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Abstract

It is commonfor simulationand analytical studiesto
modellnternettrafc as an aggregation of mostly persis-
tentTCP ows. In practice however, ows follow a heavy-
tailed sizedistribution and their number uctuates signi -
cantlywith time Oneimportantissuethat hasbeenlargely
ignored is whethersud non-pesistent ows arrive in the
networkin an open-loop(say Poisson)or closed-loop(in-
teractive) manner This paper focuseson the differences
thatthe TCP ow arrival processntroducesin the gener
atedaggregatetraf c. e r streview theProcessoiSharing
modeldfor such ow arrival processeaswell asthecorre-
spondingT CP padet-level models. Then,we focuson the
gueueingperformancethat resultsfrom eadh model, and
showthat the closed-loopmodelproduceslower lossrate
andqueueinglelaysthanthe open-loopmodel.\\e explain
this differencein termsof the increasedtrafc variability
that the open-loopmodelproduces. The causeof the lat-
teristhatthe ow arrival ratein the open-loopmodeldoes
notreduceuponcongestion.We also studythetransientef-
fectof congestioneventson the two modelsand showthat
theclosed-loopmodelresultsin congestion-esponsivéraf-
¢ while the open-loopmodeldoesnot. Finally, we discuss
implicationsof the differencesbetweenthe two modelsin
several networkingproblems.

1 Intr oduction

Models of aggregyate TCP trafc are valuablein net-
working researctandpractice.Much of the previouswork
in this areahasbeenfocusingon the model of persistent
TCP ows, i.e.,on o ws that have unlimited datato send
andthatarenot limited by the recever adwertisedwindow.
This modelis mathematicallytractableandit is easierto
simulate,but at the sametime it fails to capturekey as-
pectsof real Internettrafc [10]. Speci cally, it ignores
the heavy-tailed natureof the ow size distribution (that

canproducd_ong-Rangéependeny), thesigni cant vari-
ationsin the numberof active o ws with time, andthere-
lation betweerncongestiorandthe o w arrival processOn
the other hand, someprevious work hasconsiderechon-
persistentTCP ows, following a heavy-tailed size distri-
bution. The openissuethereis whetherthe arrival process
of the TCP o ws shouldbe modeledin anopen-loop(OL)
mannei(say accordingo aPoissorprocess)or in aclosed-
loop (CL) mannei(say from anumberof interactive users).
This paperfocuseson the differenceghat the o w arrival
processOL versusCL, causedn the generatedaggreyate
traf c. Therelatedissueof which modelis morerealistic
hasbeenthefocusof arecentmeasuremerdtudy[16].

We start with the uid ProcessorSharing (PS) mod-
els for the OL and CL ow arrival processes. The PS
modelsprovide an accurateestimateof the offeredloadin
light/moderatdoad conditions. On the other hand,when
the load approacheshe capacity the PSmodelscanlead
to signi cant underestimationf the offeredload. Themain
problemis thatthe PSmodelsignorepacletlossesaandTCP
retransmissionsyhich area signi cant contribution of ad-
ditionalloadin congestedinks. Neverthelessthe PSmod-
elsshaw clearly thatthe open-loopmodelcanbe unstable,
while theclosed-loopmodelis alwaysstable asthenumber
of active o wsis bounded.

We then comparethe queueingperformanceof the
(paclket level) OL andCL models,examiningthe lossrate
and queueingdelay distribution that the two modelspro-
duceunderthe sameofferedload. The OL modelproduces
higher loss rate and queueingdelaysthan the CL model.
To explain this difference we examinethe traf c variabil-
ity producedby the two modelsin a rangeof timescales
(10msec-1sec)We nd out thatthe OL modelresultsin
higher variancethan the CL model, especiallywhen the
timescaleexceedsthe TCP Round-Tip Time (RTT). The
causeof the increasedraf ¢ variability in the OL model
is that the latter doesnot reducethe o w arrival rate upon
congestion.This leadsto moresigni cant overloadevents,
in magnitudeandduration,thanthe CL model,generating
highertraf ¢ variability. TheCL modelrespondso conges-



tion roughly oneRTT afterits occurrencewhich explains
why thevariability differencebecomesigni cant whenthe
timescalds largerthanthe RTT.

We also examinethe distribution of the numberof ac-
tive o wswith each o w arrival model. Here,we nd that
the OL modelresultsin higher variability in the number
of ows thanthe CL modelwhenthe offeredload is sig-
ni cant. Therearetime periodsin which the numberof
ongoing o ws with the OL modelis muchhigherthanthe
average. This obsenationis relatedto an earlier study by
Schroedeet al. which shoved thatjob schedulingis cru-
cial mostlywith the OL model,astheformergivesawider
leeway to the schedulethanthe CL model[18].

Finally, we focus on the transientresponseof the two
modelsin termsof the congestionresponsiveness theag-
gregatetrafc. With OL o w arrivals, the resultingtraf ¢
is not congestioresponsie, meaningthatthe offeredload
doesnot follow the availablecapacityin the network. With
CL ow arrivals,ontheotherhand thetraf ¢ is congestion
responsre.

Therestof the paperis organizedasfollows. Sections2
and3 review previous work andthe limitations of the per
sistento wsmodel,respectiely. Section4 describehe OL
and CL modelsand review basicresultsaboutthe corre-
spondingPSmodels. Our simulationsetupis presentedn
Section5, while the queueingandofferedload differences
betweerthe two modelsare presentedn Sectionss and7.
Section8 examineghevariability in theofferedload at dif-
ferenttimescaleswhile Section9 shavsthevariationin the
numberof active o ws. Section10 focuseson the conges-
tion responsienes®f thetwo models.We concludehepa-
perin sectionll, alsodiscussingsomeimplicationsof this
work in variousareasof networking researctandpractice.

2 RelatedWork

Over the last few years,and especiallyafter the semi-
nal work by Kelly etal. [11], several researcherapplied
control theory to examinethe stability of TCP congestion
control[14, 20, 15]. A key pointaboutthatline of work is
thatit assumepersistenfTCP o ws, andit focuseson the
asymptoticstability of the queuesizeat the network bottle-
neck. Theassumptiorof persistento ws removesfrom the
problemtheimportanceof the o w arrival process.

Some previous work usesnon-persistento w models,
but often without discussingwhetherthe OL or the CL
modelis moreappropriate BenFredjetal. [7] considered
theOL model.They notedthattheonly reductionin the of-
feredload upona congestioreventis dueto abortedtrans-
fers. Suchtransfers however, resultin wastedthroughput
and userdissatisiction. For this reasonthe authorspro-
posedadmissiorcontrolastheonly ef cient wayto prevent
persistenpverload. Vecianaet al. [4] consideredhe OL

modelandconcludedthat the Internettraf c may become
unstableundercertainconditions.

Heymanetal. [8] useda CL modelto analyzethe per
formanceof Web-like traf c over TCR. They showved that
the sessiorgoodputandthe fraction of time the systemhas
agivennumberof active sessiongreinsensitve to thedis-
tribution of sessiorsizesand“think times”, andthey only
dependon the meanof thesedistributions. BergerandKo-
gan[2], aswell asBonaldet al. [3], useda similar CL
modelto designbandwidthprovisioning rulesfor meeting
certainthroughput-relate@oSobjectives.BondiandWhitt
[1] examinethedifferencedetweerthe OL andCL models
in the context of networks of queuesfocusingon therela-
tion betweerthe averagequeuesizeatthe bottleneclkgueue
andthe variability in thejob service-timeadistribution.

Most of the previous work with the OL or CL models
assumethatTCP congestiorcontrolcansharethecapacity
of alink asa uid PSsener[17]. KheraniandKumar[12]
shaved that the PS modelis not always accurate mostly
becausd CPtransfersdo not manageo keepthelink fully
utilized undercertainconditions. In this paper we usethe
PS modeljust to gain somebasicanalytic insight. Most
of our conclusionsarebasedn NS2 simulationswith TCP
transfers.

In a paperthatis closelyrelatedto our work, Schroeder
etal. [18] compargheOL andCL modelsin agenerakon-
text of job arrivalsatasener. They highlightthedifferences
betweerthe two modelsin termsof the meanjob comple-
tion time, andthey focus on the effectivenessof different
job schedulingoolicieswith eachmodel.

More recently we have analyzedsereral traf c traces
collectedat a dozenof Internetlinks in orderto estimate
thefractionof traf ¢ thatcanbemappedo eithertheOL or
CL model[16]. Thatmeasuremergtudyshaws thatabout
60-80%of traf c to/fromwell-known ports(mostlyHTTP)
follow the CL model. Neverthelessthe percentagef OL
traf ¢ is signi cant in somelinks. Additionally, we could
notclassifyreliablyupto 70%of thetraf ¢ in certaintraces.

3 Critique of the PersistentFlows Model

It is commonfor analytical and simulation studiesto
modelmostof thetraf ¢ with persistenfTCP connections.
A commonargumentto justify this modelis thatmosttraf-
¢ in anInternetlink is carriedby a few large TCP o ws
elephantsaandsothose o ws canbe modeledaspersistent.
The smaller o ws, referredto asmice do not contritute a
signi cant amountof trafc andsothey areoftenignored,
or they areviewed as a sourceof stochastimoisein sim-
ulation studies. The previous argumentis an oversimpli -
cationandit ignorestwo key characteristicef realInternet
trafc. First,thesizeof TCP o wsfollowsacontinuousand
heavy-tailed distribution in practice,ratherthana bimodal



distribution in which o ws are eithervery short(mice) or

very long (elephants).In otherwords, the previous argu-
mentignoresthe o ws of signi cant, but not extreme size.
Second,o wswith verylargesize(relativeto other o wsin

theaggreyate)donotalwayshave verylongduration.Some
large o ws gethigherthroughputandsotheir durationcan
be comparabldo thatof short o ws. Such o ws cannotbe
modeledaspersistentespeciallywhenthe timescaleof in-

terest(for example,the durationof the simulationstudy)is

longerthantheir duration.

To illustratetheseissueswe analyzea paclet tracethat
was collectedat the borderrouterof Geogia Techin Jan-
uary 2005. The tracedurationis two hoursandthe moni-
toredlink carriesthe inboundtrafc in a Gigabit Ethernet
segmentthat connectghe campusnetwork to the SoX Gi-
gaPoPThe objective of this traf ¢ analysisis to examine
the assumptiondehindthe persistento ws model. Note
that similar studieshave beenconductedsereral timesin
thepast(for instanceseeg[6]), usingtracedrom mary links
andunderdiverseload conditions.
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Figure 1. The fraction of bytes f generated

by o ws that are active for the entire duration

of a given time interval T as a function of T.

The error bars depict the minimum and the
maxim um values of the fraction f.

We rst lookedatthe o w sizedistribution. We nd that
the C-CDF of thatdistribution shawvs clearlinear decrease
in alog-log plot, pointing to the heavy-tailed Paretodistri-
bution (with shapgparameteaboutl.3). We alsoexamined
thedistribution of o w interarrivals. Whentheinterarrivals
arelargerthan100msear so, they canbe modeledas ex-
ponentialand independentpointing to a Poissono w ar
rival process)However, therearesigni cant correlationsn
lowerinterarrivals,probablydueto thegeneratiorof simul-
taneouso ws by the sameapplicationsession.

Next, we measuredhe numberof active o wsasafunc-
tion of time for different o w sizethresholds.If we only
consider o ws thatarelargerthan1.5MB (or 1000pkts),
the numberof active o ws remainsalmostconstantwith

time. This obsenation, hawever, shouldnot beinterpreted
asvalidation of the persistento ws model. The reasonis
that even thoughthe numberof (sufciently large) active
0 ws remainsroughly constantwith time, the setof active
ows changessigni cantly with time To illustratethis point
we examinedthe fraction of bytesf thatis generatechy
o wsthatremainedactive throughouta giventime interval
of lengthT. With the persistenmodel,all o ws areactive
throughoutT and this fraction shouldbe closeto 100%.
If all ows lastedfor lessthanT secondsthenthis frac-
tion shouldbe zero. We measured for the following val-
uesof T: 7.5, 15, 30, 60 and 120 minutes. For eachvalue
of T (exceptfor 120 minutes),we obtained30 samplesof
the fractionf , ignoring the rst two minutesof the trace,
andconsideringo ws thatlastlongerthan0:95T asactive
throughoutthe durationT. Figure 1 shows the mean,the
minimum andthe maximumvalueof f asafunctionof T.
Thekey obsenationhereis thatevenfor timeintervalsthat
last only 5-10mins,the fraction of trafc from persistent
owsis only 40-70%.So,the assumptiorihatthe sameset
of owscarriesalmostall traf c ignoresthe variability due
to thedynamic o w arrival andcompletionprocesses.

4 Two Models of Non-Persistent Flow Ar-
rivals

In this section,we describetwo basicmodelsof non-
persistento w arrivals: the OL andCL models.Both mod-
elsaresimpleandwell-studiedin the performancesvalua-
tion literature.

Notethattheterms“open-loop”and“closed-loop”have
beenpreviously usedto distinguishbetweemon-TCPtraf-
¢ (viewed asopen-loopbecauseacletsarrive randomly
basedon an exogenousprocess)and TCP trafc (viewed
asclosed-loopbecausdhe o w is regulatedby TCP con-
gestioncontrol). In this paper both OL and CL models
describeanaggreyateof TCP o ws. They differ, however,
in the higherlevel processpperatingat the sessioror ap-
plication layer, that generateshese o ws. Figure2 shows
a schematiadiagramof the o w generatiorprocess.If the
sessiorlayerusessomefeedbackrom the network, sothat
it slows down thegeneratiorof nev 0 wsuponcongestion,
the resultingtrafc will be closerto the CL model. Oth-
erwise,in the absenceof suchfeedbackthe OL modelis
moreappropriate.

41 Open-Lo op model

In the OL model, usersor applicationsgenerateo ws
independentf ary previous o wsthey mayhavegenerated.
To motivatethis model,considerthe accesdink of a Web
sener. In theoutbounddirection,thesenersendsles to a
large populationof userslocatedarnywherein the Internet.
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Figure 2. The o w arrival process is con-
trolled by the session/application layer. Is
that layer responsive to network cong estion?

Assumethata userdoesnotreturnto this sener, atleastfor
alongtime, aftercompletinga le transfer Consequently
the sener's sessiong@realwayswith new users.If the link
becomegongestedthearrival rateof new sessionsvill not
be affected,as Internetusersare typically unavare of the
network statein agivenpath.

Considera PSsener with capacityC (bytes/sec)aver
age ow arrivalrate (o ws/sec)andaverageo w sizeS
(bytes). We referto this modelasPS-OL.The averageof-
feredloadin the seneris givenby S andthe normalized
offeredloadis

o= S =C Q)

If o <1,theseneris stableand  is the averageutiliza-
tion. For aPoissono w arrival processit canbeshown that
theaveragenumberof active o wsis givenby [13]

— 1 .
No= @) @)

Otherwisejf , >1,theseneris unstablgaslongas o ws
arenever aborted).Sinceboththe o w arrival rateandthe
average o w sizeareindependenbf the network state the
averageofferedload remainsconstanevenin the presence
of congestion.Further the expectedthroughputof a new
o w in the PS-OLmodelis givenby the available capacity
in thesener,

R=C(l ) 3)

Deviating from the PSmodel,we canconsidera paclet-
level model of a First-Come-First-Sered (FCFS) queue
with a nite buffer and with o ws that are controlled by
TCP congestioncontrol (TCP-OL). Notice two important
differencesbetweenthe TCP-OL model and the PS-OL
model.In theformer, we canhave pacletdrops.TCPreacts
to themwith retransmissionsyhich effectively increasehe
sizeof theaffected o ws. Further it is well knownthatTCP
cangenerategedundantetransmissionThis meanghatthe
actualofferedload by a setof TCP o wsin the OL model

can be higherthan what the PS model predictsin Equa-
tion (1). Second,a TCP ow canbe active even whenit

doesnotcompetdor availablecapacity becausef window

limitations dueto slow-start, retransmissiotimeouts,lim-

ited adwertisedwindow, etc. This meansthat the average
numberof active TCP o wscanbemuchlargerthanEqua-
tion (2).

4.2 Closed-Lo op model

To illustrate the CL model, considerthe accesdink of
a small enterprisewith, say N, users. In the inbounddi-
rection,mostof thetraf ¢ atthelink is downloadsthatare
generatedy the activity of theseN users.In the simplest
model,eachusercanbein the“Active” statedownloadinga
le, thenspendingsometimein the“ldle” (or “Thinking”)
state,andtheneither downloadinganother le, or leaving
the systemfor alongertime period(“Inactive” state).This
link would notcarrymorethanN active o wsatary time.
Furthermoreif thelink becomegongestedthenthe down-
loadlatenciesof all active o wswill increasereducingthe
ratewith whichnew o wsaregenerated.

In thePSversionof theCL model,wehavea x ednum-
ber of usersN . Eachusergoesthroughcyclesof actiity,
with o ws of averagesize S, followed by idle periodsof
averagelength T;. The averagesessionarrival ratein the
CL modelis givenby

N
T T +T, @

whereT; is theaverage o w transferdateng. Thelatterde-
pendsontheloadatthe PSsener. Thusthe averagesener
utilization atthe PS-CLmodelis givenby

NS
S Cme T ©)
The averagenumberof active o wsin the PS-CLmodel
is givenby (se€[2])
a
N. = 1 a for a 1
= N1 al =N % for a> 1 (6)
wherethe normalizedofferedloadis givenby
a= NS=CT;: (7)

Note that the expectednumberof actve o ws for a 1
is samewith the OL model. Ontheotherhand,whena>1,
N¢ increaseslowly with a andremainsbhoundecby N .

Similar to the TCP-OL model, the CL model with a
FCFSqueueand TCP o ws (TCP-CL) candeviate signi -
cantlyfrom its PS-CLcounterpartFirst,asin TCP-OL,we
needto considertheextraloaddueto requiredor redundant
retransmissionsSecondasin the TCP-OL model, TCPis
not ableto alwaysusethe availablecapacity



5 Simulation Setup

Theprevioussectiorreviewedwell-known resultsfor the
OL andCL models,basedon the PSmodel. In this work,
we aremore interestedn TCP-speci ceffectsthat cannot
be capturecby the PSmodel,aswell ason the varianceof
theresultingaggreyatetrafc. For thesereasonswe rely
mostlyon simulation.

Figure 3 shavs our NS-2simulationsetup. Thereare

Figure 3. Simulation setup

10 input links, eachwith capacitylGbps,connectedo an
output link with capacity C=50Mbpsand buffer size B.
This topologydescribes scenaridn which the bottleneck
is theingresslink of anenterprisenetwork, andwherethe
sener, backboneandclient links are over-provisioned. In
this setupwe have 20 senersthatareconnectedo the bot-
tleneckwith 1Gbpslinks andwith propagatiordelaysthat
vary betweerbmsecand45msec.The round-trippropaga-
tion delayin this setupvariesfrom 30msedo 110msecwith
aharmonicmeanof aboutTo=60mseé.

In all simulationswe usethe SACK-enabled\S-2TCP
modulesadkl. The buffer sizeB is setto the bandwidth-
delay productof the path (250 paclets),consideringT, as
therepresentatie delay The maximumadertisedwindow
is setto 256 paclets. In the CL simulations,thereare N
clientsthatinitiate TCPtransfers Theseusersarrive for the

rst time atthe network atarandominstantduringthe rst
few second®f thesimulation.After arriving, eachuserfol-
lows the CL o w generatiorprocessselectinga sener for
eachtransferrandomlyfrom the setof 20 seners. In the
OL simulationsthe o w arrival processs Poissorwith ar
rivalrate . Inall simulationsthe o w sizefollowsaPareto
distribution with ameanof 25 packetsandshapeparameter
1.5. Thethink time T; for the CL modelfollows an expo-
nentialdistribution with a meanof 2 secondsThevaluesof

andN arevariedto obtaindifferentofferedloadsin the
OL andCL models,respectiely. Eachsimulationrunsfor
1000secondsandwe reportresultsfor the periodfrom 200
to 950seconds.

6 Controlling the Offered Load

To comparethetraf c characteristicandqueueingper
formanceof the OL andCL models,we rst needto make

1Theuseof the harmonicmeanhasbeenrecommendeh [5].

surethattheir parametersare selectedso that both models
produceequalaverage offeredload. The offeredloadis de-
ned astheamountof trafc thatarrives at the bottleneck
link per unit of time, andit includestrafc that may get
droppeddueto congestion.

Controlling the offeredload in the OL and CL models,
however, is nottrivial. Supposd¢hatwe wantto generatea
certainofferedloadX atthebottlenecHink of theprevious
simulationsetup.Giventheaverageo w sizeS (andtheav-
eragethink timeT; in thecaseof the CL model),acommon
approachs to rely onthe PSmodel. For the OL model,we
cancalculatetherequired o w arrivalrateas = X=S. For
the CL model,however, theterm T; dependn the given
load conditions. A crudeapproximations to assumdight
load conditions(a 1), andthus T, Ti. Then,the
requirednumberof userssN = X T;=S.
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Figure 4. The offered load with the TCP-OL
and TCP-CL models (simulated, y-axis) as a
function of the offered load X that is pre-
dicted by the corresponding PS models (cal-
culated, x-axis).

Next, we examinethe relation betweenthe averageof-
feredload X predictedby thetwo PSmodelsaspreviously
described,and the actualoffered load that we obsere in
simulationswith TCPtrafc (TCP-OL and TCP-CL mod-
els). Figure4 shows the resultsof this comparison. The
capacitylinesX = C andY = C areshown for reference.
We obsenethatthe offeredloadwith the TCP-OL modelis
very closeto theload X predictecby the PS-OLmodel,as
longasX remainsbelon thecapacityC. As X approaches
C the TCP-OL offeredload startsdeviating from X, and
whenX > C (overload)the TCP-OL offeredloadis signif-
icantly higherthanX . The reasonis thatthe TCP-OL of-
feredloadincludesretransmissiongequiredor redundant)
of droppedpaclets. The fact that the increaserate of the
TCP-OL offered load dropsas X goesmore deeplyinto
overloadis dueto the increasingfrequeng of retransmis-
sion timeoutsthat the TCP connectionsexperience. Nev-
erthelesstheimportantobsenationhereis thatwe canuse



the offeredload predictecby PS-OLmodelasareasonable
approximationaslongasX < C.

In the caseof the CL model,the offeredload predicted
by the PS-CLmodelis lower thanthatwith TCP-CL,even
in light/moderatdoad conditions.Thereasonpf coursejs
that we have ignoredthe load-dependentansfertime T,
assuminghatit is muchlessthanT;. Especiallyfor TCP
0 ws, however, we cannotignorethatfor a ow of sizeS
thereis a minimum transferlateng of several RTTs due
slow-start, even if thereare no queueingdelaysor paclet
losses.Thus,we next considerthe following improvedap-
proximationof the offeredloadwith the PS-CLmodel,

NS

Ti + Tt;min (S) (8)
whereTimin (S) is the minimum lateny requiredby TCP
to transfera o w of size S usingslow-start. It is simpleto
estimatethis parameteras long asthe RTT andthe TCP
variant usedare known. We refer to this approximation
asthe PS-CLmodelwith a constanttermfor the minimum
transfertimeof theaverage ow size or PS-CL-Tfor short.
Figure4 shavs therelationbetweerthe offeredload of the
TCP-CLandPS-CL-Tmodels(with Tymin (S)=0.36sedn
our simulations). Note that the latter is a reasonablygood
approximatiorbothwhenthelink is notcongeste@X < C)
andin overload(X > C). Thereasorthe offeredloadis
slightly above thecapacityin overloadis againthe presence
of someTCP retransmissionsin summary the PSmodel
canprovide areasonabl@pproximatiorof the offeredload
in the TCP-CLmodel,aslong aswe considerthe minimum
transfertime with TCP slow-startfor theaverageo w size.
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Figure 5. The offered load from the CL model
tends to that of the OL model as N and T;
increase .

Notice thatthe OL modelcanbe viewed asthe asymp-
totic limit of the CL model,if we letthe numberof usersN
andthe averageidle time T; goto in nity , while theinitial
transferof eachuseris randomlyplacedon the time axis.

Indeed,we may wonderwhetherthe offeredload with the
TCP-CLmodelapproachethatof theTCP-OLmodelaswe
increaseN andT;. Figure5 shavstheofferedloadfrom the
TCP-CLmodelfor two valuesof T, 2 and20secondsNote
that an increasein the idle time alsorequiresan increase
in the numberof usersin orderto attainthe sameoffered
load. For example,with T;=2secwe need400 usersto get
46Mbpsof offeredload,while with T; =20seonve need3200
usersWe seethatthe offeredloadbetweerthethreecurves
differsmostlyin overload,asexpected.As we increaser;
andN , the TCP-CL curve approacheshe TCP-OL curve,
implying the gradualconvergenceof the CL modelto the
OL model. Notice however that this corvergenceis very
slow andin practicewe would needa very large number
of usersbeforewe can claim that the a closedpopulation
of userscan be modeledwith the OL model, in overload
conditions.

In the restof the paper we usethe offeredload thatis
calculatedrom ns-2simulations.

7 QueueingPerformance

Next, we comparghequeueingerformancef the TCP-
OL andTCP-CLmodels.Themainobsenationis that,un-
der the sameoffered load, the TCP-OL model resultsin
higher queueingdelaysthanthe TCP-CL model. If there
are paclet lossesthenthe lossrate with TCP-OL is also
higherthanwith TCP-CL.
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Figure 6. The loss rate as a function of the of-
fered load for the TCP-OL and TCP-CL mod-
els.

Figure 6 and7 show the lossrate andthe queueingde-
lays for the TCP-OL and TCP-CL modelsasa function of
the offeredload. For queueingdelays,we reportthe me-
dianandthe 90-th percentileof the perpaclket delaydistri-
bution. The differencesare of courseminor for light load
conditionswhenthe offeredloadis, say below 50% of the
capacity In heavier load conditions,however, the differ-
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Figure 7. The median and 90-th percentile of
the queueing delay distrib ution as a function

of the offered load for the TCP-OL and TCP-
CL models.

encesaresigni cant andcannotbeignored.In thenext sec-
tion we explain thesedifferencesexaminingthe statistical
variability of theaggrayatetraf ¢ in differenttimescales.

8 Traf c Variability at Different Timescales

Theresultsof the previoussectionsuggesthatthe TCP-
OL modelproducedargertrafc burstinesshanthe TCP-
CL model.In thissectionwe aimto furtherunderstanavhat
causeshisdifferenceandto identify theloadconditionsand
timescalesn whichthisis moreevident.

Figure 8 shavs the varianceof the offeredload for an
averagingtimescaleof 10msec,100msecand 1sec. First,
noticehow the variancedependsn the offeredload. The
varianceincreaseaup to a certainpoint (20-45Mbps,de-
pendingon the timescaleandthe model). After that point
the variancedecreasesvith the offered load. For an ex-
planationof this well-understoodrendwe refer the reader
to [9, 19]. Whatis morerelevanthereis thatthe TCP-OL
modelproducesighervariancethanthe TCP-CLmodelin
moderate/hegy load conditions.Sincethe round-tripprop-
agationdelaysn our simulationtopologyvaryfrom 30msec
to 110msecyve view thetimescaleof 10mseasbelow the
typical RTT, 100mse@sroughlyequalto theRTT, andlsec
aslargerthanthe RTT. Theresultsof Figure8 alsosuggest
thatthedifferencein thevarianceof thetwo modelsis more
signi cant whenthetimescalds aroundthe RTT or higher

In light load conditionsthe two modelsare practically
equivalent, as thereis no signi cant queueingor packet
lossesand transfersare only limited by TCP's slow-start.
As the offeredload increaseseyond roughly 50% of the
capacity congestiorepisodestartto occur In the TCP-OL
model, new o ws arrive independenbf whetherthe bot-
tleneckis congestedr not. In the TCP-CL model,when
a o w slows down becausef congestiornit alsodelaysthe

generatiorof thenext o w fromthesameuser Thisreduces
thedurationandmagnitudeof congestiorevents leadingto

lower traf c variability thanin the TCP-OL model. The

responsdatengy of the TCP-CL model cannotbe faster
thanTCP'sRTT however;this explainswhy thetwo models
“look” thesamein sub-RIT timescales.
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Figure 8. Variance of the offered load with the
TCP-OL and TCP-CL models for three averag-
ing timescales.
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Figure 9. Fraction of time the offered load is
greater than the capacity for four averaging
timescales.

To further illustrate the previous explanation,Figure 9
shows thefraction of time the offeredload exceedghelink
capacityin four averagingtimescales.Herewe seethatin
thesub-RI'T timescaleof 10msechoth modelsexperience
overloadfor practically the samefraction of time. When
we examinethe traf ¢ at highertimescaleghanthe RTT,
however, we con rm thatthe TCP-OL is overloadedmore
frequently The TCP-CL modelexperienceverloadless
oftenbecausets o w arrival ratereducesuponthe occur
renceof pacletlosses Sincethetwo modelshave thesame
averageofferedload,thehigheroverloadfrequeng in TCP-
OL is compensatedith time periodsin whichthe TCP-OL



offeredloadis lessthanthatin TCP-CL. Thesewider uc-
tuationsmale the varianceof TCP-OL higher, aslong as
thethe offeredload andtimescalearesufciently large.
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Figure 10. The CDF of the length of con-
secutive overload periods for four averaging
timescales. The average offered load is 95%
of the capacity .

It is not just the frequeny of overloadeventsthat dif-
fersbetweerthetwo models but alsotheirduration.Thisis
shawvn in Figure10, wherewe plot the CDF of theduration
of overloadeventsat differenttimescaledor anaverageof-
feredload of 47.5Mbps. This durationis measuredasthe
numberof consecutie time periods(with length equalto
theaveragingtimescale)jn which the offeredloadis higher
thanthe capacity In the sub-R'T timescaleboth models
havethesamedistribution. As thetimescaléncreaseshow-
ever, thegapbetweerthetwo distributionsincreasesasthe
TCP-OLmodelis unableto self-regulateits offeredloadbe-
low thecapacity For instanceywhenwelook atthetraf ¢ in
successie intenals of 10 secondsabout85% of the over-
load eventsin TCP-CL lastfor only oneinterval. The cor-
respondingpercentagés only 40%in the TCP-OL model.

9 Number of Active Flows

In this section,we examinethe numberof actve o ws
createdby the TCP-OL and TCP-CL models. We shav
that the numberof active o ws in thesetwo TCP models
is much larger than that predictedby the PS model, and
that TCP-OL produceshighervariability in the numberof
active o wsthanthe TCP-CL model,in heavy load condi-
tions. Thelatterimpliesthatthe per o w throughputin the
TCP-OLmodelis alsolesspredictable.

Figure 11 shawvs the CDF of the averagenumberof ac-
tive o ws whenthe offeredload is 70% and 95% of the
capacity Thenumberof active o wsis averagedver1-sec
intervals. We rst notethatthe numberof actve ows in
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Figure 11. The CDF of the average number
of active o ws, measured at 1-sec intervals,
from the TCP-OL and TCP-CL models when
the offered load is 70% and 95% of the ca-
pacity .

bothmodelsis muchhigherthanthat predictedby the pro-
cessoisharingmodel(seeEquations2 and6). Speci cally,
the PS-OLmodelpredictsabout3 and20 o ws for offered
load 70% and 95%, respectiely. The correspondingver-
agesfrom the TCP-OL simulationsare70 and131. For the
PS-CLmodel,ontheotherhand,Equation6 predictsanav-
erageof 102 active o ws for 95% offeredload, while the
averagefrom the TCP-CLsimulationss 115. Thesediffer-
encescanbe attributedto the factthat, with TCP, thereis a
large numberof small o ws thatarenot alwayscompeting
for availablecapacitybecaus®f slow-start,retransmission
timeouts or otherlimitations.

Also notice that the TCP-OL model resultsin much
higher variability in the numberof actve ows in heary
load conditions.Again, this is becaus¢he TCP-OL model
doesnot reducethe o w arrival rateuponcongestion.The
numberof active o wsin the TCP-CL model,on the other
hand, is always boundedby N. The increasedvariabil-
ity in the numberof active o ws with the TCP-OL model
meansthatthe per o w throughputwith thatmodelis less
predictablehanwith TCP-CL.

10 CongestionResponsveness

So far we have focusedon the steady-statdehaior of
thetwo models.In this section,we examinetheir transient
responséo individual congestiorevents.

We referto atraf c aggreyateascongestionresponsive
if it reducedts offeredload uponoverloadto a point that
thereis nolongercongestionThespeci ¢ congestiorevent
that we considerhereis a periodic UDP streamwith rate
thatis higherthanthe available capacityin the bottleneck.
Given that the UDP streamdoesnot reactto congestion,



the event that we simulaterepresentsa suddenreduction
of the available capacityfor the TCP aggreyatefrom C to
C%= (1 f)C, wheref C is therateof the UDP stream.
In the following, we malke the offeredload C beforethe
congestioreventto beatthesameevel in the TCP-OLand
TCP-CLmodels.We setl < f < 1, sothatthebottle-
neckbecomegongestedvhenthe UDP streamstarts.

O——Tcp-ol
— TCP-CL

152/1 bps UDP Stream

L TS "
A
\

(o2}
o

Offered Load (Mbps)
(o))
o

0 300
Time (sec.)

Figure 12. The response of the trafc ag-
gregate in the TCP-OL and TCP-CL models,
when a congestion event is caused by a
UDP stream of rate 15Mbps. The capacity is
50Mbps and the offered load (before the con-
gestion event) is 47.5Mbps.

Figure 12 shaws the offered load from the two trafc
modelsin 1-secintervals. The congestioreventis caused
by a 15MbpsCBR UDP streamandit lastsfrom 200sec
to 275sec. The effects of the congestiorevent canbe ex-
aminedin threestages:rst, justafterthe congestiorevent
starts,secondduring the congestiorevent, andthird, after
thecongestiorevent nishes.

Before the startof the congestionevent, both TCP-OL
and TCP-CL have the sameaverageofferedload. Their
responsenvhen the UDP streamstartsis that, becauseof
TCP's congestioncontrol, the trafc from both models
dropsat a level thatis closeto the new available capacity
(35Mbps). The similarity betweenthe two models,how-
ever, endsthere. A few seconddater the offeredload in
the TCP-OLmodelstartsincreasingasmoreandmorenew
o ws arrive andcompetefor throughput. The offeredload
in the TCP-CLmodel,ontheotherhand,is self-regulatedat
thelevel of the available capacity becaus& nev o w can-
not startunlessan existing o w hascompleted.Thus, the
numberof active o wsin theTCP-OLmodelkeepsncreas-
ing, while the correspondingnumberin the TCP-CL model
staysroughlythe same(alsoseeFigure13).

Finally, afterthe congestioreventends.the offeredload
from bothmodelsncreaseso captureheavailablecapacity
thathasbeenreleasedy the UDP stream.In the TCP-CL
model, this processs completedwithin a few seconds.In

the TCP-OL model,however, thereis alargebacklogof ac-
tive o ws thatneedsto be clearedbeforethe offeredload
returnsatits pre-congestiotevel. As Figure13 shaws, this
effectlastsfor hundredf secondgthis depend®f course
on the durationandmagnitudeof the congestioreventand
onthe TCP offeredload beforecongestion) Figure 13 fur-

ther shavs the queueingdelayin the bottleneckwith each
model. Notice that even thoughthe congestioreventends
att=275secthe queueremainsalmostfull for hundredf

secondsvith the TCP-OLmodel.
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Figure 13. The time series of the number

of active o ws and of the queueing delay

with the TCP-OL and TCP-CL models when

a cong estion event is caused by a CBR UDP

stream.

Evenif thelong-termofferedload at alink is below the
capacity there can be overloadeventsthat last for a few
tensof seconds. The importantlessonfrom the previous
discussionis that during suc eventsan open-looptrafc
aggregateis effectivelycongestionunresponsivelespitethe
factthatit consistof TCP ows. Furthertheconsequences
of anexternallyimposedcongestiorevent(sayalarge UDP
streamor a DOS attack)canlastfor muchlongerthanthe
durationof theeventitself, if thetraf c is open-loop.

11 Discussion

In this paper we examinedtwo basic modelsof non-
persistento w arrivals,andexplainedhow they leadto dif-
ferenttraf c characteristicsin termsof offeredload, vari-
ability in differenttimescalesqueueingperformancenum-
ber of actve o ws, congestiorresponsienessandelastic-
ity. In thefollowing, we discusssomemoreimplicationsof
thiswork in otherarea®of networkingresearctandpractice.

AQM and network stability: Active queuemanage-
ment (AQM) mechanismssuch as RED, REM, PI con-
trollers, etc.,have beenproposedasa way to stabilizecon-
gestioncontrol. It is importantto notethatsuchstudiesas-
sumepersistenfTCP connections.With thatmodel, AQM



mechanismgsan control the queuelength and the bottle-

neck link utilization. The effectivenessof AQM mecha-
nismswith non-persistentraf c, however, is muchlessun-

derstood.The offeredload of TCP-OL traf c doesnot de-

pendon network state. AQM mechanismgannotregulate
suchan aggreyate,andthey are unableto avoid persistent
overloadif the offeredload exceedshe capacity

Is admission control necessary? Several researchers
adwcatethe useof admissioncontrol as the only way to
regulatethe offeredloadandavoid congestiorcollapse We
agreejf thetraf ¢ ismostlyOL. Withoutadmissiorcontrol,
the only way to avoid congestiorcollapseis to expectthat
userswill beimpatientandabandorslowv ongoingtransfers.
Admissioncontrol canlimit the numberof active sessions
or owsin thenetwork. Admissioncontrolmaynotbenec-
essaryhowever, if mostof thetrafc followsthe CL model.

TCP-friendly congestioncontrol: The use of TCP-
friendly congestiorcontrolhasbeenencourageéh all non-
TCP protocolsand applications. The basicmotivation for
suchproposalss that TCP-friendlytransferscanavoid con-
gestioncollapse.It shouldbe clearhowever, thatevenif a
traf c aggreateconsistsentirely of TCP o ws, it canstill
causecongestiorcollapseor persistenbverloadif it is OL.
Thesameis obviously true for TCP-friendlytrafc. There-
fore, the useof TCP-friendlycongestiorcontrolis not suf-
cient to guaranteestability.

Traf ¢ engineeringand network provisioning: Traf-
¢ engineering, as well as other provisioning mecha-
nisms,requirean estimateor the offeredload betweerary
ingress/gresspair. Furthermoresuchmechanismassume
thatif a giventrafc aggreateis switchedfrom oneroute
to anothey thenthe throughputof that aggreyatewill not
changeThisassumptioris nottruefor TCP-CLtrafc. The
offeredloadfrom suchaggreyatesdepend®nthe RTT and
lossratein the underlyingpath. On the otherhand,the of-
feredloadfrom TCP-OLtraf c doesnotdependontheun-
derlying path(ignoringretransmissionsjnakingsuchtraf-
¢ consistentvith commonassumptionfn traf ¢ engineer
ing.

Sessionlayer congestioncontrol: At the more practi-
cal side, we recommendhat all network applicationsuse
someform of congestiorcontrol at the sessiorlayer. This
canbeassimpleasadoptingoneof thefollowing rules: do
not generatea new sessionuntil the previous sessionhas
completedslow down thegeneratiorof new sessiondf the
network is congestedpr do not keepmorethana certain
numberof sessionsctive. It is alsoimportantthatsession
layercongestiorcontrolis implementedn applicationghat
generataransfersautomatically without userintervention.
For example NNTP senerstransfemewsto their peerge-
riodically, independenbf whetherthe underlyingnetwork
is congestear not. Effectively, suchapplicationggenerate
TCP-OLtrafc.
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