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Abstract

In this thesis, we present the performance study of TCP/IP over ABR and UBR
services in presence of VBR traffic in ATM networks. There is a number of performance
studies carried out in this research topic but so-far no any literature has shown the result
in a large number of ATM switches conditions. To that end, we set up two simulation
scenarios: a small number of ATM switches (2-switch model) and a large number of
ATM switches (25-switch model). We have shown that with a small number of travelling
nodes (2-switch model) TCP/IP with ABR services in presence of VBR traffic when buffer
size 500 cell for efficiently and system throughput of 25-switch model is around 10
percent lower than 2-switch model. But when increases buffer size 10,000 cell for
efficiently and system throughput of 25-switch model is around 50 percent lower than 2-
switch model. For other service classes such as ABR and UBR services and UBR
services in presence of VBR traffic, the results of these simulations perform similarly and
efficiently with comparison between 2-switch and 25-switch. We conclude that TCP/IP
over ABR services in presence of VBR traffic in ATM networks does not perform
efficiently on a large scale network conditions. With new proposed algorithm of UBR
service, the simutation results have shown that System throughput and fairness have a
significant improvement compared with ABR service even on a large number of ATM

switches and long propagation time delay in presence of VBR traffic conditions.
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a = Anmanansiuan

AAL = ATM Adaptation Layer

AAL1 = ATM Adaptation Layer Type 1
AAL2 = ATM Adaptation Layer Type 2
AAL3/M4 = ATM Adaptation Layer Type 3/4
AALS = ATM Adaptation Layer Type 5
ABR = Available Bit Rate

ACR = Allowed Cell Rate

ATM = Asynchronous Transfer Mode
B-ISDN = Broadband ISDN

BN = BECN Indicator

BRM = Backward RM-cell

BTE = Broadband Terminal Equipment
CAC = Connection Admission Control
CBR = Constant Bit Rate

CCR = Current Cell Rate

Ci = Congestion Indication

CLP = Cell Loss Priority

CLR = Cell Loss Ratio

CS = Convergence Sublayer

CWND = Congesfion Window

DER = Desired Explicit Rate

DES = Destination End-System

DIR = Direction

EFCI = Explicit Forward Congestion Indication
EPD = Early Packet Discard

ER = Explicit Rate
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AasiauazRuanual (Ra)

o

ERICA = Explicit Rate Indication for Congestion Avoidance
FECN = Forward Exp]icit Congestion Notification
FICC = Fair Intelligent Congestion Control

FIFO = First In First Out queue service discipline
FMMRA = Fast Max-Min Rate Allocation

FRM = Forward RM-cell

FRR = Fast Refransmit and Recovery

GCRA, = Generic Cell Rate Algorithm

GFC = Generic Flow Control

GR = Guaranteed Rate

HEC = Header Error Check

ICR = |nitial Cell Rate

P = Internet Protocal

ISDN = Integraied Services Digital Network

Ty = International Telecommunications Union
LAN = Local Area Network

MACR = Mean Allowed Cell Rate

MCR = Minimum Cell Rate

MSS = Maximum Segment Size

MTU = Maximum Transfer Unit

NI = No Increase (bit in RM-cell)

NNI = Network Network Interface

Nrm = Maximum number of cells between RM-cell generation
nri-VBR = non-real-time VBR

CAM = Operations, Administration and Maintenance
PCR = Peak Cell Rate

PDU = Protocol Data Unit
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PT

PTI
PVC
QoS
RCVWND
RDF
RED
RFC
RIF

RM
r-VBR
RTT
SACK .
SAR
SSTHRESH
Sw

TC

TCP
UBR
uDP
UNI
VBR
VC
VCC
VCI

as 1

Lo st L4
AALDULATAUANHN (AD)

= Physical Layer

= Physical Medium

= Payload Type

= Payload Type Indicator

= Permanent Virtual Connection
= Quality of Service

= Receiver Congestion Window
= Rate Decrease Factor

= Random Early Detection

= Request for Comment

= Rate Increase Factor

= Resource Management

= real-time VBR

= Round-trip Time

= Selective Acknowledgment

= Segmentation and Reassemble Sublayer
= Slow Start Threshold

= Switch

= Transmission Convergence

= Transmission Control Protocol
= Unspecified Bit Rate

= User Datagram Protocol

= User Network Interface

= Variable Bit Rate

= Virtual Connection

= Virtual Channel Connection

= Virtual Circuit {dentifier
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VPC = Virtual Path Connection

VPI = Virtual Path ldentifier

VSNVD = Virtual Source / Virtual Destination
WAN = Wide Area Network
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.21 The ATM Forum Traffic Management Specification Version 4.0 (ATM
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1.2.2 Performance of TCP Over ATM with Time-Varying Available bandwidth (KAI-
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1.2.3 TCP/P iraffic over ATM networks with ABR flow and Congestion Control
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1.2.7 Dynamics of TCP flow control over High Speed ATM Networks (Masatoshi, K.,
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1.2.8 Simulation and Measurement of TCP/IP over ATM Wide Area Networks
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Header Payload
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At £ AN
UNI GFC VPl Vel PT | ctp | HEC
{4-bit) (8-bit) {16-bit) (3-bit) | (1-bit) | (8-bit)
At VPI Vel PT CcLP HEC
NN {12-bit) {16-bit) (3-bit) | (1-bity | (8-bi)

GFC : Generic Flow Control
PT : Payload Type Indicator

CLP : Cell Loss Priorily

HEC : Header Error Check

NNUSENAL 2-1 UARAANTUE ATM Cell Format at the UNI and NNI
o
(Vv : Xiangrong, Cai. 1996}
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(a) UNI

VPI vl PTI | CLP | HEC

(b) NNI |
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(a) UNI (b} NNI

o
(w11 : Andrew, S Tanenbaum.1996)
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{9111 : Andrew, S Tanenbaum,1996)
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Convergence Cs
Segmentation and AAL
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Generic Flow Control
Header
Generation/Extraction ATM
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Cell Multiplex/Demultiplex

Cell Rate Decoupling
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Layer Management

generator/-Verification
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Transmission Frame

Adaptation

Physical Layer
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Generation

Bit Timing .y

Physical Medium
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(ﬁm : Xiangrong, Cai.1996)
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P T knee cliff
L1 L3
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conlral caniro

AnUrEney 3-2 LaMIANKLE Preventive Flow Control Wae Reactive Flow Control

o
(hidn: Sinchai Kamolphiwong.1998)
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RARY (14 L3)

Founneinagas Preventive UaY Reactive Flow Control RgPreventive vinenulu
dnwnizasaniln luanust Reactive flow Control nenludnmaizasastimiufifedn e
nsdrofdadrgannusiamanndvlilisuufazdsdayandulduendllilasdaeli
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Flow Control 10 1Hid3u1dnAu Preventive Flow Control az@snsannldszuninsatneineu
ettty @vEnmgatu
nsfazanannzauifsssliiunsaunuinsmau§amsdedeyases
fummaiunismusuuutioundudl ATM Forum Idimmidiihanaspuluniseauny
Tasadng ATM wdnnrszesmisaouRudnspuianisdsdayas fRefuniasaunudng
Adamededoyardnlfssuulatendudays (notification cell) fdan§unannsTIL B
annnlszney 3-2usaminmetutesdiadlunermateugninznsiudiresieya
deldlunsulAmalasAnzes congestion bit Lﬁﬂﬁmqmﬂugqnfiﬁmﬁﬁﬂnfh knee \IRd
FouslurnsfiRnanmarausufesfaysasgninimoming (Mark) 147 cell header
ﬁauﬁngnﬁdﬂﬁaﬂmamq ANNGNSENIN knee WAL oliff (103 L2) ﬂ:%ﬂﬂ%fﬁﬁﬁﬂﬁﬂ?’}
ardantsdedaya dnsamslitings Avwaiminsresdeyassndnediunnaiuyaiuds uas
Anaamissessasiioundidussuuiifiiiaaninsransastioundiusnnasiinanungag
gads L2 n¥andnsyuuitiidmisssessastioundusion ualaraanifldléis Forward
Explicit Congestion Notification (FECN} uarExplicit rate (ER) Feedback Notification
nmitlssnad 3-3 uanudnnisineuses FECN dlauaddayagndeeanainiung
Congestion bit lwsaddawiras ATM axdelignidn Wewadinsriiumentaind
ATM Fmnszuudelifiaanaymedudesdeyn congestion bit adlilgnusumlae
uazavgnindasialifadanene  uifnnidelsfamfnanioznmsdudasdaya et
a3n ATM dinladiauilaluszuuf congestion bit axgnidn amugadinanafidpgnda

L#

L ' " d —
desallffianamie Welaenelffugaddayait congestion bit gidn

u

e Feedback control loop [ ———
- Call with congestion
Congested ATM ' experienced marked
swilch P b ¥
ATM Switch ATM Swilch
/ *
RM cell

S: Source

D: Destination . . .
ﬂ“l'ﬂﬂ‘a‘.‘:ﬂﬂu 3-3 Ltﬂmwanma‘mmummizunmuaumsmﬁmmu FECN

i
(vin: Sinchai Kamolphiwong, 1998}
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ﬂmamwsmdqﬁﬂﬁqLﬁﬂﬂmq:m?ﬁ’uﬁ"wm%’«a:ﬂaéulmzuu dananiaiavea
iiRdRandn viad Resource Management Celt (RM) néuliluandieumns luansfisad
RM taunelidediun €3nd ATM ynsafiazdads RM vrad ldasumnalaenisineuu
dsnft iiedunidlifuiad RM fansnafianliudnnmanuialumsdadedeyans memad

3-2 uanagLinI e Tad RM

FN3IT 3-2 WegUULILIIBITRE RM

Field Byte(s) Bif(s) Name
Header 1-5 All ATM Cell Header
PTI=10forVC
VCl = 6 and PTl = 110 for VP
D 6 All 1.371 RM Protocol ID
BIR 7 8 Direction
Cl 7 7 Congestion Indicator
BN 7 8 BECN Indicator
Reserved 7 1-6 Reserved for Future use
Reserved 8-9 all Reserved for Future use
CCR 10-11 all Current Cell Rate
MCR 12-13 all Minimurm Cell Rate
ER 14-15 all Explicit Rate
Reserved 16-61 all Reserved for Fulure use
Reserved 52 3-8 1.371 Reserved
Error Detection 52 1-2 10-bit CRC
Code 53 afl 10-bit CRC

(ﬁm: Sinchai Kamolphiwong.1998)

o — - K
daumsienieed ER arftmdnnisinened FECN wiuniiazldianisdiunise

8
aapoudansdafayauuniiludadouiudnsnisdeadayatfaainidsiazldnisdedng
g oy 4 o o Y e o vy . -
avadafsaenisiernadaessuundulidaium  venaanilfainanlddmandnead
RM goywienFaiinanmiaann asanued RM faldasinldfssuminenuligndias wén

nasviruliAaiiie Current Cell rate (CCR) uazdmmauiafifiaanis (Desired Explicit
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Rate: DER) gniuunlfluaad RM iaviad RM gnalddeaing uazadndwudnsn DER
AfeendnAn Fair Sharelugdnd adndasunuen DER datidn Fair Share usidnAn DER S
NNAATFair Shareluadnd AIDERAzgnanasu winilA Fair Share iasumialdiy

wiag RM faziiuagnudaliiaviniuean DER
3.4 MIAILANANHUEUaMsHTn

sauvpudntnniniiannufudeetdaysrsninefuaclaaddiuuinazdedays
utae dsanufagannaelussasoandu fBand “Burst” afuiuntsueais s
inafuatTaaiannsadedeyalugnsaudaiianalaniaiiasiianudussesdaysd
Br o -3 ot -3 ﬂ] °
vaane  mnlAuliuininegndeseninludnsasiudanannsomamividaannnld
o oed -ﬁ‘ 2/ v o 3/ - e ‘3 o 173
dy andEnmwilieeansuitiymianndudssdayauuusasitla - 98nnsiignintuld
agdauninanstuszuniasetrauuy ATM TraBundinnsasuaudnuisasansiniin (Traffic
Shaping)
1 c:; [ -] 9 A } 74
nrAruANgUIsTInI i nifeaiunasiwuedRIeasresnirdedayauasnig
a té ] [ ] { { o L L%
danas Burst dldwiiauivinsinreaniiisdeulvs GwsimmuadadatnFunndeya
15 N .
dmiunsdalunsazafudlildtimednsenudalunsdedioys Wananaiiaulsign
é’ :’/ 13 ] o, -4 [ { ot as o
afanunedldlaaduacinsdratenamedfasiarunnasiufasiudnmannums

Tunisdedaya sauiFandy ndnnisdedoya
3.5 wann1sraImsALANBuLiaunay

Failfngnasnludiaafuudedn Reactive Flow Control WengnaFasangn1azns
unnsdioyn (Buffer Overflow) Wlasstnelidnganiazn® Geaaunaninlilannasdada
wndnuzaadiasne (Notification Information) ALHumeldmmuiileandnsnisdedia
yadagsruy  Welissuudanaradnganazlsniinon udadaifingnsnededoyaiul
uanlunandsznay 3-4 (a) wanamAnnIIIRINERIsTLUALUANWLLTIRUNAY (Feedback
Control) WLLFUNW-UaIEN (End-to-End) Amsenau 3-4 (b) UgmIssULAILANNNG
UaNNALUULAUN-NAMNN (Intermediate Feedback) Tnamdnnisudanistlannduiuy

fruN-naMnNasinsauguadldsanBenduuudumie-latenig
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3.6.1 @AaN2INN Explicit Rate Indication for Congestion Avoidance (ERICA")
RANNIININTLIDY ERICA" H35n15dnassuuisiavinas i misiaviindoun

wiaa liatsiilsdvann lnefiadnd azpsrsauiBunsmsninluusaznisFonse
Ingfiwanudnimes (2) Asauntsh 1 Ruaeseiuaududsasdasadne dwnanilgaas
I3 = ar a'z | 74 32 i cii'o‘ 1 e g . I g n'
waavdnngnnEnsAuALIaYiayaNan Wit uanedadinisldunddayilsidiug
1 '3 =y ] A 4 L
nasuAtinasunLAes, AMNYTIBINIILENTT ABR uarARANTed AN (o) T9AMINAIN

G

_ (1= )X Z + (& X ABR Input rate}

Z (1)

ABR Capacity

Tae ABR Capacity = Link Capacity - VBR Capacity
NENN1e7 2 wanuiimineANgees ABR HiiRANHAsINT99A97N910401S

= o 1 i at [ ‘J - a @ A
UINg ABR fuAMdrastivines (T,) hadad Amaasaanaunash 2

Target ABR Capacity = f(T) X Total ABR Capacity (2)
Ted
X
Max (QDLF, ———aQ—) dio >0
a—DXq+Q
A1y ) =
_bhXQ (it a=Q
b—DXq-t+Q

Q = Total ABR Capacity XT0
" gmrnsdanuuindianiiuiiudne g reenanqeanisBnisii ABR e
SrununadienreRitdieues Auonmnaunted 3
FairShare = ABR Capacity / Number of Active Sources (3)
Frunaasfinfidnmmedaiindndndnsnnsdeuuuminiioui edadansiinig
FnassuuanliunumastnlinaAddimmadn VCshare Safuanmngunns? 4
VCShare = CCR/Z (4)
Anfazdmnnen ER WadinduluUfumssilanuguntst 5

Max (FairShare, VCShare)
ER = 4 Min (ER Calculated, ABR Capacity) (5)

Min {ER in RM cell, ER Calculated)
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3.6.2 danasyny EPD

L 3 14

d! = & 9 Aﬂ' Lo & - & o & &

Waliadidruiniviviessessdad adndasiinisasrsavmnaranivves o

o i o r Q‘ A fﬁi [5=3 ﬂn; }
winigadidnindaGEuRs (Q 158 max,) e lmifaegnia lasfi Q_,
dludrzssumiviveiggn uas o, ludraunivilefManGunasudinmilsenay 3-5

WAAINTTNTIUI BT aNas Y EPD

1.) dndhuradfausn
fQ>Q, faad
else FLLTRA
2)) dnSluigad sy
ifQ>Q,,, fazad

else fUTRA

AUTENAL 3-5 LAAINISRNTUTEIDANE I EPD

3.6.3 Aanas#y RED
ar - R 2 @ 3 d’ o I3 ) N
fanasny RED asldnisaunnimaiadsaasivies (Average Queue Size:avg)
- g . & ' . - o ba
\andnideeandumassiaystaiiunisnmsgeumianuAudy  dannifiercadusad
z [~} A ar = 3 QI Ll A L3 e = & ar i
arRuRninaidnunds ATM @ind Gusiuinanudialisadidundearmadinddusnined
] ré ‘\’ -4 i 4=' & ! Cy - ] H
wiazigasiinasEuinnminafnreniinef ATM gind Tedeamndnaie
L4 rn' i ' Ly L ] t:l o i 1
gatiinesnAuenliargaiiiaainnissaniussudwdaaniinisdagadiudosiag iy
anomngaiiamuiudnfiinedasadag lullaaiuusedinagsnindqaiunfouggn
i P , \ o pg ¢
(max, uazaaBunlaaumegn (min,) wiasgssiduasgniasadfosacuniazih (P,)
A £ ol 1 ‘:; o’ & i =y T
Taeh P, duiladfuresrnadaseaividefiinnslasulawuudaduain 0 19An max,
a o 2 0r | < & ¢ of 1 b 3 30' ]
wazmsinszdninmliiudvatereniieiifiedr  wg  dwmndrilinunasiinig
wasussrasaadassniiredatdinanibildansonsaaseuncuduaiugeg
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o . ° o - o =} [¥) oy o 2 g
BBNAUNITRIUAMIURUIUERA TIHINNNSI ATM &SR Sausnuaatitale
f o
Tunismaafauanivinas

avg =0
count=-1 :latf count AeimadRddarives
layn quiadidanidivivesasdurnaiednseiviviad avg:
if avg > min,,
count = count +1
else count=0
if (idalddng
avg = (1 - Waavg +WaQ : Taefi Q Anazenivivesilagii
else (1Mivasi1q)
m = (time - g _time) / 1000

ﬁJ ] . 4:1 8 rql 1 q' a* [ ]
Tne time uwnanad uazg _time dhasaiiviveiGuegluantugatiaaivinasdng)

m
avg = (1-Wq) avg

L4 ar = i a' at . &
nwilsenal 3-6 (a) UAAINITNINIUTEISANETAN RED TasnisuiAtedasaniiinas

if min, < avg < max,
count = count +1
Auanaaniaziiluaee P
P, = max, (avg - min,} / (max,,- min,)
P, =P,/ (1 - count X P,) ; asandrazily (P, ) ﬁmaﬁ’gnﬁuﬂw’hmﬁﬂﬂmmf
count=0
else if max, < avg
count = 0
else count = -1

o e 3 .
watsiaiing g _time = time

mwilsenau 3-6 (b) GuAemIiasihlunisgasdeasdanssny RED
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as a ey o jar 1
3.7 aanasfiy EPD Nusudgalua

Fanedfnffulsdludasissneuian 3 Sanesiiufe 1. Sangita EPD finengan
fudanediiu RED 2. faneiin EPD diudlpludvnsudaniudaneifin RED 3. danesniy
EPD tinlpslmitunsmeniairesiiiefieinuandaadil

3.7.1 aanaifia EPD ineuseniudanasyid RED (EPD+RED)

MnEaNERINEPD sinansaniudaneiin RED Aitetunlpaussous\iatu

é’mﬂ?‘ﬁu%mﬂwﬂ'ﬁ%m?ﬁqL'mzﬁﬁm‘mﬁﬁL'ﬁ'ﬂmETQATMW“:m'ftﬁwi'l'amémﬂgﬂuﬁﬁwum
1§ §anedfin RED axldanGunlfensingn (min,) waranGuildnugen (max,) Taanis
AmnnALeABTeNIeS (avg) aMN@uNI3 avg = (1 - Wa) avg +WaQ Tae# W e
Weighting coefficient wazdn Q iluanuenasesiviveitlaqgiu adndrenfeaumaud
avg AN min, kazmax, e avg tieenda min, aximsiuiadidnin uas avg 1nndn
max, arhasadidnn Lmzr’fﬂmnmmgmgszwz‘w miny, W&¥max, L‘ﬁaéﬁﬁf’am%gnﬁq
aotaruiauiiiuges P, dwmﬁgnﬁamnﬂ"ﬂnﬂ?ﬁu RED fiazidirgnisvinenludaneiny
EPD wmﬁ?‘ig]ﬂﬁqﬁ@z'l,cv'w’?umﬁ‘mmqaamﬁﬂudﬁLﬂuvﬂﬂﬁ‘ﬁﬁm’tm Emnsndhusadmasudell
Ufhugadiusniiaghigniie wifwndugadiusniiazgniislaesandifu EPD 80l
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1) RIrAEaERaAENINES ATM d3ndausningfansandndiuaadAausn
if Q > max,, favrad
else { dlagadiinuniviefsianineat e nes avg:
avg = (1 - Wg)avg +WqQ ;Tmﬂﬁ Q AaTuaranivinasilaqiiu
if (min,, < avg < max,,)
{ count = count +1
AranNutaziiutas P,
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2 12.52 0.08
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5 12.52 0.08
6 12.52 0.08
s 12.52 0.08
8 12.52 0.08
9 12.52 0.08
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1 6.25 0.09
2 6.13 0.21
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4 B.11 0.23
5 6.17 0.17
6 6.12 0.22
7 6.11 0.23
8 6.11 0.23
9 6.24 0.1

10 6.13 0.21
11 6.27 0.07
12 6.12 0.22
13 6.11 0.23
14 6.24 0.1

15 6.11 0.23
16 6.24 0.1

17 6.11 0.23
18 6.11 0.23
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20 6.19 0.15
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6 11.49 1.11 12.40 0.2

7 12.01 0.59 12.40 0.2
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A 1 i F as = L L) i ar 1
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UNKIRT | 1 oughput Fflerauumn Throughput AN
lmmﬁﬂzﬂa (Mbps} Max Throughput {Mbps) Max Throughput
{Mbps) {Mbps)
1 6.01 0.33 6.21 (.13
Z2 6.08 0.26 6.21 0.13
3 6.01 0.33 6.21 0.13
4 6.02 0.32 6.21 0.13
5 6.01 0.33 6.21 0.13
6 6.01 0.33 6.21 0.13
7 6.02 0.32 6.21 0.13
8 6.01 0.33 6.21 0.13
g 6.01 0.33 6.21 0.13
10 6.08 0.26 6.21 0.13
11 6.01 0.33 6.21 0.13
12 6.02 0.32 6.21 0.13
13 6.01 0.33 6.21 0.13
14 6.01 0.33 6.21 0.13
15 6.01 0.33 6.21 0.13
16 6.01 0.33 6.21 013
17 6.01 0.33 6.21 0.13
i3 6.01 0.33 6.21 0.13
19 6.01 0.33 6.21 0.13
20 6.01 0.33 6.21 0.13
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3. UBR AEPDH+RED 10 10,000 124 80 1 124 80 1
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ﬁ} 3 A ] o’ = o = A ar ]
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3 1 3 I ] A o
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HHTERRT Throughput Frudlenannen Throughput ATt ANAn
me‘ﬁmgﬂ {Mbps) Max Throughput {Mbps) Max Throughput
(Mbps) {Mbps)

1 12.21 0.39 12.41 0.18

2 12.21 0.39 12.41 0.18

3 12.21 0.39 12.41 0.18

4 12.21 0.39 12.41 0.19

5 12.21 0.39 12.41 0.19

6 12.21 0.39 12.41 0.19

7 12.21 0.38 12.41 0.19

8 12.21 0.39 12.41 0.19

g 12.21 0.39 12.41 0.18

10 12.21 0.39 12.41 0.18
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{Mbps) {Mbps)
1 6.12 0.22 6.25 0.08
2 6.10 0.24 6.21 0.13
3 68.14 0.20 6.26 0.08
4 6.10 0.24_ 6.21 0.13
5 6.10 0.24 6.25 0.08
6 6.12 0.22 6.24 0.10
7 6.10 0.24 6.29 0.05
8 6.12 0.22 6.25 0.09
9 6.10 0.24 6.25 0.09
i0 6.10 0.24 6.24 0.10
11 6.12 0.22 6.25 0.09
i2 6.10 0.24 6.21 0.13
13 6.14 0.20 6.25 0.09
14 6.10 0.24 6.21 0.13
15 6.10 0.24 6.25 0.09
16 6.12 0.22 6.24 0.10
17 6.10 0.24 6.29 0.05
18 6.12 0.22 6.25 0.08
19 6.10 0.24 6.25 0.09
20 6.10 0.24 6.24 0.10
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5.3 HANTNARAL WLILAARIIEN15USNN1TUWLY ABR ¥nausaniu VBR

7
5.3.1 wasmefluuuusdiaeiitsenavdon mnasenies 500 st Aauouadng
3 or =y =5 ¥ 3 £ d 1 or )
Wiy 2 &dnd waz2s adnd nedluvasdayavidiu 10 mstmessie waclddanesns

ERICA" lunasaruanauALAsnesdaya

i o c; = <& ' &
ﬁ]%‘ﬂ\??’l 5-10 Nﬂﬂ’l‘a"ﬂﬂﬂﬂﬂttﬂﬁ"ﬂﬂ”ﬂﬁﬂl‘ﬁﬂ']S‘U?ﬂ’]‘J‘LL‘LIU ABR $191u1AL VBR Usenau

pasuwasteyavindy 10 nsiese warilaunaeaivines 500 wiad

2 s (finnmdiznny 4-6) 25 gimd (@annvdsenay 4-7)
Traffic v -« | ON|OFF{ Throughpui | System Throughput | System
AANDTHN Utilization Utilization
Saurce (ms}f{ms)| (Mbps) [Throughput .. .|Faimess| (Mbps) [Throughput .. .|Faimess
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VBR { ABR | (Mbps) VBR | ABR | (Mbps)
1. ABR+VBR} ERICA" | 2 8 20 56 76 49 0.5985 | 20 92 112 72 0.9983
2. ABR+VBR| ERICA" | 3 7 30 54 84 54 0.9654 | 30 53 83 54 0.9980
3. ABR+VBR| ERICA" | 5 5 50 42 92 59 0.9643 | 50 37 87 56 0.9927
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AT 5-11 WRaUREUANTELNTEMINUULANEBY 2 4909 UaL25 @90d WASIAAIAN
Throughput aasunasdayaudaznisdase Tnehuutdnasstlsznausenis
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nwilsenay 5-15 nvalseney 5-16
UAELRT Throughput AN Throughput Fileainanndn
me'ﬁm"ﬂ {Mbps) Max Throughput {Mbps) Max Throughput
(Mbps) {Mbps)

1 4.01 55 3.66 5.85

2 653 3.98 3.71 58

3 2.89 6.62 3.75 5.76

4 2.89 6.62 4,09 5.42

5 422 529 4,32 5.19

6 4,27 5.24 4.09 5.42

: 7 4.30 5.21 3.49 6.02

8 4,23 5.28 3.42 6.09

9 5.30 4.21 3.23 6.28

10 4.44 5.07 3.63 5.88
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Source {ms}|(ms)] (Mbps} [Throughput .. .|Faimess] (Mbps} Throughput .. . [Faimess
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VBR | ABR {Mbps) VBR | ABR | (Mbps)
1. ABR+VBR| ERICA' | 2 8 20 {107 127 82 0.9997 | 20 97 117 75 0.8996
2. ABR+VBR| ERICA' | 3 7 30 | 100 130 84 0.9930 | 30 55 85 55 0.9970
3. ABR+VBR| ERICA" | 5 5 50 79 129 83 0.9952 | 50 41 91 59 0.9950
=, 4
HANNTILATIEN

al [ A @ [¥ 1 1w
- FINMITWN H-12 lﬂﬂf«lﬁﬂ"lﬁ"i’lﬂﬂﬂlllLUUQ'}ﬁﬂﬂmﬂ‘llu’]ﬂ‘HﬂQUﬂLﬂﬂ?ﬁﬂ’]m’lﬂﬁ

5 a ] & & dl 4
10,000t7a8 eioummmma?‘%uq wilauiuden 5.3.1 Fawugn System Throughput LR

. 3 d o - "3’ s
Fairness HA1aaaqiiadniaugdmtuntu fannuscneoy 5-18 waes-19

Throughput (bps)

12.0M

10.0M

8.0M

6.0M

4.0M

2.0M

0.0

Throughput = 100 Mbps

Fairness

= 0.9990

10

15

TIME (s)

20

25

Amseney 5418 uaaeA Throughput wazFaimess HanuuataasiinisuFnnsiuy ABR

finudaniy VBR Tnailundsdayawiniy 10 nisiTesde, awmiv

iwafiviniy 10,000 ad, auudIndvindy 2 4909 uaznisLinig

W VBR HANH0MET89 ON tiaiy 3 Hadsund uatOFF wiaiu 7

HARIHUY

=




s T

89

r Throughput = 55 Mbps
Falrness = 0.9970

~
=z
T

@
=
T

tn
=
T

Y
=
T

w
=
T

Throughput (bps)

N
=
T

-
=
T

0 / L ! A i A 1 A I . I R
0 5 10 15 20 25

TIME (s)
Awdsznay 5-19 waneAn Throughput WazFairness LfiﬂLLUU’*ﬁ’m’mﬁﬂ’lﬁ‘u?‘n’l?tmu ABR
sty VBR Taudiunasdaysmiaiy 10 nsdiensie, AT
wafivindu 10,000 984, AuETIRTNTL 25 @9 uasnisisnng
WU VBR HANHULan ON iy 3 DaRIWW WavOFF wiaiu 7

=

HAaRUM

&
aguuansiimsizdinsaflunmlssnay fail

- AMyseney 5-18 @:LﬁudﬂﬁﬂﬁmznmﬂﬁLﬁmmntm@iﬁ'mﬂmmﬂzﬁoﬁﬁq
Throughput MadiRaafunazen Faimess Andannvlsznay 5-15 SufnaInnsfNTAA
vivhasidy 10,000 wiadinlinamadneliundannmezddlennaiiresnni
wlhsadgnivanasdminliezdududeats TCP ¥in Slow Start aaas uazialida
Throughput WazA1 Fairness unTu dounwilsznay 5419 Whiandaedildsnugdad
windu 25 @ind ailAn Throughput WasFaimess WaendanmuaIndvingy 2 gindinee
dannsifinguarestiine MalkAnannshasadieas dududouniielunasialy
Throughput WazFairness agu widladnmudnfifiduinidisgsmnatedasediody
nalilsz@vsnanlunisdedayaana wazmensi 513 whtudaumidisaseadaan

RNABI 2 RIRT WRZ25 GRS



g0

5T 5413 uhsufousilasussniaiuusiass 2 @nd was2s @iad urzudaAn

Throughpuwfaqmeﬂ’fﬂuumwiﬂzmﬂ%ﬂmiﬂ
ANSLINISULL ABR Waanusauiy VBR unadsdayatviaiy 10 madaude

parivunarenvives 10,000 aa

myalseney 5-18 myisznau 5-19
WY | oughput AuTEaANAN Throughput Afuaanngn
mefﬁwﬂ {Mbps) Max Throughput {Mbps) Max Throughput
(Mbps) {(Mbps)
1 10.38 - 0.94 6.11 5.21
2 9.79 1.53 5.32 6
3 10.18 1.14 5.51 5.81
4 9.98 1.34 5.60 5.72
5 10.47 0.85 - 5.53 5.79
6 10.29 1.03 522 6.1
7 9.40 192 5,18 6.14
8 9.71 1.61 5.16 6.16
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R13T 5-14 nannagaLnLLAaastnnriEnisuty ABR ineaudanil VBR dsznau
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1 3.19 2.47 2.86 2.80
2 3.37 2.29 2.54 3.12
3 2.71 2.95 2.33 3.33
4 1.61 4.05 2,67 2.99
5 3.07 2.59 2,22 3.44
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7 3.28 2.38 3.02 2.64
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AR 5-17 WistnfisuAndauussndnuuLdnass 2 63nd uas2s €301 uasuandan
I L] 1 t 4 Ld

Throughputasunasdeyaudaznisdense  Teaiuuusiaanlsynaudas
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wnag Throughput AuflsauuanA Throughput Al
lmﬁ‘ﬁmﬂﬂ {Mbps) Max Throughput {(Mbps}) Max Throughput
(Mbps) {Mbps)
1 3.66 1.10 2.16 2.60
2 3.25 1.51 1.76 3.00
3 2.76 2.00 1.31 3.45
4 2.92 1.84 1.68 3.08
5 3.28 1.48 1.73 3.03
6 3.23 1.53 1.76 3.00
7 3.48 1.28 1.81 2.95
8 2.82 1.04 1.86 2.90
9 3.26 1.50 1.99 277
10 3.16 1.60 1.84 2.92
11 3.48 1.28 1.88 2,88
12 3.45 1.31 1.80 2.96
i3 3.42 1.34 1.98 2.78
14 3.40 1.36 1.87 2.89
15 3.34 1.42 1.68 3.08
16 3.26 1.50 1.67 3.09
17 3.37 1.39 1.81 2.95
18 3.57 1.19 1.44 3.32
19 3.14 1.62 1.74 3.02
20 3.50 1.26 1.87 2.89
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2 #ind (sannmidszneu 4-8)

25 4 (annvidsznau 4-9)

Fraffic e an ON |OFF | Throughput | System Throughput | System
DANBINH Utilization Utilization
Source (ms}{{ms}{ (Mbps) |Throughput . .Faimess| (Mbps) [Throughput .. . |Falmess
fwafidud) (afidus)
VBR | UBR ] (Mbps) VBR | UBR | (Mbps)
1. UBR+VBR EPD 2 g 20 90 110 71 09369 1 20 88 108 70 0.9955
2. UBR+VBR EPD 3 7 30 69 99 64 0.9875 | 30 68 98 63 0.9852
3. UBR+VBR EPD 5 5 50 52 102 66 0.8714 | 50 50 100 64 0.9784
[ al 2 o o o3 (%
18.2 UK M8 anaI Ny EPDAL RED
2 a9md ([nnavitlsznol 4-8) 25 &hmd (@annnvirlssne 4-9)
Traffic e aa ON {OFF| Throughput | System Throughput |  System
LRNBTNY Ulilization Utilization
Source {(ms}|(ms}}  {Mbps) |Throughput .o .|Faimess| (Mbps} [Throughput .. . |Faimess
{Winfidud) (unfidudf
VBR [ UBR| {Mbps) VBR | UBR| (Mbps}
1. UBR+VBR| EPD+RED | 2 8 20 93 113 73 0.9957 | 20 90 110 71 0.9845
2. UBR+VBR] EPD+RED | 3 7 30 72 102 66 08812 | 30 70 100 64 0.9807
3. UBR+VBR] EPD+RED | 5 5 50 53 105 68 0.9876 | 50 53 103 66 0.9912
0 & ar Y= e
18.3 uuudaesnlfdanesin EPD tiunlpalnl
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Traffic e ON JOFF| Throughput I System Throughput | System
DANBTAN Utilization Utifization
Source {ms}{(ms)| (Mbps} [Throughput vo . |Faimsss| (Mbps}) |Trhroughput . . |Falmess
. (afidus) (ladidush
VBR | UBR | (Mbps) VBR | UBR | (Mbps)
1. UBR+VBR] AEPD+RED | 2 8 20 96 116 75 09080 | 20 95 115 74 (.9988
2. UBR+VBR| AEPD+RED | 3 7 30 74 104 67 0.9891 | 30 73 103 15 0.9885
3. UBR+VBR| AEPDHRED ] 5 5 50 55 103 66 0.9%05 | 50 53 103 66 0.9852
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Source {ms}{(ms}] (Mbps} |Throughput « . |Faimess| (Mbps)  |Throughput .. . |Faimess
{wlafidus) (Wofifudf}
VBR [UBR|[ (Mbps) VBR | UBR | (Mbps)
1. UBR+VYBR] AEPD+Avg | 2 8 20 a4 114 74 0.9952 | 20 93 113 73 0.9982
2. UBR+VBR| AEPD+Avg | 3 7 30 72 102 66 0.9%62 | 30 10 100 64 0.9246
3. UBR+VBR[ AEPD+AVg | 5 5 b 53 103 66 09845 1 50 52 102 g6 0.9825
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‘J ar 1 &t =y
Throughput AnfBaifauiusemudng 2 danasiiu

} 1 cl T o 4:1 o =y
AM319% 5-19 WisuFsuAniauusenduuudnaadiinageudasanes iy EED uax
ot ) A [ 13 t [ 1
dangifin EPD fifurlgelmiuazuansdn Throughput geaunasioyausiay
r:i ] ci d 7 - -3 ) ot
natgaNsa  TneluuRiaetsznausoanisudnisuuy UBR Memsanii

1 3 &/ A ] Lo
VBR, undsdiayniviniy 10 nasdenseusziininasaaivives 500 wad

nmilsenau 5-25 nwszney 5-26
wntial Thioughput il Throughput Afeatuanan
Lma'q"ﬁmgﬂ {Mbps) iax Throughput {Mbps) Max Throughput
{Mbps) (Mbps)

1 5.09 4.42 5.42 4,09

2 488 4.63 6.36 3.15

3 431 5.2 6.62 2.99

4 4.55 4.96 4,30 5.21

5 5.58 3.92 5.37 4.14

6 7.09 2.42 4.78 4.73

7 4,15 5,36 b.67 3.94

8 4.65 4.86 6.13 3.38

9 6.36 3.15 5.23 4.28

10 4.91 4.6 4,98 4,53
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5.4.2 virsiwmaflunuudnaadiitlsenaudion auiasestivinas 10000608, 411491
@ndvindy 2 49nd wares gdnd Tnafiunssdayaniniu 10 nisdawsie uaslddaneifiu
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msNh 5-20 HanTedaLLUIaIRldNNsEMsULY UBR Binemdandt VBR uazil
wnsedioya 10 nsdausie swmiides 10,000 wad uaslidanasiiu EPD

wasEPD RLlfudpelual

o A ar =y
20.1 uutdnash Mdanasny EPD

2 dimd (snnvidsenou 4-8) 25 a3 @nmmnlssnau 4-9)
Traffic v | ON|OFF| Throughput | System Throughput | System
AaNDTNN Utilization Utilization
Source {(ms}|(ms}| (Mbps} |Throughput . . |Faimess| (Mbps} IThroughput .« . |Faimess
(wafigush (Wofusudt)
VBR | UBR| (Mbps} VBR | UBR | {Mbps})
1. UBR+VBR EFD 2 8 20 | 119 138 90 09999 | 20 | 119 139 QD 0.9995
2. UBR+VBR EPD 3 7 30 | 109 139 a0 3.9999 | 30 | 108 138 89 0.9998
3. UBR+VBR EPD 5 5 50 92 142 92 0.9862 | 50 92 142 92 0.8954

20.2 wUUdaesTilddaneiin EPD fu RED

2 &igd {(aannavidsenau 4-8) 25 #9d (aannvitsznou 4-8)
Traffic . ~a | ONIOFF] Throughput | System Throughput | System
DANDINU Utilization Utitizalion
Source {ms}j(ms)} (Mbps) [Throughput Faimess| (Mbps} |Throughput .. . |Fairess
(nlafisush (Uefidun)
VBR [ UBR | ({Mbps) VBR | UBR| (Mbps)
1. UBR+VBR| EPD+RED } 2 8 20 | 119 139 80 0.8008 | 20 | 120 140 90 0.9999
2. UBR+VBR| EPD+RED | 3 7 30 110 140 a0 08396 | 30 | 110 140 a0 0.9995
3. UBR+VBR| EPD+RED | 5 5 50 93 143 93 0.9989 | 50 93 143 .83 0.9986
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2 gio (arnamalsznay 4-8) 25 damd (anamddsenay 4-9)
Traffic .  ~a [ON|OFF| Throughput | System Throughput | System
DANBFY Utilization Utilization
Source (ms}|(ms}| {Mbps} |Throughput .. . |Faimaess| (Mbps} [Throughput . . |Faimess
(wWofigusi} - lofidud)
VBR f UBR | {Mbps) VBR | UBR| (Mbps}
1. UBR+VBR| AEPD+RED | 2 8 20 § 118 139 a0 09098 | 20§ 119 139 90 0.9998
2. UBR+VBR| AEFD+RED | 3 7 30 § i1 141 91 0.9998 | 30 | 110 140 90 0.9998
3. UBR+VBR| AEPD+RED | & 5 50 94 144 93 0.9983 | 50 93 143 92 0.9997
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Traffic e ON |OFF] Throughput |  System Throughput | System
ARNGIMY Utilization Utilizatien
Source (mshi(ms)| (Mbps} [Throughput .. .|Faimess| (Mbps) IThroughput . . |Faimess
(Wafidus) (Wafidudd)
VBR | UBR | (Mbps) VBR | UBR | (Mbps}
1. UBR+VBR| AEPD+Avg | 2 | 8 20 1 115 135 87 09999 | 20 | 144 134 86 0.9998
2. UBR+VBR} AEPD+Avg | 3 | 7 | 30 | 110 140 a9 (.9999 | 30 | 108 138 a0 0.9928
3. UBR+VBR| AEPD+Avg | 5 5 50 90 140 a0 0.8985 | 50 90 140 90 0.9991
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Throughput = 92 Mbps
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astuanisdiasizdinsiannwilsznay o

- amilszney 527 azuiwindlefinmneseaiiefity 10,000 wadazinliA
Throughput wWazFairess And1n1sldrunativines 500 wad(ainnwseneys 5-25)

-~ daumvlsznay 528 Judansiitn EPD Fufuipalmiinlfidunswiustazidudl
A1 Throughput UaFairness Aadn doumsne® 521 usseAndesmaIndl Max

ar i ar 2 ar = 4 - b
Throughput WisRaufussndndanasnu EPD uavdanesny EPD Hufutlgelva

ﬁ; I 4:! t ° A o )
A191eRt 5-21 WFtudeauAnfeauussuinuuudiresinaaaudosdanasiiu EPD uas
faned¥iu EPD Afullpalmliazuansdn Throughput radundsdiayausias
é& 1 ﬂi g 1 = b4 1§ L4
nsianse laefuuudiaestlssnaudiaonisiinasuuy UBR vinenusoniy

VBR, unasdayaiviniu 10 nsdensewasiizunaaniives 10,000 tiad

mvisenay 5-27 myaliznay 5-28
WHIEIRY Throughput Anfnannaang Throughput | A9 asuuanAn
Lmdd‘l’fwa {Mbps) Max Throughput (Mbps) Max Throughput
{Mbps) (Mbps)
1 9.89 -0.38 9.07 0.44
2 9.32 0.19 9.50 0.01
3 9.00 0.51 8.93 0.58
4 9.98 -0.48 9.03 .48
5 7.15 2.36 9.29 0.22
6 747 2.34 3.08 0.43
7 9,24 0.27 9.32 0.19
8 9.92 —0_.41 9.98 7 -0.47
g 10.24 -0.73 9.69 -0.18
10 10.07 -0.56 .11 0.4

A 1 3 1 A 1 ]
R1nA19197 5-21 udANAT Throughput Tasinasdiayauiasnisidensie uaraAn Max
1 (] [ = = | Fa d[ 13 kd :J
Throughput HiAwinfiu 9.51 wniinfedund usznailifnwuduuusnassinaaaudion

o ) ¥ A i 4 L3 £ A - 1
fanginu £PD flanflsauaiuninndd daneinu EPD Avfudlgalmi



106

g
5.4.3 wisilimesluwindneasiiseneudon suaranivivas 500 wad, A
adndindy 2 adnd uar2s qind Inoflunaadaysiiaiy 20 msdense uazlddanadia

EPD wazEPD Nifutlseludd lunasmauanacududnasdeys

A Q ' =y © i L
AT 5-22 HANITNAReLLLLANaesR InIstINIuLIL UBR vneusquiy VBR uasdl
' &4 ] - - [ =
unasdaya 20 nadensia Maiires 500 trad uarlddanesiinu EPDUaY

EPD Hitlfuslgalmad

- A [ 2 =y
22.1 unudnaasn I 4danasiu EPD

2 69 @annwdszneu 4-8) 25 #nd (sannwidsznou 4-9)
Traffic v ua ON [OFF| Throughput | System Throughput | System
DANDFHY Utilization Utilization
Source (ms}{(ms}| (Mbps) |Throughput .. . |Faimess] (Mbps) Hhroughput .. . |Faimess
(adigud) (Wafigus)
VBR | UBR | (Mbps) VBR | UBR | (Mbps}
1 UBR+VBR EPD 2 8 20 21 111 72 0.9951 | 20 89 109 70 0.9957
2. UBR+VBR EPD 3 7 30 76 106 68 0.9764 | 30 76 106 68 0.9783
3. UBR+VBR EPD 5 5 50 44 94 61 0.9560 | 50 38 88 57 0.9328
o A 3 4 Y] [
22.2 Wwuanaash iiaanasvin EPD iU RED
2 gind (snnanwusznay 4-8) 25 #imd (sannvidsznow 4-9)
Traffic v  ~a | ON|OFF| Throughput | System Throughput | System
AANDTNU Utilization UHilization
Source (ms}|{ms)| (Mbps)  |Throughput . . |Falmess| (Mbps) [Throughput .. . |Faimess
(wWofigu) (1afifus)
VBR | UBR{ (Mbps) VBR [ UBR | (Mbps}
1. UBR+VBR| EPD+RED | 2 8 20 91 111 72 0.9968 | 20 88 108 70 0.9951
2. UBR+VBR| EPD+RED | 3 7 30 72 102 66 0.9847 | 30 72 102 66 0.9842
3. UBR+VBR| EPD+RED | 5 5 50 47 97 62 (.9678 | 50 47 97 62 0.9316
o .J 17 =5 o
22.3 wuudnasshlddaneihu EPD diinlgalm
2 #nd (Fnmnidsznou 4-8) 25 #ird (nmwrsznow 4-9)
Traffic v aa | ON|OFF| Throughput | Systemn Throughpul | System
DANBINH Utilization Liilization
Source (ms}|(ms){ (Mbps} |Throughput . . [Faimess| (Mbps) [Throughput oo . |Faimess
(e ft2usl) {wafifusd)
VBR | UBR| (Mbps) VBR | UBR | ({Mbps}
1. UBR+VBR| AEPD+RED | 2 8 20 91 111 72 0.9366 | 20 90 110 71 0.9967
2. UBR+VBR| AEPD+RED | 3 7 30 80 110 71 09718 | 30 79 109 T0 0.9853
3. UBR+VBR| AEPD+RED | & 5 50 55 105 68 0.9720 { 50 56 105 68 0.9559
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hd a! ar ~ } o ] v- L ﬂ; ar &
22.4 wudnsasn iddaneifin EPD fiUfulgeludiunswiAnadovesivives

07

2 #9mS (swnnalsznmi 4-8) 26 #3nd (Ennwtlsznau 4-9)
Traffic v  am ON |OFF | Tiroughput |  System Threughput | System
DRNHTIH Utilization Utilization
Source (ms}|ms}]  (Mbps)  |Throughput . .|Faimess| (Mbps) |Throughput .. . |Faimess
(lafidush (ndidus)
VBR | UBR} (Mbps} VBR [ UBR| {Mbps)
1. UBR+VBR| AEPD+Avg | 2 8 20 g0 110 71 08352 | 20 0 110 71 0.9985
2. UBR+VBR] AEPD+Avg | 3 7 30 78 108 70 0.9651 | 30 75 105 68 0.9852
3. UBR+VBR| AEPD+Avg [ 5 | 5 50 48 98 63 0.9570 { 50 48 98 63 0.9446
o L4
HANTFILATIEN

= ° = ~ o
- anes N 5-22 iflunantmasatiuusnassdialdnnsuinisuuy UBR e

] o’ -« = L a4’ = é - 3 ar L
sonfuvBR Tanlidanadfin EPD wisuifauiudaneiin EPD Mlfulgalminns uasliv

o=l 1 e ' d' 1 e ] Ao 5 )
iHasieuIaLYinAY 500 (H8d  TAWUIARNDFRNANININAGDLUNINHNANAN System

Throughput aARULAIMUNTAEIRTUINTY €A System Throughput UasFairmess 989

o = A ar ) ) ar L ar
fana3na EPD ALFulgelmlazannndrdanaifin EPD dananalsenay 5-29 uay5-30

& = nl o s 41' o ¥ al
- Sanasny EPD (m19190 22.1) ,gane3fis EPD Mlfulgalmsi (manei 22.3) uae

ar N o ras | ] 4 s i ' .
fanasnn EPD filfulpaluddiumandnafereniviied (ms1eh 22.4) fida Faimess

s i o = aé’ | 3 o ey ] . i
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AausaEd aduntie anuiiadan ON i 5 §a83uAe Fairmess HAynTu

5M |-

am |-

2™

Throughput (bps)

iM

Falrness

Throughput = 38 Mbps

= 0.9328

TIME (s)

' . 'y ) o ' ar o T
- 49uA" Fairness mmaanmﬁu EPD 594N RED (MNT MY 22.2) fARILLD

AMwilsenay 5-29 WaAAT Throughput WaZFaimess Wauuuaraeslinnst?nasuuy UBR

L4 ’ ] ar ol S é 1 L]
wanganiy VBR Taelddaneifin EPDTwsznavudanuvasdayaivn
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&M -

Throughput = 55 Mbps
Fairness = 0.9559
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Throughput (bps)

3

1M

: A 1 . 1 . i A 1
0 5 10 15 20 25

TIME (s)

mvidsenay 5-30 WAAIAY Throughput WatFaimess Lﬁmmuﬁﬂﬂmﬁmsu?‘mmuu UBR
sy VBR Taelddanesfiu EPDAUSIle i Fatlszneudas
ungedayawinfu 20 mndense, tumiMrefiiafy 500 ad,
[quanEndiviniy 25 43nd uaznisumsuuy VBR HAnwouzaas ON

i 5 Had9un¥ URLOFF windu 5 Aaddunh

2

astluan1sipssinsaviannnavilszney Al

- awilsznay 529 suwinfimednassuuuiiaiidiuunasdeyausiaznisitas
1 1=t o 2s 1 . a 0'
e lufamn LAY Faimess A5

- nwilsznau 5-30 A1 Throughput WaFaimess RAagendinnsenay 5-29 Falu
dauraanmlszney 5-30 THIFugedanedfin EPD Wilinednassuunuiavilingy daum

A ) A 1 & 1 8 =y
$797 5-23 wanALTiBALNAINAY Max Throughput Wiguifeuiuseuinanislddanasna
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i | 'g ] o =Y g = 1
R399 5-23 uReuFeuadienuusswiuuLRIaes 2 49nd waz25 8989 LasllandAn
I 1 ] C} a
Throughput’n@umm%’m‘gaLLmﬂ:msL%um@ TrefiLLsnaeslssnaudas
=y 4 ] - 3 1 o A ]
N17LFN1SUUL UBR wenugauiy VBR, unasdiayaminnu 20 ansimasusle

uaziiaunarasivwas 500 1ad

nalszney 5-29 avalsenau 5-30
WY | 1hroughput AnltaanAn Throughput Andierinanng
Lmﬁd'ﬁ'ﬂqﬁ {Mbps}) Max Throughput {Mbps}) Max Throughput
{Mbps) {Mbps)

i 1.59 3.17 3.40 1.36
2 2.52 2.24 ' 2.74 2.02
3 1.78 2.98 3.34 1.42
4 2.06 2.7 2.03 273
5 2.40 2.36 2.34 2.42
6 1.46 3.3 3.02 1.74
7 1.51 3.25 2.62 2.14
8 213 2.63 2,59 2147
g9 2,64 212 1.84 2.92
10 1,61 3.15 3.63 1.13
11 1.62 3.24 2,07 2.69
12 2.42 2.34 2.87 1.89
13 1.51 3.2 1.91 2.85
14 1.30 3.46 2.25 2.51
15 2.96 1.8 2.38 2.38
16 1.70 3.06 3.06 1.7
i7 1.72 3.04 3.36 1.4
i8 1.93 2.83 2.64 212
19 2.31 2.45 2.38 2.38
20 1.80 1.59 3.96 0.8

J ] ] i A ) 1
RINANTNR 5-23 uEAIAN Throughput Fasunastayaustaznismanse uaza1 Max
] 13 [ ] 1 =y H L L. 4 af
Throughput AWy 4.76 mneinseadundi LAk IEnUIuLLR A e Rnaga LA San

=Y J é A ] ar = i & r
#37u EPD Handissinaadeannndy dangina EPD Mulfinlgalml
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b7
5.4.4 wamdwmeflutuusisastlsenaudes  suisaasiWives 10,000 a4,

Aunusndiingy 2 43nd waz2s 63nd Tnadunasdoyawindu 20 madause uaslidan

85711 EPD uazEPD fifudlgalund lunrsaavauasmdudarasdoya

nj L4 ! =y o 1 s .
ANTNA 524 HANITMARBLULILAMEIRIENSIENMTULL UBR Beusaniy VBR uazil
' . ] ar s o o=
unasdaya 20 nsidensie sumivied 10,000 wad uaclddanadiu EPD

WazEPD Wilfuslgalul

24.1 WuuRaean e anesiy EPD

2 gand (snamidsenou 4-8)

25 #imd (Annvidsznnu 4-9)

Traffic v oma ON |OFF§ Throughput | System Throughput | System
BRNDINN Utilization Utilization
Source {ms)[{ms}{ (Mbps) [Throughput .o . |Fainess| (Mbps) [Throughpul . . |Faimess
mlafiiud) {(wWafiduwd)
VBR | UBR| {Mbps} VBR | UBR | (Mbps}
1. UBR+VBR EPD 2|8 20 [ 116 136 88 08980 | 20 | 116 136 88 0.9995
2. UBR+VBR EPD 317 30 | 105 135 87 09996 | 30 [ 102 132 85 0.9878
3. UBR+VBR EPD 55 50 80 130 84 0.9981 | 50 79 129 83 0.9908

24.2 Wnnaefi¥aane3fiu EPD AU RED

2 a9md (snnmilsenou 4-8)

25 wimd (finnntdrznou 4-9)

Traffic e aa ON jOFF| Throughput |  System Throughput | System
DANBINY Utilization iilization
Source (ms)(ms}| (Mbps) |Throughput .. .|Faimess] (Mbps} [Throughput .. . |Faimess
{ulnfigush (wafiius
VBR [ UBR| {Mbps} VBR | UBR| (Mbps)
1. UBR+VBR] EPD+RED | 2 | 8 | 20 | 118 138 89 09997 t 20 | 118 138 89 0.9998
2.UBR+VBR; EPD+RED | 3 | 7 | 30 | 104 134 86 09977 | 30 { 104 134 a6 0.9988
3.UBR+VBR| EPD+RED | 6 { & 50 80 130 84 0.9968 | 50 80 130 84 0.9966

hd IJ L = & )
24.3 wwudnaashlddanasia EPD 1inlgaim

2 gams (Rannvdsznou 4-8)

25 &g (anndenal 4-9)

Traffic v ma ON |OFF| Throughput | System Throughput | System
AANDINN Utilization Utilization
Seurce (ms)i(ms)|  Mbps)  [Throughput .. .|Faimess| {(Mbps} [Throughput .. . |Faimess
(wlafifusi tUafidud
VBR [ UBR | (Mbps) VBR | UBR | (Mbps)
1. UBR+VBR| AEPD+RED| 2 | 8 | 20 | 118 138 89 09996 | 20 | 118 138 8% 0.9998
2. UBR+VBR| AEPD+RED | 3 | 7 | 30 | 108 136 88 09880 | 30 [ 106 136 88 0.0984
3. UBR+VBR] AEPD+RED | 5 | 5 | 50 | B8O 130 84 0.9985 | 60 | 79 129 83 0.9862
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° ! @ =3 A o 18 i i ar
24.4 wuinsanseshiidaneiiin £EPD MfinlgaluifunismAafaseaies

2 @And @annmalsznow 4-8) 25 amd (annvidrsnay 4-9)
Traffic e ma ON |OFF| Throughput System Throughput {  Systern
DANDINY Utilization Ulilization
Source {ms)|{ms}]  (Mbps)  |Throughput v« . |Faimess| (Mbps) |Throughput .. .|Faimess
(Wafidusd (Wafdud
VBR | UBR {Mbps) VBRIUBR | (Mbps)
i. UBR+VBR] AEPD+Avg | 2 8 20 | 119 139 g0 09997 | 20 | 11¢ 139 a0 0.5999
2, UBR+VBR] AEPD+Avg | 3 7 30 | 104 134 86 09971 ] 30 | 103 133 86 0.9996
3. UBR+VBR| AEPD+AvVg | 5 5 50 79 129 83 0.9956 | 50 79 129 83 .9953
=, <«
HRNITILATIZN

- annmreedl 524 WunanimaseuiLsaeuiialdns sy UBR %1911
fuuveR Taelddanedfin EPD winwileufudanadita EPD flfunlsilminnda uaziiv
waflauawindy 10,000 ad Tedaneifuiinsmasauiommas Bauidieydn System
Throughput U A1 Fairness 52414979 26904 U 25 8309 waswudn System Throughput i
A1 INAALaTY doud System Throughput UssFaimess 1a48RNEINYN EPD ﬂﬂé’uﬂq\ﬂmi
aefnddanasnu EPD Aaninilsznay 5-31 uae5-32

- daneInu EPD (mfmﬁ 24.1), danasny EPD ﬁﬂs‘*’uﬁqﬂm& (mfmqﬁ 24.3) URs
$anainu EPD ﬁﬂ%’uﬂy’lmﬁumw%iwmﬁﬂmmﬁmﬂﬁ (ms‘wﬁ 24.4) A1 Fairmess N4N
Fusles e g anduilen oN du 5 HadduA1 Fairness Hazanad

- d9UAN Faimess 1A988NSIAN EPD 19u8auiy RED (M1919 24.2) aRait
SrunuzseEdndinnin snduilar ON iy 5 fafduniian Faimess flAnannay

Throughput = 79 Mbps
L Fairness = 0.9908

SM

am |-

AL - #’é.w "—-:_ e ~'="_“‘=‘

26

Throughput (bps)
w
K4
T

o ' ; ’ 1.0 - 1]5 ’ 2‘0 * 2[5
. TIME (s)
mwﬂa‘::n'au 5-31 LarIA" Throughput wazFairness LN’E]LLUU’Q'IQ‘E}\?Nﬂ'l?Ui‘ﬂ’]?LL'LI‘LI UBR

nuauiu VBR Tnalddanaifin EPD mﬂ'sznﬂuﬁqmmﬁﬁmﬂﬂ 20
nstTansia, aunatiives Wadu 10,000 wad Anuging wihiu 25

a0 uas VBRIANHILI8Y ON-OFF i1 5 Haaaund
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Throughput = 79 Mbps
Fairness  =0,9962

S5M
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M |-

Throughput (bps)
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) ) L 1 : 1 A 1
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TIME (s)

-

Awilszney 5-32 uwaasAn Throughput wasFaimess Wewuudnaesfinsinisuuy UBR
finandauiu VBR Tnelddanedtin EPDRUFULN M Gailsenoufon
wssdayaminty 20 nsdese, MuaTiveiviafil 10,000 wed,
Auougindiiaiy 25 a3ed uaznisunisuun VBR HAnwnireas ON

Wiy 5 HaRuNR WarOFF Wiy 5 Nafowii

a3unansliamsinsanavilssnet o]

- awtsznay 5-3131A1 Throughput wasFaimess Andansidmnariivas 500
Iad (ANAwLsznay 5-29) é’nﬂmmﬂq1ﬁunﬂﬂ@zﬁn'xsunfiﬁuqmqagjmﬂﬂmm daifin
41N VBR Ailldnmrizmsdedanauuy ON-OFF uazdasnaafl ON wihiu 5 fafduniiaei
Wiein Faimess fiAdnilediauiu ON winiu 2 Haddunfl

- nawdsenay 5-32 nsvludneAn Throughput WasFaimess Taanisldaanasiu
EPD ﬁﬂ%"uﬂ@q‘lmj wldidn Throughput WasFairmess Anddansany EPD dm9T 5-

i ‘4 1 ot 1] a’ =y
25 ugasAfiEiuuaINAY Max Throughput wisuifsuiussudnamslddansihn EPD

ar Gl ﬂl - ]
wasdaneivy EPD lfinlgell



113

A15140 5-25 WnuRsuANlsUUNsEHITMULANAe9 2 @IRT URZ25 @981 UATUEAIAN
1 3 [ -ﬁ’ ] ci o b7

Throughputtaunasdayauraznisdansia  Insnuuudiasstlsznaudon

AMAUTNITULL UBR fineusauriu VBR, unasdeyawindu 20 nisidese

uazdaunnaaaiviwas 10,000 a8

mwilszney 5-29 nmvadsznay 5-30
WHIERAT Throughput Aufieaanndn Throughput AnlBananA
me%wﬂ {Mbps) Max Throughput (Mbps) Max Throughput
(Mbps) {Mbps)
1 3.69 1.07 3.95 0.81
2 4,58 0.18 4.28 0.48
3 4.45 0.31 4.20 0.56
4 3.87 0.89 3.75 1.01
5 3.62 1.14 3.70 1.06
6 413 0.63 3.88 0.88
7 4.57 0.18 4.20 0.66
8 3.44 1.32 4.05 0.71
9 4.15 0.61 4.55 0.21
10 4.12 0.64 3.68 1.08
11 343 1.33 3.6 0.8
12 3.58 1.18 3.54 1.22
13 4,55 0.21 4.21 0.55
14 3.71 1.06 3.72 1.04
16 3.63 1.13 3.89 0.87
16 4,12 064 4.05 0.71
17 3.95 0.81 3.87 0.89
18 3.98 0.78 4.03 0.73
19 3.50 1.26 3.63 1.13
20 4.40 0.36 3.89 0.87

A ) U 1 ] 3 i
RINAIIT 5-25 udaeAn Throughput aasunasdoyausaznis@onsie uavAl Max
i i a4’ ] [ A I hd i o
Throughput HAvwiaiu 4.76 wnrlafedund ussaahldnuduuudisesinaseusiaadan

) U d ! ) o =y t:l[ L 1
g3 EPD Handieunuadusnnndt danesnin EPD Mliulgalm
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5.5 sigil

Tuumitlduamnauasinmaiianmamager i saasionn  Huuuiiged
¥nasiEnnsiuy ABR (WEatiRLALNIsUENNTULL UBR auiiudinisudnnsuuy UBR §
panFesnastivilafnndnstiANswIL ABR euuudiasadidninBnisuny ABR
Frndauiunsmany VBR dedfifnwarnisdefeyaidlu ON-OFF Tuauilaziinley
Thioughput UazFaimess TdTAwaiuadnuow ON-OFF Snnsuldensnlas sidew
FraeeildnasiEnnsuun UBR fansanfunisBnsuuy VBR hauuudiaesiasiinisiy
Usesanasin EPD wazaunsainlida Throughput wasFaimess ﬁﬁhiﬁq'%mﬂm‘iu UaTaIN
msqq%’wdqqﬁqztﬂunﬁsﬂ;ﬂmammmﬂ@mmuémmﬁ’mum delduninnmedl 526 aglén
Throughput FaunT NN IARBULLILANARY AaNT 5-27 agUAn Utilization ¥
wpRFNNAINMTMAYALILILAIREY uaEmIT 5-28 &sUlAn Faimess favuafldinann

nsnagauutndngey dauluumsaliiflunisaninsuasdaimuaiusainnnside



1 2 1
s WA 5-26 agUA1 Throughput Fauuai ifinatnnisnaseLuLLdaed

. . E1Tgh 2 a3md 25 &
Test Function AnE Rl 1inaf | , !

18IMILINT | unsaieya (10 { asr | epp | =po+rED | AEPD+RED | AEPD+Avg | ABR | EPD | EPD+RED | AEPD+RED | AEPD+AVg

10 500 125 120 124 124 ] 124 125 118 123 124 123

{ ‘hiver 10 10000 { 125 | 122 124 124 126 125 | 120 124 124 125

|  on-OFF 20 500 125 ‘ 120 124 124 124 123 118 124 124 124

20 10,000 | 125 } 122 124 125 126 123 120 124 124 125

2ms 10 500 76 110 113 116 114 112 108 110 115 113

ams | 10 500 84 99 102 104 102 83 98 100 103 100

5ms 10 500 92 | 102 105 103 103 87 100 103 108 102

‘Throughput 2ms 10 10000 | 127 | 139 139 139 | 135 117 139 140 139 134

| (Mbps) | 3ms 10 10,000 § 130 | 139 140 141 140 85 138 140} 140 139

VBR | 5ms 10 10000 | 129 § 142 143 144 | 140 9 142 143 | 43 140

ON-OFFi 2ms | 20 500 74 111 111 111 110 95 109 108 110 110

| 3ms 20 500 89 106 102 110 108 80 106 02 | 109 105

sms | 20 500 97 94 97 15 | 98 87 88 97 105 98

2ms | 20 10,000 § 117 136 138 138 | 139 108 136 138 | 138 139

ams | 20 10,000 | 113 135 134 136 134 84 132 134 136 133

5 s 20 1000c | 116 | 130 130 130 129 86 129 130 128 128

SLl



[} ¥ i
A9 WA 5-27 agUAn Utilization Hemuadi lnannnanaReLLLILIAaed

. ] ki1 Vgl 2aind 25 &imed
ANWIE RTUIU
Test Function _ ‘ . 1 tvldaf | ; ; | ‘
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| |

10 50 { 8 7 | eo g0 | 8 | 81 76 79 80 78

Tl vBR 10 10,000 : 81 79 80 80 ' 81 81 77 80 80 § a1

ON-OFF 20 500 81 7 | s 80 80 79 76 79 & &

20 10,000 81 79 80 81 81 79 77 80 g0 | e
2ms | 10 500 49 71 73 75 74 72 70 71 74 '73
ams | 10 500 54 64 66 67 66 54 63 64 6 64

5ms 10 500 59 66 68 66 66 56 64 66 6 | 66

Utilization 2ms § 10 10,000 | 82 0 20 90 87 75 90 90 90 86

IS IT) 3ms 10 10,000 84 90 90 o1 90 55 89 90 90 90

VBR | 5ms | 10 10,000 83 92 93 93 90 59 92 93 92 90

| ON-OFF § 2ms 20 500 48 72 72 72 71 62 70 70 71 71

| 3ms 20 500 57. 1 68 66 71 70 52 68 66 70 68
5ms 20 500 62 81 62 68 63 56 57 62 68 C
2ms 20 10.000 75 88 89 89 90 70 88 89 89 0

3ms 20 10,000 73 87 86 88 86 54 85 86 88 86

| sms 20 10,000 75 84 84 84 83 55 83 84 83 83
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1QNMIUTIIT | UAARTRYE (106l ABR EPD | EPD+RED | AEPC+RED AEPD+Avg | ABR EPD | EPD+RED | AEPD+RED | AEPD+Avg
10 1 500 1 | osese7 1 1 1| 1 {ooees | ogees | 1 1
hifl veR 1 {10000 | 1 1 1 1 1 U (R 1
ON-OFF 20 500 1 |og99e | 09999 1 1 09997 { 09998 | 0.8097 A
20 10,000 1 | 0.9997 1 0.9998 1 0.99995 1 1 i i | 1
12ms 10 500 | 00985 | 0.9969 | 0.9957 0.9980 09952 { 0.9983 i 0.9955 | 0.9945 0.9988 0.9982
13ms 10 500 { 0.9654 | 0.0875 { 09812 0.9891 09962 | 0.9980 { n.ess2 | o0.9807 0.9885 0.9946
| 5ms 10 500 | 09643 | 09714 | o878 0.9905 0.9845 {00927 | 09784 | 0.0912 0.9852 0.9825
{2ms 10 10,000 | 0.9097 | 0.99s0 { 0.9008 09999 0.9999 §0.9996 | 0.9995 | 09939 | 0.99¢8 0.9998
Fairness . | _ ; :
{ams| 10 10,000 | 0.9990 | 0.999s { 0.9995 0.999% 09999 | 09070 | 0.0008 | 09995 | 08998 | 09998
VBR Sms | 10 10,000 | 0.9952 | 0.9862 | 0.9989 0.9983 09985 | 0.99505 0.9954 | 0.9986 09297 | 09991
JoN-OFF § 2ms | 20 500 | 09912 | 00951 | 09988 0.9966 09952 {09974 { 0.0957 | 0.9951 1 o0.9967 0.9985
' 3ms 20 s00 | 00438 | 09784 | 0.9847 0.9718 0.9651 | 0.9818i 09783 | 0.9842 09853 | 09852 ‘
5ms | 20 500 | 0919 | 0.9560 | ooe7s 0.9720 09570 | 0.9832% 09328 | 09316 | 09550 | 008
2ms | 20 10000 { 09971 | 09980 { 0.9097 0.9996 0.9997 1 0.0970 | 0.9995 | 0.9996 0.9998 0.9999
ams | 20 10,000 0.9970 { 0.9996 { 0.9977 0.9960 00971 §09842 | 0.0078 | 09900 | 0998 | 09908
{sms | =20 10,000 0.9951 0.9981 0.9968 0.9985 0.9956 |} 0.9901 ' 00008 | 09985 | 09982 0.9953
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Amount of Data Sent = Throughput X Time
=12.5Mbps X 25s
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= — Mbyte X 25
8
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AARpUIn 9 Parameter Information

Tudouneanisaiuuuanaadleasetng ATM dastsznausiag ATM @9ed, BTE,
R . . ] d o’ 1 = ) o o
ATM Applications wazLink Components WF1 Teazendaatanimiinednlddmiu
L4
TuanAdaitidua

(3

1. A fmefIudINIBIATMAI AT

A LT Generic Switches

Name: s .
Delay to process a cell. An increment of time

Delay to process a cell {usee): § afler the arrival of a cell at the switch belore the
switch places the cell on the oulgoing Hnk.

Stot ime (Mbitsfsec): 0

Quiput queue size (cells, -1=inf): 0 Slot time, The rate at which cells are switched
High Fhresheld, Q cong. flag (cells): 6 from an input port to an output port. The program
cafeulates the cell slot time from the bit rate entered.
The actual switching of & cell from input pornt to
output port occurs at the beginaing of a stot peried.

Low Threshold, Q cong. flag {cells): 0

Quiput queue size, Available buffer space for a
quene; the same value is used for every queus in the
switch. When a cell is ready for fransmission but a
stot on that link is not available it waits in a queue
at that port,

Iigh Thresheld, O coneestion flap. If the

number of cells fn any quene exceeds this value the
congeslion flag is set.

Low Theshol opgestion flag. The congestion flag is cleared when the number of cells in all queues fall
betow this value,

Logging every n ticks. 1f n is set to 1, data will be logged for a parameter anytime there is a change in its
value. Potentially, this conld eccur al every tick, Since this may result in an extremely large data file, it may be
desirable to sct n to a larger number, For example, if n = 100, togaing will occur only if a change oceurred and
100 ticks had gone by since the [ast logging activity.

Cells Received. Total number of cells received by the switch.
Percent cell drop. Number of cells dropped by the switch as a percentage of the total cells received,

Cells in xBR G to link n, Cells awaiting transmission in a given priosity quene. There are twa types ol quetes
for each part - a CBR/VBR queus and an ABR quene. Cells in the CBR/VBR queus have top priority; a celf from
the ABR queus will be sent only if the CBR/VBR quene is empty.

Cells dropped in xBR O to link n. Cells dropped at a port when a queue exceeds its maximum size.

Congestion for Hnk i, There is one congestion flag for each pont. The flag is set when a quene exceeds its
High Threshold valne, clearad when both queues fall below the Low Threshold.
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ALL2 RatesBased Switches

Name: Buffer Management: EPD {0}, FBBA (1),
RED (2), FO (3). The bhuffer management
algorithm for the UUBR service:

Slot time (Mbits/sec); ¢ 0-HPD algorithm

1-Fair  Buffer Allpeation  algorithm
{described in the paper by Goyal andal .
High Threshold, Q cong. fiag {celisy: 5 2-Random Early Detection {described in
the paper by Elloumi and Af¥ifiY),

3-Fair Queneing Algorithm,

Delay to process a cell (useck 0

Output queus size {cells, ~1=inf}. 0

Low Theeshold, Q cong. flag {cefls): §
buf mpmiEMY0),FBA(1L,RED{2}.FQ(3)

BPD Threshold {Cells); 0 EPD  Threshold (Cells). BpRP  algorithin

oy threshold used for cell discarding. 1f the value of the
MIN threshold for RED: 0 threshald is egual to the output bul¥er size, the EPD
Linear seale factor Z for FBA: @ discard algorithm is not triggered.

Logging every (n ticks) {(e.g., 1, 100} O .
TTEGCD, 2 (MIST ER), 3 (EPRCA) MEN?lhreSh(.ﬂd for RED, l?dmtmum l[ll’t‘?ho!d
4 (ERICA) S(PHANTOM) 6{DERA): 2 for RED algorithm, When 1he_memge queue size in
- N the output buffer reaches this value, packeis are
MACR Additive Increase Rate (Mbits/s): randomly discarded according 1o the RED

Target Rate (Mbitsis); 142 algorithm.

Explicit Reduction Factor (ERE): 0.9373 Lincar scale factor Z for FBA. Linear scale
factor for RED algorithm. See reference to FBA
given above for more details.

Measurement knterval in cells (N} 106

Congestion Tolerance in cells (tauk: O

vC Sepm—aggr: 0875 1 (EFCI}. 2 (NIS'F ER)‘ 3 fEPRCA]‘ 4
{ERICA} S(PHANTOM) G{DERAY The
Average Factor (AV): 0.0623 siwtch ABR mechanism.
DQT (Cells): 2000 I-EFCE the EFCE bit of ATM cells is set to
I when the ABR ouiput quaue is congested
Major Reduction Factor (MRF): 4,95 {congestion flag set).

2-NIST ER: switch algorifitm proposed by
Golmie et al.5.

3-EPRCA: Enhanced Proportional Rate-
Control Algorithm proposed by Rabens.®
4- BRICA: Explicit Rate Indication for
Congestion Avaidance” and %

Down Pressure Factor {(DIPE}): 0.873

5- PHANTOM?®

¥ Goyal, K. et al,, “UIBR3: Improving pertbmiance of TCP ever ATM UBR servige™, Proc. of IEEE ICC97, Monieeal, Canada.

T Elloumi, )., Affifi, H., “Red Algorithm in ATM Netwotks', Proc. of IEEE ATM'97, Lishoa, Poifugal.

S Grelmite, N, Chang. ¥, Su, P2, “NIST BR Switch Mechanism (An Example)”, ATM Foruav95-695.

f Roberts, L. “Enhanced PRCA (Proportional Rate-control Algonithm)”, ATM Forum!94-0735R1.

? Kalyanamman, §. et al, =T ERICA Swilch Algerithm for ABR Tuffic Mansgemeant in ATM Netwarks”™ Submilted to
EEEACM Trnsactions and Networking.

K jain, R. et ab, "ERICA Switeh Algorithin: A complete description”, ATM Forumio-1172, August 1996,



0 Bk RN Col el 0

Wiax BRM rate (celizfs): 0

Delta [0.05...1}: 0.1

TG {in usecs); 1500

Factora: L.I5

Factor b §

Queue Deain Limit Factor {QDLF): 0.3

Decay Factor: 0.9

Alpha: 0.8

Averaging Interval in usecs (Al 5000

Phantons Tau: 560

Ihantom Alpha: 0,0625

Beta: 0.125

Dreerensing Factor; 0.73

H: 0.0025

Udlization Pactor; 1

Initial IPortion: 0.1
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G- DERA: Distributed  Hxplicit Rarte
Allacation??
The psendocades of the NIST ER and EPRCA
schemes can he found at the end of 1his subsection.

MACR Additive Increase Rate (Mbits/s)
This parameter is nsed by the NIST ER algorithin
to comiral the increase of the MACR (see
preadovade for more details).

Target Rate {Mbits/s). Used only by the NIST

ER alporithm. Usually set to 95 % of the rate of
the amgeing link, it is used for load monitoring.
When the ABR input rate becomes larges than the
Target Rate, the link is consered overloaded.

Explicit Reduction Factor (ERF). Used only

by the EPRCA algorithm. B controls the
propartion of the MACR. which may be set in the
ER field of backward RM when the link is
congested (normat congestion).

Measurgment  Interval _in  Colls (N}
Measurgment Interval of the NIST ER algorithm
hatween each estimation of the input mte and
update of the state of the output queus.

Cangestion_tolerance in cells (taw).  Used

only by NIST LR algorithm. The state of the
output quens is set to the conpested state il more
than <@u> cells arrive during one measurement
interval,

VC Separator, This factor is used for the
BPRCA algorithm to trigper the calculation of
MACR when the link is not congestad.

Average Factor (AV), Average factor used in
the NIST ER and EPRCA algordthms in the
calculation of the Mean Allowed Cell Rate
{MACR) ~ the exponential weighted average of
the CCR values read from each forward RM cells,

DOT (Celis). Very Congested Quene Threshold
used in EPRCA.

2 Atek, Y. ¢t ab, “Phantom: A simple and Effcetive Flow Contral Sheme™, Procéeding of SIGCOMM "96 pp. {69182, Calitornia,

Avgust 1996,

18 Charny, A. and Ramakrishoan, KK, “Time Seale Analysis of Bxplicit Rate Altocation in ATM Networks”, Provsedings of fEEK

ENFOOOM "96, Val 3 pp. 1182-1189, San Francisco, March 1996,
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ABR Fraific for Q @ linkii0 .- . -
ABR/VBR Trafiie for Q 10 linkn

Major Reduction Factor (MRF).  Factor
used by NIST ER and EPRCA to reduce the
explicit rate if' the link iz congested (MNIST
algorithin} ar very congested (EPRCA).

Down Pressure Factor {(DPF). Factor used

_ in EPRCA to trigger the reduction of the explicit
I T T - rate under nommal cangestion, fe when the

Ratig for Qo inkm; 9o o0 1 output quene size is below DQT bm above the
High Threshold.

Congestion (True/False), Indicate the congestion status of the switch,

%5 ccll drop, Number of calls dropped by the switeh as g percentage of the total eells receivad.

HFC Backward RM Cells (True/Palse), This parameter indicates if backward RM cells are generated by the
switch. This may oceur when the agighboring companent of the switch is an HFC!

Max BRM rate {cellsisec). Maximwm rate at which backward RM cells may be generated.

Dielta [0.05.. .11 & parameter of the ERICA algorithm. & is a small fraction, and it determines the use of the
basic BRICA algorithin and nllocation scheme or the attempt to make ail the rate ateeations equal:

i =1+ 8 ER = Max{ FairShare, VCShave } {basic ERICA)

If ze=1+6 ER = Max{ FaitShare, VCShare, MaxAlloclrevious)

T0 {in usecs). TO parameter used in ERICA, defined as the threshold value which limit the queneing delay (T,).

Factor a and b, a and b are the intercepts of the a-hyperbola and b-liyperbola. b detennines how much excess
capacity would be altocated when the queneing delay is zero. Larger values of a and b make the scheme very
sensitive te the queueing delay, whereas, smailer values increage the time required to reach the desived operating
point,

Queue Drain Limit Faclor (QDM.FY, This parameter ensure that there is enough drain capacity 10 drain out
the transcient quends.

Decay Factor, The Decay Factor used in decaying the contribution of each VO is a value between 0 and . The
decay Factor is usually close to § (typ. 0.9).

Alpha, [0..1] This parameter is used in the ERICA algorithm to reguinte the average ABR capacity.

Averaging Interval in usecs {Al). If a VO is scen during an interval, its activity level is reset to one (and not

decayed). Fhe averaging interval must be set o be sufficiently long te avaid the problem of uuderestimating the
number of active VCs,

Phantom Tau. The amount of residual bandwith, A, is measurad in fixed fime intervals of length 7 (celf time)

Phantom Alpha. [0..1) used in the calculation of the MACR (see Decreasing Factor).

" Gotmis , N, Cormer, M, Licheherr, 1, Su, B, “Inproving the Eifecliveness of ATM Traffie Conteol aver Hybnid Fiber.Coax
Metworks™, Proe, of FREE Globecon 1997,



133

Betn, [0..1] Similar ta o, but farger than e, The f§ parmeter 5 used In the calewdation of the Fast MACR.

Decreasing Factor. {0..1] Prevemt MACR from dropping sharply. The MACR has to be computed as follow:
MACR = Max({ MACRY -} + A%, MACR ¥ Decreasing Faetor )

H. {0..17 used in the calculation of & as Tollow: a=o*{1-H}+ [ERR|*h

Utilization Faclor. Restrict the sessions by this factor times MACR. If the utilization factar is set 10 3, and 3
sessions are sharing a 100Mbs link, then each session is allocated 30Mbs, and the Phantom session gets 10Mbs,

tnitkal Portion.
Cells in xBR 0 to link n. Cells awniting transmission in a given priority queue. There are two types of quenes

for each port - a CBRAVBR quete and an ABR gueus. Cells in the CBR/VBR queue have top priority; a cell from
the ABR gueue will be sent only if the CBR/VBR queute is empty.

Cells dropped in xBR O to link n. Cells dropped at a port when 2 queus exceeds its maxinium size.

ERS for Q o linkn. The valae written in the ER fleld of retuming RM cells for a given port. This outgnt
paranieter is used for the NIST ER algorithim only.

MACR rate for O to linkn. The current value of the MACR (Mean Allowed Cell Ratej for a given port. This
output pacuneter is used for both NIST ER and EPRCA algorithms,

Phantomi MACR rate for O to linkn, The current vaiue of the MACR {Mean Allowed Cell Rate) for a given
port. This eutput parameter is used by the Phamom algorithm only.

Delia for O to linkn, Delw as been defined o be the unused kak capacity of the link (in Phantom algerithm
only}.

Alpha Inc for O to linkn, Used in the Phantom algorithm inswead of o when A = Phantom MACR.

Alpha Dec for O to linkn, Used in the Phantom algerithm instead of enwhen A <= Phantom MACR.

Fast MACR sate for Q 1o linkn. Used iIn the Phantom algorithm to monitor the bandwith more accuratly than
the MACR. It is computed in the same way as MACR but use the P facior which is farger than ¢

Fast MACR = Fast MACR®(1-f3) + A%

xBR Traflic for O to linkn. Current tnaffic of the quene. The ABRVBR tarfYic is the sum of the ABR and the
VBR traffic.

ERR for O 1o {inki. The standard deviation is approximate by the mean deviation s ERR = MACR = A in the
Phantom algoridim.

Sigma Nep for () to finkn. Used in the Phantom afgorithi instead of 6 when A >= Phantom MACR.

Sioma Pos for O to linkn. Used in the Phantots algorithm instead of @ when A <= Phantom MACR,
Ratio for Q {o linkn. This ratio can be computed from the value of o as follow
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a == MACR Ratio =1
MACR < g <=2*MACR Ratio = 172
2EMACR < o <= 4¥MACR Ratio = 14
¥ MACR < a <= §¥MACR Ratio = I8
E*MACR <o fatio = 1/16

2. wasdwesiudaurns BTE

A2 Generic B-TE

Unlike a swilch, there can be only one physical link attached to a B-TE component. Cells
recoived from the Application side (there may be multiple Applications) are queued in one of two
priority queues if no link slot is available for transmission. If either queue exceeds ils size limit
cells will he dropped.

Maximum Ouiput Queue Size,  Available
bufler space for each gype of quene.

Name:

Max, Output Queve Size (1=infk: 0

Logeing every n ticks. If nis set to 1, data will
be logged for n parameter anytine there is 2 change
in its value, Potentiafly, this could occur at every
tick, Since this may resnlt in an extremely large
data fHe, it may be desirable to set n to a larger
number. For example, if n = 100, logaing will cecur
only if a change cccurred and 100 ticks had gone by
since the Tast legging activity.

Logping every {n ticks} {g.e. 1, 160K ©

CellsReevet: 0

Ce ‘.S-I‘Il '\.’BRQIO "ﬂk" .

ol Diopped i

Cells Received. Total number of calls received by
the B.TE.

Cells in xBR O to link n. Cells awaiting transmiission in a given priority queur. “Fhere are two lypes of queues
- & CBR/VBR queve and an ABR queve, Cells in the CBRAVBR quene have top priority; a cell from the ABR
quene will be sent only if the CBR/VBR queue is empty.,

Colls dropped in xBR O to link n. Cells dropped at the network port when a queus oxceeds its maximum

size,




A.2.2 Rate-Based Broadband Terminal Equipment (RB-B-TE)

Nam

Max. Ouiput Quens Sive {-1=501: 0

Max logut Quene Size (<1=inf}: 0

fC‘elis R'e'ceivgdé b

Lagging every {ticks¥eg 1, [00) 0

Stop sending an: @
1 Celts in XBR 0 to fink n: ¢

] cettsdropped in 3R Quolikni0

Peak Celi Rate of ABRL: 149.76

Nrmof ABRI: 32

ICR of ABR1: 7.49

MOR of ADRT: 149

RIF of ABRY: 0.0625

RIF of ARRL0.0625

CRM {Cellz) ol ABRY: 32

Maximum _Outpuf Oucue Size.  Available

buffer space for cach type of quene. There is ane
output quene for class of service {CBR/VBR, ABR,
UBR} There is one Input Quene for each ABR
ATM application, and it is used 1o store incoming
ABR cells. The ABR cells move from their lapnt
Quene to the ABR Output Queue at their ACR rate.

Cells Received. Total number of cels received by
the B-TE,

Logeing every nticks, 1f nis set e 1, data will
be logged for a parameter anytime there is a change
in its value, Polentially, this could occur at every
ek, Since this may result In an extremely large
data file, it may be desirable to set n to a farger
munber. For example, if n = 100, logging will oecur
ondy if a change accurred gnd 100 ticks had gone by
since the fast logging activity.

Stop sending at. Time {in usecs) at which the
BTE stops forwarding cell to the omgoing ATM
fink,

Cells_in xBR O to Hnk n. Cells awaiting

CDF of ABRY: G.0625

MRM of ABRE: 2

TRM (in us} of ABRI: 100000

TCR (in Mbit's} of ABRE: 0.00424

ADTE (in usecsh of ADRI; 500000

transmission in a given output priority quewe. There
are three types of queues - a CBR/VBR queue, an
ABR gueue and a UBR quene. Cells in the
CBR/VBR queue have top priority: a cell from the
ABR queus will be sent only i the CBR/VBR queue
is empty, and a celt from the UBR quene will be sent
onfy of the ABR queue is cmpty.

Cells dropped in xBR Q io link n,  Cells
dropped at the network port when a queue exceeds
its muaxinum size.

Peak Cell Rate. Maxinum allowed cell rate. This

value shoutd be entered in Mbitsfs,

Nmi. Number of data cells between each RM vell,

ICR (lnitial Cell Rate}, Rate tin Mbits/s) at which the source should send initially and after an idle period.

MCR (Minimum Cell Rate). Minimum allowed cell rate (in Mbits/s).

RIF {Rate Increase Factor). Proporiion of the PCR that mtay be added 1o the ACR when an RM cell s

received with congestion indication bit C1=0.
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R (Rate Decrease Facton), Proportion by which the ACR may be veduced when an RM cell s received
with cangestion indication bit C1 =1,

CRM (Missing RM-cell count), Theeshold on the number of forward RM eells sent in the absence of
backward RM cells. When the threshold is reached, the ACR Is decreased (see CDF factor).
CRM should take inte account the round-1rip delay of the flow contral leop.

CDF (Cutoff Decrease Factor), Factor used to decrease the ACR when more than CRM RM cells have been
forwarded in the absence of bagkward RM cells.

MRM. Minimum number of data cell separating each forward RM cell when at feast TRM time has elapsed. The
ATM Forums specification requires the use of a constant value of 2.

TRM. Upper bound of the time between Forward RM eells.

TCR (Tagged Cell Rate). The rate (in Mbits'sj used for out-of-rate RM ecells. The ATM Forum specitication
requires the use of n constant value of 10 cells‘second (0,00424 Mbits/s),

ADTE (ACR Decrease Time Factor), Interval between forward RM cells which, when exceeded, wiggers a
resel of ACR to [CR.

ACR. Allowed Cell Rate {in Mbits/s}

Received count (in cellg) for X, Number of ABR eells recetved whose destination is X,

“ells Dropped ABR Input Quete, Number of ABR Cells awaiting to be fowarded to the ABR Ouiput Queue.

Cells in ABR Input Queue. Cells dropped at the input when the queus exceeds its maximum size,

3. wasilimeFludautas ATM Applications

Varinble BitRate(VBR) (Poisson) information Whmlow

Nante Trffic is generated as an ON - OFF source.
, - Cells are penerated at the speoified bit rate
Bit Rate (Mbits/s); 0 during a burst. Mean burst length and mean

inlerval helween bursls are user specified,
but the actual periods of both are drawn
Mean Interval Benveen Bursts{usecsy: 0 from an exponential distribution.

Mean Burst Length (useesy 0

Start Time {usecs): 0

Number of Mbits to be sent: §

| Omer tind Conneetion: Nawme




Name:

Bit Rate (Mbitsfsec) €

Aufler Size {bytes), 0

Fransmiger's State: FALSE

Start Time {usec): ¢

Stact Random Periodd (see): @

Transmission Size (bytes): 0

T

| sender sequence mumber lossing.

Mean packet processing lime (usec), 0

Packet provessing time varation (usecy 0

Max segment size (octets); 0

My Receive Window size {octeis): §

137

TCPAP (ABR or UBR)
Information Window

The TCPAP Application sends data i
large packets. These packets must b
sepmented to {it into the ATM ce
siructure before being put on th
network. A rather extensive set ¢
parameters are provided that give th
user flexibility in controlling an
monitaring this type of application.

Input Parameters,

Bit Rate. The bit rate for the calls on th
ATM route.

Buffer Size. The size of the user's buite
large enough to hold many packets, but
fraction of the total transmission size.

Transmifter's State. A TRUBEFEALS
comtmol. IF FALSE, no transmission will 1ak
plaee, but the Application can still receive,

Start Time. When this is a positiv
number, it is the number of microsecond
after the program starts that the AppHentio
will begin to penerpie waflic. I a negativ
value is placed here the Random Start feann
will be activated (see below),

Random Starl Period. I Start Time

Peet Receive Window 5128 (octsts):

Tahoe (), Reno (1), standard (2): &

negative, the vatue entered here s the mea
for a random start time,

Transmission Size. ‘The tolal number ¢

Hmer granu. in us (e.g 100000,506000):; 0

“Otherefid connedtion: Name .7 200

data bytes (payload) to be sent.

Mean_Packe! Processing Time. 7Th
mean defay to process the packet.




dacket Processing Time Variation, A computation based on a random perturbation in the processing delay
in the renge {<Packet Processing Time Vaciation, +Packet Processing Time Varlation}.

Maximum Segment Size. The maximum size of the TCPAP packer, whether it is being sent or being received.

My Receive Window Size, 1his number determines how many packets are golng to be sent without waiting
for an acknowledgment.

Fahoe (0}, Reno (1), standard (2}, Version of the TCP cangestion avoidanee and control algorithm. Three
possible values can be specified.

-} eorresponds to TCP-Tahoe

-1 comrespands to TCPE-Reno

-2 vomesponds to Standard TCP {without fast retransmit fast recoveryl
A detailed description of TCP Tahee and Reno can be found in REC 2001.

Timer eramy, The TCP time granufaruty is the minimum time separating the release of a TCP packet and the
expiry of the assochated timer. Most TCP implementations use a coarse grained timer of 560 ms.

Cutput Paranelers

Number of Bvtes Unsent. This is the number of bytes remaining from the total specified under
Trausnission Size.

Every TCPAP packet has a sequence number, including the ACK packets. The following three
parameters let the user enable the logging of these numbers as the packets are sent or received.
Note that only the logging function applics, no metering is possible.

Sender Seqguence Number Lopsing

Sender ACK Sequence Number Lopeing

Receiver Sequence Number Lopaing,

TCP Open Time.  The time that the first TCP packet was sent.
TCP Close Time. The end of the TCE transmission (all bytes have been sent),
Connection Busy. Activity flag for TCP processing, TRUE = busy, FALSE = not busy,

Packel inpit gueue has n packels. This queye contains packets wailing for TCF processing, both for
transmisston (before segmentation) and for reception (after reassembly)

Peer Receive Window Size, This is the other-end companion to My Receive Window Size.

RTT. Round Trip Time - tinte fram packet sent to ACK received. This is set to a default value at the beginning
of a simulation run, then actual measurements are made and Jacobson's2® algorithm is used to “smooth” the cesult.

Bacebsen, V., "Congestion Avoidance and Conirol™, Proceedings of the ACM SIGCOAM 85, August 1988,
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Forward Trip Time (FI'T). gives the time separating the release of o TCP packet and its recepion by the
Receaiver. This is done using TCI* timestamps option {see RFC1323).

chwd in bytes. The TCP congestion window size which gives the nrxinwm number of bytes that TCI can send
beture waiting for an acknowledgement.

RTO. Retransmission Time Out - the tinie interval to wait before deciding an unacknowtedged packet has been
lost. Al the start of a simulation this is set equal w RET (a defaalt value) then, as measurenents of RIT are
accumnlated, Kam's exponential backofT multiplier is incorporated to ealculate this parameter.

RTO (cufrend). This is the Retransmisston Time Out interval currenily being used.

Averapve Throughput. This is based on the average number of packets successfully rransmined.

Retransmission Percentage. Retransmissions as a percentage of todal packets somt.

4, WAs e T Idauaed Link Components

There are only two input parameters for a
Physical Link, link speed and distance.
Link Speed (Mbits/ser): 0 The link speeds shown in the window are
pof selectable with the mouse; the desired
speed (in Mbits/s) must be typed into the

N

SIS0 31.840 Mbitsises

SFSAC 185,520 Mbits'see text window. However., the bit rate typed
in need not be exact; the software will
STS-120 622.080 Mbits'sec accept a round number near the standard

rite angd make the necessary adjustment.
The bit rafes shown include overhead bits,
The simulator maps the entry inlo the
corree!  payload  rate when  deing
ATM-F Multimode Fiber 100 Mbitsisee | caleulations for bits transmitted.  One
exception: if the entry is less than 40
Mbitsfs, the enfered ratc is accepied
direetly with no mapping. The link ougin
——— — ] parameter i lnk  utilization (in cach
Link Rate (Mbits‘sec) to BTE n: direction) in terms of bit rate (Mbits/s).

STS-24C 1244.160 Mbits/sec

1383 44.736 Mbilsése

Distance fha):

| Link Rate (Mbitsfsec) to Switeh n:
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