 880500 1017000 1021500 2442000 3708000
C 2680500 0 342000 681000 747000 1002000 2160000 3636000
D 5410500 0 409500 988500 1444500 2859000 6291040 7578040
E 5607000 0 342000 681000 1089000 3081000 7126500 8013000
F 9472500 0 342000 681000 1870500 6319500 12328500 13095000
Total 27559500 0 2119500 4593000 6930000 15165000 31470040 | 38002540




Bytes sent (MB)

Bytes dropped (MB)
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@A
EB
aoc
oD
HE
F
Drop- DT- DT- DT- DT- DT- REDw RED
Tal ECN@ECN@ ECN@ ECN@ ECN@ ECN  wlo
25% 50% 75% 80%  90% ECN
Queue type
U 7.1 n3wluans Bytes sent 11019 TCP Reno
20
18— S e I
16 1 g
14 +—
124+ ——
10 7
8 =
6 —
4 -
2 -
0 =

Drop- DT- DT- DT- DT- DT- REDw RED
Tal ECN@ ECN@ ECN@ ECN@ ECN@ ECN w/o
25% 50% 75% 80% 90% ECN
Queue type
. .
51972 a3l Bytes dropped tile 14 TCP Reno
. .
m1af 7.3 YT Bytes sent 1o 14 TCP SACK
Drop-Tail DT-ECN @ DT-ECN @ DT-ECN @ DT-ECN @ DT-ECN @ RED w ECN RED w/o
25% 50% 5% 80% 90% ECN
A 335884000 317098000 336022000 335054500 335594500 336106000 335314000 333788500
B 336149000 315795500 335399000 336561500 336273500 336186500 335573000 335276000
C 336572000 312348500 332624000 336834500 336648500 336618500 334751000 334389500
D 336428500 313489000 334150000 336919000 336430000 336322000 334721500 333767500
E 336572500 312826000 333824500 336790000 336929500 335927500 335284000 336010000
F 336985000 312853000 333311500 337174000 337079500 337217500 336437500 336433000
Total 2018591000 1884410000 2005331000 2019333500 2018955500 2018378000 2012081000 2009664500




M13197 7.4 13101 Bytes dropped 1i/o 19 TCP SACK
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Drop-Tail DT-ECN@ | DT-ECN@ | DT-ECN@ | DI-ECN@ | DT-ECN@ | REDwECN RED wio
25% 50% 75% 80% 90% ECN
A 1917000 0 342000 757500 747000 1101000 1243500 2095500
B 3351000 0 342000 991500 849000 1264500 2302500 4021500
{6 2737500 0 342000 681000 747000 1012500 2197500 3790500
D 3729880 0 447000 859500 1695000 3172500 8332540 9576040
E 5496000 0 342000 681000 1021500 3072000 9616500 10912500
F 9306000 0 342000 681000 1803000 6333000 17812500 19065000
Total 26537380 0 2157000 4651500 6862500 15955500 41505040 49461040
_ @A
s mB
£ fe
3 oD
2 mE
F
DT- DT- DT- DT- DT- REDw RED
ECN@ECN@ECN@ ECN@ ECN@ ECN  wlo
25% 50% 75% 80%  90% ECN
Queue type
5173 A3 lan Bytes sent 1ilald TCP SACK
20
a 18 ] A
2 16
= 14 o mB
23 o
.-g 8 - A b
é 6 - BE
@ 3 | F
0 .

Drop- DT- DT- DT- DT- DT- REDw RED
Tal ECN@ ECN@ ECN@ ECN@ ECN@ ECN  wlo
25% 50% 75% 80%  90% ECN

Queue type

511 7.4 n51WAAY Bytes dropped Ko 14 TCP SACK
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d o
7.2 NFILHNADINNI591 Simulation

naralumsed 73 SgndSinamsdeinudeyauuusiummz TCP SACK v89
4 o q‘ 1 5 = 1 T
DT-ECN  (ie/mstiiua threshold THunaiuan 25% liliflu 50% v lddSummsdarin

{ 3 y 4 = 1 o a [ ] g o a é’
foyaniqavuisony o threshold 15y 75% USwamsdariudoyandanaiuaudn

QU Q[

VA & - - . 2
uAd e threshold Y1 1UBniTlu 80% uaz 90% YSwamsdaiudeyarzisuanas  laei

1

i ldmsdaiudoyagegaogia threshold 75%  lugy 7.5 warasgagegaeyi threshold

.

75% I iviuod19d109
vkaluasel 7.1 aindSinamsdeiudayanuusIRnIE TCP Reno 15TWUN
DT-ECN i threshold 50% TSinamsaardoyagegalumsnadouday taffic wuy E uag

F  d9u Drop-Tail HiSunamsdeiudeyagegaly waffic uuy A, B, C uag D uazdail

HATINVBIYTINAIMsd kUt pyagIgadnde

M1319N 7.5 Wae19v0391/5179 Bytes sent Y99 TCP SACK (ABUAL TCP Reno

Drop-Tail DT-ECN @ DT-ECN @ DT-ECN @ DT-ECN @ DT-ECN @ RED w ECN RED w/o
25% 50% 15% 80% 90% ECN
Reno (Bytc) 1984259000 1884410000 1982093000 1979084000 1977671000 1979804000 1968755000 1965992000
SACK (Bytg) 2018591000 1884410000 2005331000 2019333500 2018955500 2018378000 2012081000 2009664500
nmh.: (Bwe) 34332000 0 23238000 40249500 41284500 38574000 43326000 43672500
Hmhq (%) 1.730217678 0 1172397057 2.033743894 2.087531243 1948374688 2.200680125 2.221397646
2030 e S SO S PSSV U P, N
2010 {—
@ 1990 -
£ 1970
Tt 1950 +— —e— Reno
® 1030 _=— SACK
2 1910
& 1890 :
1870 ——
1530 E'@ '®@ ® © g) ';Z‘__gz
s S5 S5 85 85 85 BB g3
(] [a] [a] (a] (]
Queue type

51 7.5 nsmuaasrasmveslTinanmsdadeyaued TCP Reno uag TCP SACK
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MINATEUYEIINITINUEATUTIY TCP 2 11 A TCP Reno Ay TCP SACK tito
Wudunungdnssuues TCP lumsnaaey  wuldFanudl TCP SACK 1# throughput g9
791 TCP Reno Tumnnsdl oni3u DT-ECN i 25% i lifinamuanda (mngiit 7.5 uazasadi
7.5) i TCP SACK 191 throughput 4031 TCP Reno 11194970 TCP SACK Qﬂﬂ%’uﬂ;ﬂuﬁ‘m
VYBIN15A9 packet guﬁaﬂg”luﬁmwuaé’ﬂmﬂqﬁﬁ packet 9 drop 110 Favia 1 TCP SACK
Fuidonlumsinldfunasgudy os julmln  lunsdivos DT-DCN #i 25% 1 TCp
Reno 40z TCP SACK 1AWaiviuins et threshold 25% 111usins utilization tn3otne uidiud
mswzﬁmmi’fﬁuﬁﬂﬂamsmé’mﬁ';wﬁmwmﬁu"lﬂf?mﬁﬁ'ﬂmﬁﬂmmuaé’ﬂ Ml lifinsea
packet Hafatuiaesa 1 141 9naaniAfinve TCP SACK 819wy TCP SACK HAdHE

n1dvee DT-ECN 1 75% imsdwiudeyagegaluuuy B, C, D, Euag F

M15190 7.6 HOA199891/5U798 Bytes dropped 499 TCP SACK 181U TCP Reno

Drop-Tail | DT-ECN@ | DT-ECN@ | DT-ECN@ | DT-ECN@ | DT-ECN@ | REDwWECN | REDwlo
25% 50% 75% 80% 90% ECN
Reno (Byte) 27559500 0 2119500 4593000 6930000 15165000 31470040 38002540
SACK (Byte) 26537380 0 2157000 4651500 6862500 15955500 41505040 49461040
HAR1 (Byte) -1022120 0 37500 58500 -67500 790500 10035000 11458500
rmphq (%) -3.708775558 0 1.769285209 1.273677335 -0.974025974 5.212660732 31.88747139 30.15193195
60 —— =
—
oM
=
S
°
)
% —e— Reno
e —a— SACK
5
n
5
m
0 +— . ‘ . ‘
= ® ® ® ® ® 2> 9
= z z z z 4 z =z
a4 o8 o8 O OF OF 32 a8
e wg wg we wg uyg o u
a = = = = = @
) fa) o =) [
Queue type

7.6 nsmluanwasanveslTaunams drop 103auee TCP Reno tag TCP SACK
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fQIMNITHAVBINITAA packet #1994 DT-ECN #a TCP Reno uay TCP SACK 1iu'ly
Tufemafoifufie s threshold Hoeqi 25% oz liliian1sda packet faay udiom
threshold Lﬁmmﬂﬁuﬁ‘iuﬁ 50%, 75% LA 80% N13AA packet ﬁqﬁﬁgﬁuﬁumﬂﬂﬁ’wmuﬁﬁu
Taw threshold i 90% zIAAMIAA packet ﬁqﬁmmmﬂﬁqﬂiuﬂdu DT-ECN ii#} DT-ECN il
AN threshold AGeTINTAA packet fafiosnh Drop-Tail, RED fi1l ECN tag ' ECN o
wn nngdit 7.6 wazmsieit 7.6 SanudniniSinaimada packet fisves DT-ECN i 50%,
75% 10z 80% INAREIRNNYIRA TCP Reno 112 TCP SACK #aumammanmefiudiog
1.769285209%, 1.273677335% Wae -0.974025974% awdwy  uaasliidiudn/Suimnsda
packet 19993 DT-ECN "lnjﬁuﬂgjﬁ'mfﬁmm TCP

wenvnfdanuh RED 7l ECN fisz@nBnmgand RED #lifl ECN ifoumn
gﬂuumm traffic THAM throughput (TCP Reno: B, C, D, E, F ttag TCP SACK: A, B,C, D, F)
wazAndmngUuuuvey traffic 1WA packet dropping ifipsninanuuand1svesiimsians
94 RED i1} ECN 19mseaniio mark CE bit il RED 7ilifl ECN ‘lﬁ%’ﬂﬁfjmﬁaﬁ'ﬂﬁq e
A5 setup AFAAISULLREITY RED 717 ECN 92im3 1991 butfer 187152 @nTaminnnh
WaZgINDDNIN Drop-Tail HsANTAMGINT RED fifl EcN Tunnnsdl Tudu throughput

v
wag An11uAY packet dropping TWHUY D, E, F 494113 TCP Reno 11ag TCP SACK
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, ﬁwmsmﬁauﬁ’wgﬂxmu Application ﬁ“r’iﬁ'lﬂ‘}’iﬁ"lﬂ‘u‘lﬂ%u 11 1% connection UL TELNET,
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U5 Toanin



89
Y a
1ONANID NN

[1] Information Sciences Institute University of Southern California. “TRANSMISSION
CONTROL PROTOCOL.” Request for Comments (RFC) 793, 1981.

[2] Jacobson V. “Congestion Avoidance and Control.” Proceedings of SIGCOMM, 1988, pp.
314-329.

[3] Floyd S. “TCP and Explicit Congestion Notification.” ACM Computer Communication
Review, vol. 24, no. 5, 1994. pp. 10-23.

[4] Ramakrishnan K., Floyd S. and Black D. “The Addition of Explicit Congestion Notification
(ECN) to IP.” Request for Comments (RFC) 3168, 2001.

[5] Floyd S. and Jacobson V. “Random Early Detection Gateways for Congestion Avoidance.”
IEEE/ACM Transactions on Networking, 1993.

[6] Braden B., Clark D., Crowcroft J., Davie B., Deering S., Estrin D., Floyd S., Jacobson V.,
Minshall G., Partridge C., Peterson L., Ramakrishnan K., Shenker S., Wroclawski J.
and Zhang L. “Recommendations on Queue Management and Congestion Avoidance in
the Internet.” Request for Comments (RFC) 2309, 1998.

[7] Feng W., Kandlur D., Saha D. and Shin K. “A Self-Configuring RED Gateway.” INFOCOM,
1999.

[8] May M., Bolot I., Diot C. and Lyles B. “Reasons not to Deploy RED." tech. rep., INRIA,
France, 1999.

[9] Aweya J., Ouellette M., Montuno D. and Yao Z. “Enhancing network performance with TCP
rate control.” Global Telecommunications Conference, 2000. GLOBECOM '00. IEEE,
vol. 3, 2000. pp. 1712-1718.

[10] Cisco Systems. Weighted Random Early Detection on the Cisco 12000 Series Router.

[11] Cisco Systems. Cisco 7500 Series Router, Data Sheet. 2002.

[12] Piyatamrong B. and Anutchalakhom W. “Performance Evaluation on Drop-Tail and RED
Gateways.” Digital Signal Processing and Its Applications, Proceedings: 1, 2003. pp.
287-290.

[13] Mathis M., Mahdavi J., Floyd S. and Romanow A. “TCP Selective Acknowledgment
Options.” Request for Comments (RFC) 2018, 1996.

[14] Sun Microsystems, Inc. What’s New in the Solaris 8 Operating Environment. 2000.



90

[15] Stalling W. High-Speed Networks: TCP/IP and ATM Design Principles. New Jersey :
Prentice-Hall, Inc. 1998.

[16] Fall K. and Varadhan K. The ns Manual. The VINT Project by UC Berkeley, LBL, USC/ISI
and Xerox PARC. 2002.

[17] Chung J. and Claypool M. NS by Example. Worcester Polytechnic Institute. 2002.



MANHIN N

Source code Y3 Drop-Tail with ECN

.1 udly “drop-tail- WRT.cc”
A o 2 o o
L'ﬂ‘l‘l C++ code ‘*nQﬂwﬁuu1'11ummwaﬂmwmna"lmmu Drop-Tail with ECN N

Y
vuave Taedneiinuintiuiiiolds1asinaln DT-ECN Tuanininadeiung Network
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Simulator 2 $nihfindnlunsdansiu packet Tu 3 uuy Ao Aadia, idlu queue ag

Mm@y CE bit Aoutiudhlu queue
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// This file: drop-tail-WRT.cc

#include "flags.h"
#include "drop-tail-WRT.h"

static class DropTailWRTClass : public TclClass {
public:
DropTailWRTClass() : TclClass("Queue/DropTail WRT") {}
TelObject* create(int, const char*const*) £
return (new DropTailWRT);

}
} class drop tail WRT;

void DropTailWRT::reset()

{

Queue::reset();

int

DropTail WRT::command(int argc, const char*const* argv) {

if (arge==2) {
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if (stremp(argv([1], "printstats") == 0) {
print_summarystats();

return (TCL_OK);

}
if (arge == 3) {
if (!stremp(argv[1], "packetqueue-attach")) {
delete q_;
if (1(q_ = (PacketQueue*) TclObject::lookup(argv([2])))
return (TCL_ERROR);

else {
pq_=9.;
return (TCL_OK);
}
}
}
return Queue::command(arge, argv);
}
%

* drop-tail-WRT
%
void DropTailWRT::enque(Packet* p)
{
if (summarystats) {
Queue::updateStats(qib_?q_->byteLength():q_->length());
}
q_->enque(p);
int glimBytes = gqlim_ * mean_pktsize ;
if (!qib_ && q_->length() >= qlim_) ||
(gib_ && q_->byteLength() >= qlimBytes)) {

if (drop front ) { /* remove from head of queue */
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/==

// Mark CE bit when the queue length reach the threshold (0.00-1.00) of maximum capacity

I

Packet *pp = q_->deque();

drop(pp);
1 else {

q_->remove(p);

drop(p);

} else {

if (q_->length() >= (glim_ * WRT_thresh_)) {
hdr flags* hf = hdr_flags::access(p);
hf->¢ce() = 1;

Packet* DropTailWRT::deque()

{

if (summarystats && &Scheduler::instance() != NULL) {

Queue::updateStats(qib_?q_->byteLength():q_->length());

return q_->deque();

void DropTailWRT::print_summarystats()

{

//double now = Scheduler::instance().clock();
printf("True average queue: %5.3f", true_ave_);
if (qib_)

printf(" (in bytes)");
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printf(" time: %5.3f\n", total_time );
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.2 uy “drop-tail- WRT.h”
1§11 header file (h) M19152nUAY code AT C++ UBINA 1AL Drop-Tail with
4 o p g 4
ECN Fuiludunsmua lnssadraazysemadiuds 1dsuna lnuuy Drop-Tail with ECN #i

o = =Y o @ H
Tuave lasIneiwusnliul

// This file: drop-tail-WRT.h

#ifndef ns_drop_tail WRT h

#define ns_drop_tail WRT h

#include <string.h>
#include "queue.h"

#include "contig.h"

/¥

* A bounded, drop-tail-WRT queue

i

class DropTailWRT : public Queue {

public:
DropTailWRT() {

q_ = new PacketQueue;
pq_=9q;
bind_bool("drop_front ", &drop_front_);
bind_bool("summarystats_", &summarystats);
bind_bool("queue_in_bytes ", &qib_); // boolean: q in bytes?

bind("mean_pktsize ", &mean pktsize );

bind("WRT _thresh ", &WRT_thresh_);

I/ _RENAMED("drop-front_", "drop_front_");
}
~DropTailWRT() {

delete q_;
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protected:

#endif

void reset();

int command(int arge, const char*const* argv);

void enque(Packet*);

Packet* deque();

PacketQueue *q ; /* underlying FIFO queue */

int drop_front_; /* drop-from-front (rather than from tail) */

int summarystats;

void print_summarystats();

int qib_; /* bool: queue measured in bytes? */

int mean_pktsize ; /* configured mean packet size in bytes */

double WRT thresh_; /* Warut thresh 0.00 - 1.00 */
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n.3 uvlw «10.tc1”
5 1. £ 4 o !
{1 OTel script 7 14fa1unTovwiaosiuLNONATOY Drop-Tail with ECN 01 75%
ar é o . . “'
U traffic upu A aalumsiueziimsisenldnalnuuy Drop-Tail with ECN fignuaas’ll

a = d o ¥ ' o 3 .;’f
Tun.1 Tuinedinusaiivilldmsafrundeviodasstumnamua 96 Juunlumsnadou

B R R R R R R
# This file: 10.tcl

# Simulate "DropTaillWRT @ 75%"

# Scenario A

# TCP Source 1-10 start from 0.0 - 60.0

# TCP Source 11-25 start from 20.0 - 40.0

# Simulation time = x minutes x seconds

# 10.nam.gz = x MB

# 10.tr=x MB

# Usage: ns 10.tcl

set ns [new Simulator]

# Define different colors for data flows

$ns color 1 Blue

$ns color 2 Red

set nf [open 10.nam w]

$ns namtrace-all $nf

set tf [open 10.tr w]

$ns trace-all $tf

T R

### build topology with 52 nodes
# Source 1-10
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for {setil} {$i <=10} {incril} {
set n($1) [$ns node]

}

# Source 11-25
for {seti 11} {$i<=25} {incril} {
set n(8i) [$ns node]

}

# Destination 1-10

for {seti 101} {$i <=110} {incri 1} {
set n($i) [$ns node]

¥

# Destination 11-25

for {seti111} {$i <=125} {incri 1} {
set n($i) [$ns node]

}

# Router 1-2

for {seti201} {$i <=202} {incril} {
set n($1) [$ns node]

}

B R R R R R R R R

# Setup physical nodes
for {seti 1} {$i<=10} {incril} {
$ns at 0.0 "$n($1) label Source$i"

}

for {seti11} {$i <=25} {incri 1} {
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$ns at 0.0 "$n(8i) label Source$i”
}

for {seti 101} {$i <=110} {incri 1} {
$ns at 0.0 "$n(8i) label Destination[expr $i-100]"
}

for {seti 111} {$i<=125} {incril} {
$ns at 0.0 "$n(81i) label Destination[expr $i-100]"
}

for {seti201} {$i<=202} {incril} {
$ns at 0.0 "$n($i) label Router[expr $i-200]"
}

L g G e s g
# Setup Links

for {setil} {$i<=10} {incril} {
$ns duplex-link [set n($i)] $n(201) 45Mb 10ms DropTail
}

for {seti 11} {$i<=25} {incril1} {
$ns duplex-link [set n($i})] $n(201) 45Mb 10ms DropTail
}

for {seti 101} {$i <=110} {incri 1} {
$ns duplex-link $n(202) [set n($i)] 45Mb 10ms DropTail
}

for {seti 111} {$i <=125} {incri 1} {
$ns duplex-link $n(202) [set n(8i)] 45Mb 10ms DropTail
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# DropTail with ECN @ 75%
Queue/DropTailWRT set drop_front  false
Queue/DropTailWRT set WRT _thresh_ 0.75

$ns duplex-link $n(201) $n(202) 45Mb 10ms DropTailWRT

# Buffer size: 2*(45Mb/8)*(6*(10/1000)) = 0.675MB
# Buffer size: 0.675MB / 1500 = 450 packets
$ns queue-limit $n(201) $n(202) 450

$ns queue-limit $n(202) $n(201) 450

#Monitor the queue for link n201-n202 (for NAM)
$ns duplex-link-op $n(201) $n(202) queuePos 0.5

T R R TR

# Layout nodes

set step [expr 3.14/100]

set degree [expr 3.14/2]

$ns duplex-link-op $n(201) $n(202) orient right

for {seti 1} {$i<=10} {incril} {

set degree [expr $degree+$step]

$ns duplex-link-op [set n($i)] $n(201) orient $degree
}

for {seti 11} {$i<=25} {incril} {

set degree [expr $degree+$step]

$ns duplex-link-op [set n($1)] $n(201) orient $degree
}
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set degree [expr 3.14*3/4]

for {seti 101} {$i<=110} {incri 1} {

set degree [expr $degree-$step]

$ns duplex-link-op $n(202) [set n($1)] orient $degree
}

for {seti 111} {$i<=125} {incril} {

set degree [expr $degree-$step]

$ns duplex-link-op $n(202) [set n($1)] orient $degree
¥

B R R
# Setup type of nodes

for {seti 1} {$i<=10} {incril} {
set tep($1) [new Agent/TCP/Reno]
$tep($i) set window_ 65535
Step($i) set packetSize 1460
$tcp($i) set ssthresh_ 65535
$tcp($i) set ecn_ 1
$tep($i) set fid_ 1
$ns attach-agent $n($i) $tcp($1)
set sink($i) [new Agent/TCPSink]
$ns attach-agent $n([expr $i+100]) $sink($i)
$ns connect $tep($i) $sink($i)
set ftp($i) [new Application/FTP]

$ftp($i) attach-agent $tep($i)

for {seti 11} {$i<=25} {incril} {
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set tep($i) [new Agent/TCP/Reno]
$tep($i) set window 65535
$tep($i) set packetSize 1460
$tep($i) set ssthresh 65535
Step($i) setecn_ 1

$tep($i) set fid 2

$ns attach-agent $n($1) $tep(8i)
set sink($i) [new Agent/TCPSink]
$ns attach-agent $n([expr $i+100]) $sink($i)
$ns connect $tep($i) $sink($1)

set ftp($i) [new Application/FTP]
$ftp($1) attach-agent Step($i)

B R

# Begin the script

proc finish {} {

global ns nf tf
$ns flush-trace

close $nf

close tf

exec gzip -f 10.nam
exec nam 10.nam.gz &

exit 0

#itt set operations

for {seti 1} {$i<=10} {incril} {
$ns at 0.0 "$ftp($i) start”

}
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for {seti 11} {$i <=25} {incri 1} {
$ns at 20.0 "$ftp($i) start”
}

for {seti 11} {$i<=25} {incri 1} {
8ns at 40.0 "$p($i) stop"

}

for {setil} {$i<=10} {incri1} {
$ns at 60.0 "$ftp($i) stop"

}

$ns at 61.0 "finish"

$ns run
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n.4 vl “a01.ccl”

flu OTel sript ANM3EEA1Y Awk otszurana trace file 11800 Ns2  lu
fothaii1diitorszanananianaii 1don Drop-Tail with ECN @i 75% iienaaeuday taffic
wy A Tineinusaiuildmsahaniedeinestunimn 96 sunuulumsnaroy

] 3 =5 =) 3
AaluNAoIlNsUszulanana 96 ?{ﬂllﬂJU

T R
# This file: a01.tcl

# Passed bytes & Dropped bytes

# post-processing

# Execution time = x minutes x seconds

# Usage: tcl a01.tcl

set awkCode {
BEGIN {
router]l = 50
router2 =51
interval = 0.1
end_time = 60
time slot = end_time / interval
for(i=0;i<=time_slot;i++) {
P[i]=0.0
D[i] =0.0
}
byte_pass = 0.0
byte_drop = 0.0
}
{
time stamp = $2
time_stamp2 = time stamp / interval
t_index = int(time_stamp2)

if (time_stamp2 > t_index) {
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t index +=1

}

if($§1 =="-" && $3 ==routerl && $4 == router2) {
P[t_index] += $6

byte_pass += $6

}

i(51 —"d" && $3 — 1outer] && $4 — router2) {
D[t _index] += $6
byte_drop += $6

}

}
END {

t=0.0

for(i=0;i<=time_slot;i++) {
print t, P[i] >> "/tmp/P.x.tmp"
print t, D[i] >> "/tmp/D.x.tmp"
t += interval

}

print byte_pass >> "/tmp/O.info.txt"

print byte_drop >> "/tmp/O.info.txt"

print byte drop/byte pass >> "/tmp/O.info.txt"

set f1 [open /tmp/P.x w]
set f2 [open /tmp/D.x w]

set f3 [open /tmp/O.info.txt w]

puts $f1 "TitleText: Scenario A - Passed bytes"

puts $f1 "Device: Postscript"

puts $f2 "TitleText: Scenario A - Dropped bytes"
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puts $f2 "Device: Postscript"

exec rm -f tmp/P.x.tmp
exec rm -f /tmp/D.x.tmp
exec touch /tmp/P.x.tmp

exec touch /tmp/D.x.tmp

exec awk $awkCode /tmp/I.tr

puts $f1\"1
exec cat /tmp/P.x.tmp >@ $f1
puts $ﬂ nn

puts $f2\"1
exec cat /tmp/D.x.tmp >@ $f2

puts $£2 ""

close $fl1
close $12
close $f3

#exec xgraph -bb -tk -x Time -y Byte /tmp/D.x &
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Abstract
The Drop-Tail and RED are well-known queue types deploy on gateways nowadays. RED is a newer queue
type with the active queue management feature. They both manage to pass or drop the packet on different ways. A
question on this 2 types is what case we choose to deploy which one. This paper uses simulations to explore the
behaviors of Drop-Tail and RED gateways on various kind of traffic in term of throughput and packet dropping. We
include both Reno TCP and SACK TCP, the last two standard implementations for TCP, in our simulations. The
results show Drop-Tail performs better than RED on most case in our environments.

1. Introduction

In the world of Internet, TCP and IP are 2 key protocols. IP is used as a main protocol in network layer.
TCP positions in transport layer that on top of IP with features of flow control, reliability and connection-oriented
mechanism [2]. To improve the performance of TCP, the upper application layer protocols will receive the benefits
also. The window-based end-to-end mechanism that used to mamtain throughput in the network does not need
cooperation from a gateway that just passes a packet across the network interfaces. TCP itself probes the network
state to determine a size of congestion window [3] to utilize the network link bandwidth.

In [1, 4], Explicit Congestion Notification (ECN) has been proposed to appear on IP header and deploy
onto IP gateways or IP routers for sending congestion notification comes along with IP header to notify congestion
in the network. Firstly, ECN is used to enhance an active management queue, Random Early Detection (RED) [5.
6]. RED is still limited to deploy in the real world because of lack of information to setting 4 parameters (minimum
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threshold ming, maximum threshold maxy,, maximum drop probability max,, quene weight w,) to have optimal
performance [7, 8].

2. The Explicit Congestion Notification

To support the ECN mechanism, totally 4 more bits on both IP and TCP header are redefined. The 2 bits on
the IP header are ECN-Capable Transport (ECT) and Congestion Experienced (CE). The ECT provides a flag to
notify that both the end systems are ECN capabled and the CE is set by a gateway when congestion occurs. The
others 2 more bits on the TCP header are ECN Echo (ECE) and the Congestion Window Reduced (CWR) .The ECE
bit is a flag that is bounced back to notify that the congestion is occurred and the CWR signal is used to confirm that
the congestion window has been reduced. The order of the flows in the ECN mechanism is shown in Figure 1.

@CWR

TCP sender Gateway TCP receiver

Fig. 1. Ordering flows of ECN mechanism.

The Drop-Tail with ECN (DT-ECN) is expressed in the term of algorithm as the following.

ECN_threshold = MAX_queue_size *
(Queue_utilization / 100)
for each packet arrival
if quene_length < MAX queue_size
if queue_length+1 >=
ECN_threshold
mark CE bit on the arriving

packet
enqueue the packet
else
drop the arriving packet
Where:
ECN_threshold: level of queue that begins to mark CE bit.
MAX_queue_size: maximum queue size.
Queue_utilization: percentage of queue that begins to mark CE bit.
queuc_length: size of in used quene

3. The Simulation Processes

The simulation process is done by using a wide area network (WAN) topology that consists of a group of
sources on the lef that send data via 2 routers to a group of destinations on the right, as shown in Figure 2. The
environmental setting are:

- All network links have the same 45Mbps bandwidth (T3 standard).

- The propagation delay is sct to 10 msec.

- The TCP senders are implemented for both TCP styles, i.e. TCP-Reno and TCP Selective
Acknowledgment (SACK).

- All TCP connections called by FTP applications that always have data to send (bulk-data connection).

- The maximum segment size (MSS) of TCP is set 1460 bytes.

- The TCP receiver’s buffer size is set to the maximum 16-bit window size TCP protocol ficld.

The ssthresh variable of TCP is initialized to 65536 bytes

- All 2 routers buffer sizes are set to twice of the bandwidth-delay product (BDP) of the network (675
kbytes).

- The ECN thresholds are set to 25%, 50% and 75% of the buffer size respectively.

The Network Simulator version 2.1b9%a (NS-2) is an object-oriented, discrete event driven network that
used in this paper. With the above conditions, a newly queue object module, DT-ECN, is implemented in C++
language to incorporate with the NS-2 framework and OTcl scripts are written 1o setting up the topology, the object
values and the time that all the events occurred. After running the codes, the results are stored in the term of a trace
file that contains information of time, position of a packet, destination of a packet, type of packet and any useful
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information. The trace file is then passed the filtering and calculating processes using Awk scripts to generating the
final results.

on N

¢ oot
Fig. 2. Network topology for WAN in this simulation.

Various traffic patterns are used for the simulation. For instance:

- 'The total number of connections are varied from a very little to a very massive connections says 25 —
100 connections.

- The arrival and the departure of the number of connections is fluctuated from a little to a huge and
falling down from a huge to a little number of connections and the final casc is that all the connections enter at all
time.

As defined in 6 different scenarios as A, B, C, D, E and F.

- Scenario A is a case that there are 10 connections at all the time of the simulation (0.0 seconds — 60.0
seconds) but in the middle of the period of time (20.0 seconds - 40.0 scconds) we increase traffic by 15
connections for 20 seconds.

- Scenario B is a case that the connections enter the network increasingly starting from 10 connections,
25 connections, and double to 50 connections.

- Scenario C is a case that inverses the scenario B by all the 50 connections enter the network
aggressively at 0.0 seconds and decrease to 35 connections and 10 connections.

- Scenario D is a case that looks like scenario B with double of connection.

- Scenario E is a case that looks like scenario C with double of connection.

- The Last, Scenario F is a most aggressively case that all the 100 connections enter the network at all the
60.0 seconds period of time.

On the four RED parameters, the recommendation from Floyd in [5] as miny, = 1/4 of queue size, maxy, = 2
* ming, max, = 0.02, wy = 0.002 is employed.

4, Simulation Results
The measurement of the performance of the all 6 types of queue by summary of data that successful sent in
byte (Bytes sent) and summary of data that has been dropped in byte (Bytes dropped). The results in term of value

are shown in Table 1, 2, 3 and 4.
Table 1. Total Bytes sent on TCP Reno.

Drop-Tail DT-ECN@ | DT-ECN@ | DT-ECN@ | RED w ECN RED w/o
25% 50% 75% ECN
329588500 | 317098000 328577500 327248500 324961000 325607500
329532500 | 315795500 328050500 328442000 323399000 322890500
331103000 312348500 328025000 330624500 330620000 330560000
330272500 | 313489000 329890000 329813500 326879500 324503500
331523500 | 312826000 334180000 331286500 331148500 330953500
332239000 | 312853000 333370000 331669000 331747000 331477000
Table 2. Total Bytes dropped on TCP Reno.
Drop-Tail DT-ECN@ | DT-ECN@ | DT-ECN@ | RED w ECN RED w/o
25% 50% 75% ECN
1695000 0 342000 681000 1122000 1972500
2694000 0 342000 880500 2442000 3708000
2680500 0 342000 681000 2160000 3636000
5410500 0 409500 988500 6291040 7578040
5607000 0 342000 681000 7126500 8013000
9472500 0 342000 681000 12328500 13095000
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Table 3. Total Bytes sent on TCP SACK.

Drop-Tail DT-ECN@ | DT-ECN@ | DT-ECN@ | RED w ECN RED w/o
25% 50% 75% ECN
335884000 317098000 336022000 | 335054500 | 335314000 333788500
336149000 315795500 | 335399000 | 336561500 | 335573000 335276000
336572000 312348500 | 332624000 | 336834500 | 334751000 334389500
336428500 313489000 | 334150000 | 336919000 | 334721500 333767500
336572500 312826000 333824500 336790000 | 335284000 336010000
336985000 312853000 | 333311500 337174000 336437500 336433000
Table 4. Total Bytes dropped on TCP SACK.
Drop-Tail DT-ECN@ | DT-ECN@ | DT-ECN@ | RED w ECN RED w/o
25% 50% 5% ECN
1917000 0 342000 757500 1243500 2095500
3351000 0 342000 991500 2302500 4021500
2737500 0 342000 681000 2197500 3790500
3729880 0 447000 859500 8332540 9576040
5496000 0 342000 681000 9616500 10912500
9306000 0 342000 681000 17812500 19065000

5. Conclusions

This paper evaluated Drop-Tail and RED gateways with bulk-data connection on WAN topology. On TCP,
we used both Reno TCP and SACK TCP for covering most case of implemented TCP. We also added ECN onto
both queue types for complete comparison. Firstly, Drop-Tail without ECN always performs better than RED
without ECN in term of throughput and packet dropping. Secondly, Drop-Tail with ECN at 75% performs better
than RED with ECN from 10 of 12 cases in term of throughput (Reno: A, B, C, D, E and SACK: B, C, D, E, F) and
always performs better in term of packet dropping. The result is point out that Drop-Tail is still valuable to deploy at
least on this environments.
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