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Abstract

In this paperwe arguethat dimensionindor elastictraffic
can be achievedin somenetworkscenarios.The“fun fac-
tor” ¢ isintroducedasabasicmeasue of perceivedquality
of service(QoS)for elastictraffic. Astheimpactof ¢ onthe
perceivedQoSis easyto see targetvaluesfor ¢ for residen-
tial or businessnetworkaccesscan be quantified.Several
existing modelsfor dimensioningdata networksare com-
pared, the M/G/r-PSmodelis genealizedto arbitrary link
ratesand a rate convolution apprad is presentedvhich
allowsto dimensiorlinks whenthe distribution of bit rates
available from the Internetis known.All appmoacdesare
compaedusinga consistensetof parametergderivedfrom
recenthigh-speedccessneasuementresults givinganin-
dication of the geneal relation betweerthe fun factor and
the padet loss probability as a more classical QoS mea-
sure

Index terms. Dimensioning;perceivedQoS; Fun Factor;
TCP; Elastic Traffic, Comparison; M/G/r-PS; Processor
Sharing

1 Intr oduction

It hasbeenarguedthat dueto its compleity andconstant
growth, every attemptat dimensioningpartsof the Internet
must fail. However, there are certain partsof the Internet
and someother P networkswheredimensioningcansuc-
cessfullybe achieved. Oneexampleis the tuning of the ca-
pacity of anaccesdrunkline ) to thetotal capacityof all
subscribeaccesdines @ in thescenarialepictedn Fig. 1.

The trunk line must have enoughcapacityin the up-
streamdirection (from subscriberso core network)to ac-
comodatehe sumof all upstreantraffic aswell asenough
downstreamcapacityto satisfy the download needsof all
subscribers.

If all subscribergully utilizedtheiraccessineswith full-
rate streamtraffic, the trunk line capacitywould have to
be the sumof all accesdine rates.However, judging from
currentinternetusagea multiplexing gaincanbe achieved
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by exploiting the statisticalfeatureof the downloadtraffic,

which is mostly elasticTCP traffic. The following investi-
gationswill helpto find and understandhe dimensioning
targetto aimfor.

Otherscenariosare non-InternetiP networkslike com-
pary Intranetsor the fixed accessnetwork part of future
mobile radio systemswhich will also carry a significant
amountof datatraffic. Hereit is especiallimportantto of-
fer a certainlevel of quality alsoto the elasticdatatraffic
asthe mobile radiolink is a scarceresourcewhich should
have ahigh utilization andthereforehetrunkline shouldbe
dimensioneduchthatnoradiolink capacityis wasted.

In differentiatecservicesnetworks thefollowing dimen-
sioningcriteriacanbe usedfor the higherquality classesn
orderto estimategheachievableQoSin a classor to find out
which amountof capacityto allocateto aclass.

Two extremepositionshave beenfoundin theliterature
asto which parametewvaluesto choosevhendimensioning
for elastictraffic.

Someauthors,e.g.[1], seeelastictraffic equalto best-
effort traffic which doesnot generatemuchrevenuewhen
operatinga network and thereforeamgue that a minimum
rate guaranteeplus admissioncontrol is the right way to
achieve a high network utilization while still maintaining
a minimum necessargervicelevel. The main agumentin
favour of this approachs that customergendto pay only
for the servicethey needand provided that elastictraffic
can be transportedwith a minimum tolerablerate, no ad-
ditional revenuecanbe generatedrom offering morethan
this necessaryate.

Otherauthorsg.g.[2], seetheelastictraffic asthemajor



reasonwhy subscribersare currently investinginto high-
speedaccesdinks and thereforethe accesssystemmust
be ableto offer adequateapacityto this traffic. However,
when traditional QoS measuresnd parametewvalueslike
a lossprobability of 10~ are employed the resultinglink
capacitiesvill be overdimensioned3].

In Sec.2 we will further discussthe dimensioningis-
suesand introducethe fun factor as a parameteifor per
ceived QoS with elastictraffic. In Sec.3 differentmodels
for streamand elasticdatatraffic are summarizedisinga
consistennotation,which helpscomparinghe correspond-
ing resultsusingmeasuredraffic parametersn Sec.4.

2 Dimensioningfor elastictraffic

TraditionalQoSmeasurefike meandelay delayquantiles,
delayvariationor lossprobability missthe point whenthey
areemployedwith elastictraffic. On the onehand, TCPis
well ableto adaptits transmissiomateto bandwidthbottle-
necks,sothatthe packetiossprobabilityis keptat a certain
low level, which is also evaluatedfor rate feedbackinfor-
mation.Ontheotherhand,alow bandwidthcanhave asig-
nificantimpacton the perceved QoSof a connectiorasthe
main useof a TCP connectionis to transporta given traf-
fic volumefrom onehostto another A goodQoSmeasure
shouldthereforeconsiderthe achiezable bandwidthasthe
mostrelevantfor elastictraffic.

2.1 Dimensioningtargets

As introducedin Sec.1, the scopeof this paperis dimen-
sioningoneaccessrunk line sharedoy a numberof access
lines.Themaindimensioningargetis to makesure(accord-
ing to a metricto be selected}hat this accesgrunk is not
thebottleneckfor theupstreanor downstreantraffic onthe
individual accesdines. Extensionsof this approactcanbe
imaginedin network planningwherethe samemetricscan
be usedto describethe quality of serviceachiezed on the
differentlinks in a network.

In thefollowing sectionswe concentrat®nasingletraf-
fic classand stationaryofferedtraffic. When dealingwith
non-stationanyraffic, it is usually advisableto restrictthe
analysisto peaktraffic periodsasotherwisea long time of
low traffic demandwvould smoothoutthe critical congestion
problemsoccurringduring a peaktraffic period.For multi-
ple traffic classedo be considerede.g.methodsrom [4, 1]
canbeemployed.

The modelsintroducedlater take a traffic characteristic
andprovide QoSor dimensioningesultswith respecto this
traffic characterizationCaremustbetakenin orderto focus
ontheright level of interestandon a situationapplicableto
the consideredhetwork scenariowhen specifyingthe traf-
fic model. An xDSL (digital subscribeline) or cablemo-

demnetworkusually providesline terminationsinside the
networkfor eachsubscriberregardlessof their activity, so
thatalso“always-on” connectionsanbe provided. In this
casethe maximumnumberof active subscriberss equalto
the total numberof subscribersln contrastdial-up access
usually limits the numberof subscribersharingthe same
accesdrunkline to thenumberof accesportsconnectedo
thisline, sothattheamountof networkresourcegi.e. band-
width) to beprovidedperaccesportwill differsignificantly
in bothcasesln therestof this papeywe will usethetraf-
fic obseredin activeclient sessionsln a dial-up network
model,thisis alsothe numberof accesportswhereasn an
xDSL or cablemodemnetworkmodelthe total numberof
subscribersvill be higherthanthe numberof active access
linesduringthe peakhour.

2.2 Buffers

A mainissueof distinctionbetweermodelsfor streamtraf-

fic andmodelsfor elastictraffic is theway buffersarecon-

sidered.For non-elasticdatatraffic, burst scale buffering

is often usedto reducepacketloss. On the contrary elas-
tic traffic is ableto adaptto the available bandwidthsand
thereforearge buffersareneitherneededor aseffective as
with non-elastictraffic. Long-rangedependencéLRD) in

datatraffic [5], whichis aconsequencef heary-tailedburst
sizesanddurationg6], furtherreduceghe effectivenessof

buffersbecausehepacketossprobabilitycannotbesignifi-

cantlyreducedevenby hugebuffersin thepresencef LRD

traffic [7, 8]. In thosecaseslargebuffersdrasticallyincrease
the packetdelaywithoutreally reducingpacketloss.

Consequentlyit is a sensibleapproachto assumethat
all networknodesprovide enoughbuffer spaceo copewith
packetscalequeueing' but buffersaresmallenoughnotto
increasepacketdelaystoo much. In suchan ervironment,
bufferlessfluid loss modelsor processorsharingmodels
with infinite buffer areapplicable- providedthatin thereal
systenthereis asmallbuffer presenfor packetscalemulti-
plexing. Using bufferlessmodelshastwo majoradwantages
over buffer models:Heavy tailed ON phasedistributionsdo
not influencethe resultsand the actualbuffer sizesof net-
work elementsieednot be known.

In the following, we will be estimatingmessagelelays
from bufferlessmodels,in this way neglecting the packet
gueueingdelaysoccuringin real buffers. This estimationis
justifiedif the total messag®r bursttransfertime is much
largerthanthedelayexperiencedy theindividual packets.

Ipacketscalequeueingdescribeghe effect that due to asynchronos
multiplexing of packettraffic, multiple packetsfrom differentinput links
mustbe serializedo sharethe sameoutputlink.
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2.3 Accesscontrol

Thereare several approachesowardsquality problemsin
the Internettoday One extremeis to “throw bandwidthat
them”, the otherextremeis to solve quality problems‘the
old way”, i.e. by introducingintelligence at the network
layer, usingaccesgontrol (AC) to ensurea connectiorcan
only beacceptedvhenthereis enoughbandwidthavailable
alongthewhole pathit will takethroughthe network.

[4, 1] arguein favour of AC in orderto allow a high net-
work utilization while still guaranteeing minimumratefor
eachTCPconnectionBut if no accesontrolis employed,
TCP connectionstill receve a QoSthatcanbestatistically
guantifiedanddimensionedo have a certainmeanor guan-
tile valueaswe will showv below. The differencesetween
this dimensioningandemployingaccesgontrolare:

e Accesscontrolrequiresadditionalnetworklayerfunc-
tions.

e Accesscontrolallows to reachhighernetworkutiliza-
tion.

¢ Underunplannedverload,accessontrolreduceghe
QoS by increasingthe blocking probability for new
connectionsvhereasn networkswithout accesson-
trol, the perceved QoSof all connections- including
the alreadyexisting ones—is reducedIn the extreme,
this canleadto a stanationof all connections.

Deriving dimensioningesultswithout AC cantherefore
be seenas a stepin quantifyinghow much bandwidthto
“throw at the problem”,i.e. how mucha link needsto be
overdimensioned comparisorto AC in orderto delivera
comparabldotal QoS comprisingthe blocking probability
aswell astheachievableratewithin anexisting connection.
As mentionedabove, this cost of overdimensioninghasto
be putin contrastto the savings madeby not investinginto
network layer functionsto supportAC functionsin every
router

2.4 Definition of the fun factor

In aneffort to capturethe quality of servicefor elastictraf-
fic, thefollowing measurés defined:A parameterp, which
shouldbe assimpleaspossible givesthe QoSachieved in
a TCP connectiorrelative to a theoreticallypossiblevalue.
In addition,¢ shouldhave a maximumof oneunderideal
circumstanceanda minimumof zeroif thereis no service
atall.

Making this quantity a relative measureof QoS allows
usto quantify the relative differenceof systemsConsider
againtheaccesscenarialepictedn Fig. 1. Herethe“ideal”
situationis asfollows: Every subscribercanutilize thefull
bandwidthof theiraccesdine wheneerthey want.Relative

to this referencesituation, the servicedegradationcan be
obsenedasanincreasdn transfertime or asa decreasén
theavailablerate.Using ® to denotearandomvariableand
¢ for its expectationy = E [®], thisleadsto the following
two equialentformulationsfor the accessun factor @ 4
with the bit rate B andthe capacityC,;, of anaccesdine
wheret; 4.4 is thetime a datatransferwould have takenif
C'ar hadbeenutilized fully.

tidea
By = (1)
tobserved
E[BIB>0
o, = "PE>0 @
AL

The quantity @ is called “fun factor” to stressthe fact
thatthecorrespondinglastictraffic servicecanusuallyalso
be usedat muchlower rates— with a correspondingdossin
the enjoymentof usage.As such,it is also applicablefor
differentserviceprovidersto usethe fun factorasa means
of differentiation.

In thefollowing, only this accesdun factorwill becon-
sideredandconsequentlyheindex A will bedroppedSim-
ilar investigationsanandshouldhowever be conductedor
otherfun factorsaswell.

For businessscenarios,of coursethe sameterm can
be changednto “accessline usageefficieng/”. Both time
basedand moneg/ basedmarketsarein principle described
adequatelyby this measureas it answersboth questions
“How long did | have to wait usingmy flat rate service?”
aswell as“How much could | have gainedfrom a high-
price serviceif the networkhadbeenperfect?”.The recip-
rocalquestionsaddressinghe cost,of course cannotean-
sweredin generalasthe answerglependon the actualtar
iffing structures.

The sameapproachasfor the accesgun factor canbe
takentowardsotherfun factorswith respecto otherlimiting
resourcedike e.g.the (variable)rate available in the real
Internet,the rate available from a sener or the ratethat a
client device getswith respecto the maximumrateit can
consume.

Notethattheideaof consideringheratedecreaser de-
lay increaseas a QoS parameterfor elastic traffic is not
new. A meandelayfactor fr ~ 1/® to describethe ser
vice dggradationdue to less-than-ideatransmissiorrates
for elastictraffic hasbeendefinedbefore[9, 1]. However,
theattemptto quantify = E [®] in orderto dimensionfor
acertaintargetvalueandto find correspondingamgetvalues
for lossmodelsis novel.

Continuingthe above agumentsabouttime andmoney
basednarketsyve canestimatdametvaluesfor : Residen-
tial subscriberdiave boughtnew Internetaccesgquipment
increasinghe bandwidthby factorsof 2—3. Assumingthat
the old equipmentvasoperatedat the limits of its through-
put capacity(¢ &~ 1), the sameratewould correspondo a
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fun factor of » =0.3-0.5with the new equipmentA no-
ticeableimprovementcan thereforebe felt if ¢ >0.7-0.8,
demandinghatthe accesaswell asthe wide areaservice
providerscanoffer the correspondinghroughputFor busi-
nesscustomerspn the otherhand,the target valuesshould
be muchhigher, e.g.95 or even 99%, dependingn the de-
greeof servicerequestedFor high-qualitybusinessaccess,
one could also imagine determiningthe distribution of &
anddemandinghattheratio of connectionsvith ® < 90%
belessthana certainpercentageluringbusy hours.

3 Traffic modelsfor dimensioning

In the following, a few modelsfor dimensioningdatanet-
works are summarized A more extensive summaryand
comparisorof classicalmodelsis attemptedn [10]. There
aresomefundamentatlifferencesetweernthetraffic mod-
elssuchasa finite or infinite numberof traffic sourcesthe
assumptiorof greedyvs. ratelimited sourcesandbetween
thesystemmodelswherelossmodelswith or without buffer
areopposedo ratesharingmodels.

3.1 EngsetFluid Flow

A simpleapproachor aburstscalelossmodelwith homo-
geneouON/OFFsourcedasbeengivenby [11, 9,1, 2]. It
is basedon fluid flow modellingandcomputeghefraction
of fluid traffic thatis lost whenmoretraffic is offeredthan
abufferlesssystemcanhandle Beinga fluid model,it does
not considempacketscalequeueingandlossandis therefore
realisticfor a real systemwith small buffers. The complete
absencef a buffer in the fluid modelallows concentrating
on rate multiplexing effects without having to include ary
traffic correlationinto the model.In essencethe modelis
robustwith respecto correlationparameterdike meanor
distribution of burst (ON phase)durationor the long-term
correlationgdescribedy the Hurstparameter

A singlesourceis describedy the parametersoy for
the dataratein the ON phaseand g for the probability of
the sourceto be in the ON state.If the traffic from n such
sourcess multiplexedonalink with atotal capacitycy,, the
fraction of fluid traffic lost, pi.ss, is givenby (3):

n .
n : _;tTON — CI,
o= Y (D)F0-pp et g
, ? p-crL
i=[cr/ron]
Eq. (3) computesp;,ss from a sum over all overload

statesyusingthe binomial distribution p; for the probability
of i sourcesbeingin the ON state,assumingndependent
statetransitionsof all sources.

p=(])pa-s @
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Therelative total offeredloadin this cases

p = Rbron ©)

CL

3.2 Fractional Brownian Motion

Norros [12] introduceda fluid model of a buffer fed by
FractionaBrownianMationtraffic in anattempto incorpo-
ratethelong-rangedependencpropertieobsenedin mary
datatraffic measurement§.he basictraffic modelis a fluid
sourcethatgeneratesraffic accordingto the arrival process

Ay = mt + /maZ; (6)

with meanratem, variancecoeficienta andHurstparame-
ter H (propertyof theFBM Z,).

On the time scaleof ¢t > 0, the fractional Brownian
Motion 7;, hasan expectationof zeroanda varianceequal
to one. Accordingto the scalinglaw for self-similar traf-
fic, the varianceof averagevaluestakenover alongertime
decreasedependentn the Hurstparameter :

VAR [t/itozt] = <%>_2(1_H) (7)

Accordingly, the varianceof A; dependson the counting
timet:

—a(1—H)
VAR %()At] — ma - <ti> ®)

0

This equationalso explainstherole of the variancecoefi-
cienta andshovshow it canbedeterminedrom avariance-
time plot.

Thelink capacityneededo accomodatenesourcewith
parametersn, ¢ andH is givenas
C=m+ (HH(I — H)1_H\/—21n6) T aT g T

9)

if alossratee is tolerableanda burstscalebuffer of sizex
is presentFor multiplexing n homogeneousourcesNor-
ros [12] givesthe scalinglaws m(®) = n . m() a(?) =
n-aandH®™) = HO),

3.3 ProcessorSharing

Processosharing(PS)modelsprovide a simpleand effec-
tive way of dealingwith theelasticpropertiesf traffic car
ried by transporfprotocolswvhichadapthetransmissiomate
to theavailablecapacityin the network.

Lindbemer[1] describesiPSqueueingnodelM/G/r-PS
for alink which canaccomodate timesthe peakrateron
of anindividualsourcej.e.

CL

(10)

r =
TON



for integer r andnegative exponentialinterarrival time dis-
tribution (i.e. aninfinite numberof sourcespfferingatotal
offeredload p to the link. Lindbemger derives a meande-
lay factor fr which is roughly 1/¢ (exceptfor the aver-
agingprocessas fr = E[1/®] # 1/E[y]). In addition,
generallythereis a differencebetweentime averagesand
perconnectioraverages.

For sourceshich have amaximumrategreatethanthe
link rate,the correspondindgvl/G/1-PSmodelgivesa delay
factorof fr = 1/(1 — p) leadingto ¢ ~ 1 — p.

Forthe M/G/r-PSmodel,thedelayfactoris basednEr-
lang’s formulafor waiting probability in the corresponding
M/G/r-FIFOwaiting system:

1 (rp)

(1=p) . . @
T - zm bt

frR=1+

In orderto usethis modelfor dimensioninglinks, it is
favourableto extendit to arbitrarylink ratesj.e.non-integer
valuesof r. Definer, asthe numberof sourceghatcanbe
senedby thelink without extra delay:

rg = { oL J (12)

TON

Using X asarandomvariablefor the numberof sourcesn
the ON state theexpectationof therandomdelayfactor Fr
is

fr = EB[FlX <1y —P{gfx‘i%}rg}
P{X i}
+ B [Fr|X = (13)
Z %:H r P{X > 0}

While Fr is equalto onein thestatesX < r,,itis:/r when
moresourcesreactive. Thestateprobabilitiesaregivenby

i=0,1,2,...7,

rp)"
pi=P{X=i}=¢ TP .
pz—f‘gprg , 1> Tg
(14)

and 1

rg—1 i o\
m:[z o), L () ] (15)

— i 1—p rg!

Theresultingmeandelayfactoris

p 1
r(1 = po) (1—p

(Tp)‘rg
’ rg—1 = (16)
(1-p) ¥ UH+ 12

i=0

fr = 1+
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Approximatingl — p, by p andthewaiting probabilityin
(16) by thelossprobabilityascomputedrom othermodels
in this section,we obtainthefollowing very coarseapprox-
imation:

fR ~ 1+ Ploss (17)
r(1—=p)
Note that (17) is too optimistic as the waiting probability
canbesignificantlyhigherthanthelossprobabilityin acor
respondindbufferlesssystem.

3.4 Rateconvolution

For a bufferlessfluid losscomputationthe lossprobability
is equalto the probability of the sumof all active sources’
ratesbeinggreaterthanthelink rate.If theratedistribution

for eachsingleaccesdine is given by the rate distribution

probabilitydensitygr (z) = L P{Ron < z} with Laplace
transform(LT) L r(s), this probabilityis givenby then-fold

convolution of gr(z) with itself, g, , whichhastheLT

(Lr(s)" (18)

Using the correspondingcomplementarydistribution
functionCpg,, (z), the systemoverloadprobabilityis

LRn (S) =

Povt = Cr, (L) (19)

theratio of losttraffic is givenby

1 [ee)
DPloss — m / (l_cL)an(I)d‘E
- 7 Cr, (z)dx (20)
" nE [Ron] p Bal®,

This rate envelope multiplexing (REM) approachcan
be regardedas similar to a continuousstateEngsetmodel
wherethe sourcesare specifiedwith a distribution of in-
stantaneousatesinsteadof a probability of activity and
a fixed ON staterate. With this feature,(20) can be used
for sourceswith independentlywarying rates.In the case
of elasticsourcessharingcommonlinks, the ratesare ob-
viously not varying independentlybut vary suchthat the
aggr@atedrate peaksare smallerthanwhat they could be
underthe assumptiorof independenceso that (20) gives
an upperboundfor p;,ss: If connectiongdo not shareary
commonlink in the wide areanetworks they will beinde-
pendentlf ontheotherhandthey do sharea commonilink,
they will slow down eachotherleadingto areductionof the
lossprobabiltiy p;,s s 0ccuringontheaccesdink.

The rate cornvolution approachdiffers from the other
modelsin thatit cantakethedistributionof achievablerates



from the Internetinto account.This featuremakesthe for-

mula bothmorerealisticandat the sametime moredepen-
denton up-to-datemeasurementesultsthanthe other ap-
proachesln addition,thereis in practicea problemof find-

ing theright averagingtime resolutionto determinetherate
distributions.

3.5 Simulation modelsused

Two burstlevel (fluid flow) simulationprogramshave been
usedto allow more detailedstatisticalanalysis,validation
andextensionof the analyticalresultsgivenabove. In both
simulation models,the traffic is modeledby a fluid flow

with an intensity equalto the sum of the ratesof the cur

rently active sources.ProgramA allows loss simulations
with variousbuffer sizes.

In contrastProgranB simulatesaprocessosharingsys-
tem where at eachsourceON and OFF instantthe avail-
ablecapacityis re-distritutedfairly amongthe currentlyac-
tive sourcegaking into accountthe sources currenttarget
ron, re-computingheresidualtraffic to be transmittedby
eachsourceduringits ON phaseln simulationmodelB no
explicit buffer is simulatedas all sourcesare assumedo
adaptto the new availablerateswithout delay The ON rate
of eachsourceis dravn from a ratedistribution Cr(z) =
P{Ron > 2} atthebeaginning of aburstandis assumedo
be a constantargetvalue during the durationof the whole
burst. This simulationmodelallows to investigaterealistic
distributions of ratesavailable from the wide-arealnternet
but doesnot include TCP behaiour detailslike non-zero
reactiontimesor phasesynchronizatioreffects.

3.6 Summary of models

Tah 1 summarizeghe propertiesof the different models
with respecto the numberof sourcestheburstlevel buffer
sizes sourceratelimit, sourcetypeandratesharingoptions.

Table 1. Model summary

model sources blsjig?ar TON stc))/l;)ré:e srgtr?ng
EngsetFluid n 0 TON on/off no
FBM T oo FBM no
M/G/r-PS (o) (6% TON on/off yes
RC n 0 Cr(z) open no
SimulationA n T ronN on/off no
SimulationB n 0 Cr(z) on/of yes
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4 Comparison of results

The resultsobtainedfrom the different modelsare com-

paredin sections4.2 and4.3 usingcommonand compara-
ble setsof parameterderivedfrom measuredatadescribed
briefly in Sec.4.1.

4.1 Measured traffic

Comparablesetsof parametersire neededto objectively
comparethe resultsobtainedwith differentmodels.As the
modelsrequiredifferenttypesof parametersmeasurement
resultshave beenusedto derive the individual parameter
values.In accordancewith the idea of dimensioningan
accesgrunk line, traffic traceshave beencollectedclose
to clientsduring an ADSL (asymmetricdigital subscriber
line) field trial in Munster German, wherel00subscribers
have beenobsenred from May to December1l998[13, 14].
Measurementa/eretakencyclically in groupsof around?
usersfor a weekeach.Eachsubscribemaccessedhe Inter-
netthroughaline with a configuredratelimit of 2.5Mbit/s
downstreamand 384kbit/supstreamThe accesgrunk line
(® in Fig. 1) wasa 100Mbit/sline offering bandwidthin
alundanceSenersoutsideUniversityof Miinsters campus
networkcouldbereachedia its 34Mbit/sconnectiorto the
GermanResearciNetwork. The dependencef parameters
onaccessink speedss discussedn [15].

Table 2. Parameters

Parameter Symbol Value
MeanRate m  10.5kbit/s
Accessdline Rate ron  2.5Mbit/s
Activity Factor B 0.0042
VarianceCoeficient a 4.410°
HurstParameter H 0.915

The parametersobsenred for HTTP/TCP/IP/Ethernet
traffic in active client accesssessionsare summarizedn
Tah 2. A client accesssessiorhasbeendefinedasthe in-
tenal in time in which a client computertransmitsor re-
ceives packetswith pausesof no more than 10 minutes.
Meanratem, variancecoeficienta andHurstparameter?
have beendeterminedirom a variance-timeplot covering
the time scalesfrom 10msup to oneday. The region for
consistentz and H estimationwas betweenaround50ms
and3min.

The measuredne secondaveragebit ratesduring ac-
tive HTTP client sessionsasdefinedabore have beenused



for the rate cornvolution modelfrom Sec.3.4. The n-fold
corvolution andthe evaluationof (20) have beenperformed
numericallyon the measurediistribution usinglinearinter-
polationbetweerthe distribution values.

SimulationB requiresarateanddurationdistributionfor
ON phasesn orderto allow the (possibly more realistic)
investigationof fun factorsunderthe assumptiorof a dis-
tribution of ratesavailablefrom the Internetsimilarto when
the measuremendatawere recorded During a client ses-
sion, it is realisticto assumehatthe durationof a phaseof
constantrateis distributedapproximatelyike the duration
of a TCP connection.In the measurediata, this duration
hada meanof 57sanda coeficient of variationof 16. For
the simulation,a Pareto distribution truncated[16, 17] at
70000shasbeenused,which correspondsery well to the
measurediata. The rate distribution in the ON phasesas
beenextractedfrom the active client ratedistribution asthe
conditionaldistribution for ratesthatare greaterthanzero.
A bestfit wasobtainedusingatruncatedParetodistribution
with a minimum value of 19kbit/s,a« =1.5 anda censor
ing boundof 2.5Mbit/s,i.e. a concentratiorof the remain-
ing tail probabilitymasson the discretevalueof 2.5Mbit/s,
which is in goodcorrespondenceith the measuredlistri-
bution. The probability for therateto be zerofor onesec-
ond during an active sessiorwas 0.8. This hasbeenused
to determinghe meanof a negative exponential OFF phase
duration(228sec).
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Figure 2. Transformed Fun Factor 1 — ¢ and loss proba-
bility for (a) 32 sources and (b) 800 sources. For abbre-

4.2 QoSindicator results

In Fig. 2, analysisand simulationresultsare depictedfor
32 and800 sourceswith parameterasdescribedabove. In
orderto plot it togethemwith lossratio results thefun factor
hasbeenreplacedoy 1 — ¢ in the plots. Theresultsin the

viations and parameters see text in Sec. 4.3.

of QoS. This propertyis found as long as the difference
betweertime andperconnectioraveragess neagligible. In

graphare:

® poss from simulationA, given with 95% confidence
intervals.

® pioss accordingto the Engsetanalysis(3).

e 1 — » from simulationB with ON/OFF sourcesand
T‘ON=2.5Mbit/S.

e 1 — ¢ from the M/G/r-PSanalysiq(16).
e 1 — o from approximation(17) usingpi,ss from (3).

Additional simulationsagreewith theanalysisresultthat

the ON phasedistribution hasno influenceon thelossratio
or meanfun factor resultsfor the bufferlessor processor
sharingmodelsevenin thelimited sourcesase.

In the parameterangechoserhere,the resultsfor p;,
and1 — ¢ arealmostindistinguiskableandvary by about

10-20%in termsof theratenecessarjo givethesameevel
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simpleON/OFFcasesvhereall sourcedave thesamepeak
rate, the equivalenceof p;,s; and1 — ¢ canalsobe shavn
analytically

The picture changeswvhenthe real ratesavailable from
the Internetare includedin the evaluation.As mentioned
before,in orderto work with suchvalues theseratesmust
be measuredrequentlyin orderto keeptrackwith the evo-
lution of the Internet.For the ratedistribution documented
in Sec.4.1,Fig. 3 givesthe dependencef p;,,, according
to (20) and1 — ¢ asobtainedfrom simulationB with ON
ratesrandomlychoserfrom theratedistribution.

With thisrealratedistribution,theachievablefun factors
aremuchhigherthanwould be expectedfrom lossratedi-
mensioninggvenif atamget1 — ¢ hadbeenusedfor p;,;.
Thisdifferencds dueto thefactthatsourcesvith anachiev-
ablerateron lower thanthe currentfair shareproducea
contribution ® = 1 andonly thosewith higherachiezable
ratesareslowveddown by theaccessrunk. However, it can-
not bestressedoo oftenthatin orderto profit from this ad-
ditionalgain,anoperatomustkeeptrackof theevolution of
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Figure 3. Transformed Fun Factor 1 — ¢ and loss proba-
bility for (a) 32 sources and (b) 800 sources with a rate
distribution as given in Sec. 4.1.

bit ratesavailablefrom the Internetandre-dimensiortheir
accesgrunk linesaccordingly

4.3 Dimensioningresults

Fig. 4 depictsa summaryof the resultsfrom the analyti-
cal modelsfor a wider rangeof n. The comparisoris done
with respecto thepredictedrequiredink capacitycy, (r) to
sene n sourceswith a given QoS measureThe following
modelsandparametertave beenused:

e Therequiredaccumulatenearrateof all sourcesp-m.
® piss = 107° in the Engsetmodel(3).

pross = 1078 andz = 1 in the FractionalBrownian
Motion model(9).

e o = E[®] = 0.99 in the M/G/r-PSanalysis(16).

Ploss = 1076 for ratecorvolution (20).

The dimensioningresultsarein fairly good agreement
with eachother The FBM resultover-emphasizeghe long
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Figure 4. Comparison of dimensioning results. For ab-
breviations and parameters see text in Sec. 4.3.

range dependencend underestimateshe bandwidthre-
quiredto satisfyasmallnumberof accesdinks. Theresults
from (16) are nearlyindistinguishabé from the Engsetre-
sultsif ¢ = 1 — 10~% is used.

5 Conclusions

In this paperthe “fun factor” ® wasintroducedasa basic
measuref percevedquality of servicefor elastictraffic. As
theimpactof ¢ = E [®] onthepercevedQoSis easyto see,
it is asimpletaskto definetargetvaluesfor ¢ for residential
or businessnetwork accessDifferent existing modelsfor
dimensioningdatanetworkswere compared.The M/G/r-
PS model from [1] wasgeneralizedo arbitrarylink rates
anda new approachfor dimensioninglinks with a known
distribution of the availableratefrom theInternet(ratecon-
volution) wasadded A comparisorwith a consistensetof
parametersglerivedfrom recentmeasurememesultshelped
to seethe generalrelation betweenthe fun factor and the
packetiossprobabilityasa moreclassicalQoSmeasure.

If the distribution of ratesavailable from the Internetis
known, bandwidthcanbe sared dueto bettermultiplexing
of sourceswith lower ON rates.Thetime scaleusedfor the
rate distribution shouldbe smallerthanthe durationof the
connection®f interest.

In orderto validate especiallythe fluid simulationre-
sults,simulationsncludingfull TCP modelsshouldbe per
formed. A continuousstatemodel might help derving the
distribution or meanof & in the rate corvolution context
analytically

It shouldbeaneasytaskto defineameasurememhethod
for ® basedon fluid rate sharing assumptionsSuch a
methodcould help Internetserviceproviders (ISPs)moni-
toring theiraccesdrunkstowardscustomersaswell astheir
interconnectionpoints towardsthe rest of the Internet. A



future applicationcould alsobe to include ® limits in ser
vice level agreementsr offer ISPsto adwertisetheir good
network performanceand overdimensioningowardstheir
subscriberasadifferentiationfeature.
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