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Abstract

It is commonfor simulation and analytical studiesto
modelInternet traf�c as an aggregation of mostlypersis-
tentTCP�ows. In practice, however, �ows follow a heavy-
tailed sizedistribution and their number�uctuatessigni�-
cantlywith time. Oneimportantissuethat hasbeenlargely
ignored is whethersuch non-persistent�ows arrive in the
networkin an open-loop(sayPoisson)or closed-loop(in-
teractive) manner. This paper focuseson the differences
that the TCP �ow arrival processintroducesin the gener-
atedaggregatetraf�c. We�r streview theProcessorSharing
modelsfor such �ow arrival processesaswell asthecorre-
spondingTCPpacket-level models.Then,we focuson the
queueingperformancethat resultsfrom each model,and
showthat the closed-loopmodelproduceslower loss rate
andqueueingdelaysthantheopen-loopmodel.We explain
this differencein termsof the increasedtraf�c variability
that the open-loopmodelproduces.Thecauseof the lat-
ter is that the�ow arrival ratein theopen-loopmodeldoes
not reduceuponcongestion.We alsostudythetransientef-
fectof congestioneventson the two modelsandshowthat
theclosed-loopmodelresultsin congestion-responsivetraf-
�c while theopen-loopmodeldoesnot. Finally, wediscuss
implicationsof the differencesbetweenthe two modelsin
several networkingproblems.

1 Intr oduction

Models of aggregate TCP traf�c are valuable in net-
working researchandpractice.Much of thepreviouswork
in this areahasbeenfocusingon the model of persistent
TCP �ows, i.e., on �o ws that have unlimited datato send
andthatarenot limited by thereceiver advertisedwindow.
This model is mathematicallytractableand it is easierto
simulate,but at the sametime it fails to capturekey as-
pectsof real Internet traf�c [10]. Speci�cally, it ignores
the heavy-tailed natureof the �o w size distribution (that

canproduceLong-RangeDependency), thesigni�cant vari-
ationsin thenumberof active �o ws with time, andthere-
lation betweencongestionandthe�o w arrival process.On
the other hand,someprevious work hasconsiderednon-
persistentTCP �ows, following a heavy-tailed sizedistri-
bution. Theopenissuethereis whetherthearrival process
of theTCP�o ws shouldbemodeledin anopen-loop(OL)
manner(say, accordingto aPoissonprocess),or in aclosed-
loop(CL) manner(say, from anumberof interactiveusers).
This paperfocuseson the differencesthat the �o w arrival
process,OL versusCL, causesin the generatedaggregate
traf�c. The relatedissueof which modelis morerealistic
hasbeenthefocusof a recentmeasurementstudy[16].

We start with the �uid ProcessorSharing (PS) mod-
els for the OL and CL �o w arrival processes. The PS
modelsprovide an accurateestimateof theofferedload in
light/moderateload conditions. On the other hand,when
the load approachesthe capacity, the PSmodelscan lead
to signi�cant underestimationof theofferedload.Themain
problemis thatthePSmodelsignorepacketlossesandTCP
retransmissions,which area signi�cant contribution of ad-
ditional loadin congestedlinks. Nevertheless,thePSmod-
elsshow clearly that theopen-loopmodelcanbeunstable,
while theclosed-loopmodelis alwaysstable,asthenumber
of active �o ws is bounded.

We then compare the queueingperformanceof the
(packet level) OL andCL models,examiningthe lossrate
and queueingdelay distribution that the two modelspro-
duceunderthesameofferedload. TheOL 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 that the OL model resultsin
higher variancethan the CL model, especiallywhen the
timescaleexceedsthe TCP Round-Trip Time (RTT). The
causeof the increasedtraf�c variability in the OL model
is that the latterdoesnot reducethe �o w arrival rateupon
congestion.This leadsto moresigni�cant overloadevents,
in magnitudeandduration,thantheCL model,generating
highertraf�c variability. TheCL modelrespondsto conges-
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tion roughly oneRTT after its occurrence,which explains
why thevariability differencebecomessigni�cant whenthe
timescaleis largerthantheRTT.

We alsoexaminethe distribution of the numberof ac-
tive �o ws with each�o w arrival model. Here,we �nd that
the OL model resultsin higher variability in the number
of �o ws than the CL modelwhenthe offered load is sig-
ni�cant. Thereare time periodsin which the numberof
ongoing�o ws with theOL modelis muchhigherthanthe
average.This observation is relatedto an earlierstudyby
Schroederet al. which showed that job schedulingis cru-
cial mostlywith theOL model,astheformergivesa wider
leeway to theschedulerthantheCL model[18].

Finally, we focus on the transientresponseof the two
modelsin termsof thecongestionresponsivenessof theag-
gregatetraf�c. With OL �o w arrivals, the resultingtraf�c
is not congestionresponsive,meaningthattheofferedload
doesnot follow theavailablecapacityin thenetwork. With
CL �o w arrivals,on theotherhand,thetraf�c is congestion
responsive.

Therestof thepaperis organizedasfollows. Sections2
and3 review previouswork andthe limitationsof theper-
sistent�o wsmodel,respectively. Section4 describetheOL
and CL modelsand review basicresultsabout the corre-
spondingPSmodels.Our simulationsetupis presentedin
Section5, while thequeueingandofferedloaddifferences
betweenthetwo modelsarepresentedin Sections6 and7.
Section8 examinesthevariability in theofferedloadatdif-
ferenttimescales,while Section9 showsthevariationin the
numberof active �o ws. Section10 focuseson theconges-
tion responsivenessof thetwo models.Weconcludethepa-
perin section11,alsodiscussingsomeimplicationsof this
work in variousareasof networking researchandpractice.

2 RelatedWork

Over the last few years,and especiallyafter the semi-
nal work by Kelly et al. [11], several researchersapplied
control theory to examinethe stability of TCP congestion
control [14, 20, 15]. A key point aboutthat line of work is
that it assumespersistentTCP�o ws, andit focuseson the
asymptoticstability of thequeuesizeat thenetwork bottle-
neck.Theassumptionof persistent�o ws removesfrom the
problemtheimportanceof the�o w arrival process.

Someprevious work usesnon-persistent�o w models,
but often without discussingwhether the OL or the CL
modelis moreappropriate.BenFredjet al. [7] considered
theOL model.They notedthattheonly reductionin theof-
feredloadupona congestionevent is dueto abortedtrans-
fers. Suchtransfers,however, result in wastedthroughput
anduserdissatisfaction. For this reason,the authorspro-
posedadmissioncontrolastheonly ef�cient way to prevent
persistentoverload. Vecianaet al. [4] consideredthe OL

modelandconcludedthat the Internettraf�c may become
unstableundercertainconditions.

Heymanet al. [8] useda CL modelto analyzethe per-
formanceof Web-like traf�c over TCP. They showed that
thesessiongoodputandthefractionof time thesystemhas
a givennumberof active sessionsareinsensitive to thedis-
tribution of sessionsizesand“think times”, andthey only
dependon themeanof thesedistributions.BergerandKo-
gan [2], as well as Bonald et al. [3], useda similar CL
modelto designbandwidthprovisioning rulesfor meeting
certainthroughput-relatedQoSobjectives.BondiandWhitt
[1] examinethedifferencesbetweentheOL andCL models
in thecontext of networksof queues,focusingon therela-
tion betweentheaveragequeuesizeat thebottleneckqueue
andthevariability in thejob service-timedistribution.

Most of the previous work with the OL or CL models
assumesthatTCPcongestioncontrolcansharethecapacity
of a link asa �uid PSserver [17]. KheraniandKumar[12]
showed that the PS model is not always accurate,mostly
becauseTCPtransfersdo notmanageto keepthelink fully
utilized undercertainconditions.In this paper, we usethe
PS model just to gain somebasicanalytic insight. Most
of our conclusionsarebasedon NS2simulationswith TCP
transfers.

In a paperthat is closelyrelatedto our work, Schroeder
etal. [18] comparetheOL andCL modelsin ageneralcon-
text of job arrivalsataserver. They highlightthedifferences
betweenthe two modelsin termsof themeanjob comple-
tion time, and they focuson the effectivenessof different
job schedulingpolicieswith eachmodel.

More recently, we have analyzedseveral traf�c traces
collectedat a dozenof Internetlinks in order to estimate
thefractionof traf�c thatcanbemappedto eithertheOL or
CL model[16]. Thatmeasurementstudyshows thatabout
60-80%of traf�c to/fromwell-known ports(mostlyHTTP)
follow the CL model. Nevertheless,the percentageof OL
traf�c is signi�cant in somelinks. Additionally, we could
notclassifyreliablyupto 70%of thetraf�c in certaintraces.

3 Critique of the PersistentFlowsModel

It is commonfor analytical and simulation studiesto
modelmostof the traf�c with persistentTCPconnections.
A commonargumentto justify this modelis thatmosttraf-
�c in an Internetlink is carriedby a few large TCP �o ws
elephantsandso those�o ws canbemodeledaspersistent.
The smaller�o ws, referredto asmice, do not contributea
signi�cant amountof traf�c andso they areoften ignored,
or they areviewed asa sourceof stochasticnoisein sim-
ulation studies.The previousargumentis an oversimpli�-
cationandit ignorestwo key characteristicsof realInternet
traf�c. First,thesizeof TCP�o wsfollowsacontinuousand
heavy-tailed distribution in practice,ratherthana bimodal



distribution in which �o ws areeithervery short (mice) or
very long (elephants).In other words, the previous argu-
mentignoresthe�o wsof signi�cant, but not extreme,size.
Second,�o wswith very largesize(relativeto other�o wsin
theaggregate)donotalwayshaveverylongduration.Some
large�o wsgethigherthroughput,andsotheir durationcan
becomparableto thatof short�o ws. Such�o ws cannotbe
modeledaspersistent,especiallywhenthetimescaleof in-
terest(for example,thedurationof thesimulationstudy)is
longerthantheir duration.

To illustratetheseissues,we analyzea packet tracethat
wascollectedat the borderrouterof Georgia Techin Jan-
uary 2005. The tracedurationis two hoursandthe moni-
toredlink carriesthe inboundtraf�c in a Gigabit Ethernet
segmentthat connectsthecampusnetwork to theSoX Gi-
gaPoP. The objective of this traf�c analysisis to examine
the assumptionsbehindthe persistent�o ws model. Note
that similar studieshave beenconductedseveral times in
thepast(for instance,see[6]), usingtracesfrom many links
andunderdiverseloadconditions.
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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 inter val T as a function of T .
The error bars depict the minim um and the
maxim um values of the fraction f .

We �rst lookedat the�o w sizedistribution. We �nd that
theC-CDF of thatdistribution shows clearlinear decrease
in a log-log plot, pointingto theheavy-tailedParetodistri-
bution(with shapeparameterabout1.3). Wealsoexamined
thedistributionof �o w interarrivals.Whentheinterarrivals
arelarger than100msecor so, they canbemodeledasex-
ponentialand independent(pointing to a Poisson�o w ar-
rival process).However, therearesigni�cant correlationsin
lowerinterarrivals,probablydueto thegenerationof simul-
taneous�o wsby thesameapplicationsession.

Next, wemeasuredthenumberof active �o wsasafunc-
tion of time for different �o w sizethresholds.If we only
consider�o ws thatarelarger than1.5MB (or � 1000pkts),
the numberof active �o ws remainsalmostconstantwith

time. This observation,however, shouldnot be interpreted
asvalidationof the persistent�o ws model. The reasonis
that even thoughthe numberof (suf�ciently large) active
�o ws remainsroughlyconstantwith time, thesetof active
�ows changessigni�cantly with time. To illustratethispoint
we examinedthe fraction of bytesf that is generatedby
�o ws thatremainedactive throughouta giventime interval
of lengthT . With thepersistentmodel,all �o ws areactive
throughoutT and this fraction shouldbe close to 100%.
If all �o ws lastedfor lessthanT seconds,then this frac-
tion shouldbezero. We measuredf for the following val-
uesof T : 7.5,15, 30, 60 and120minutes.For eachvalue
of T (exceptfor 120 minutes),we obtained30 samplesof
the fraction f , ignoring the �rst two minutesof the trace,
andconsidering�o ws that last longerthan0:95T asactive
throughoutthe durationT. Figure1 shows the mean,the
minimumandthemaximumvalueof f asa functionof T .
Thekey observationhereis thatevenfor time intervalsthat
last only 5-10mins,the fraction of traf�c from persistent
�o ws is only 40-70%.So,theassumptionthatthesameset
of �o wscarriesalmostall traf�c ignoresthevariability due
to thedynamic�o w arrival andcompletionprocesses.

4 Two Models of Non-Persistent Flow Ar -
ri vals

In this section,we describetwo basicmodelsof non-
persistent�o w arrivals: theOL andCL models.Bothmod-
elsaresimpleandwell-studiedin theperformanceevalua-
tion literature.

Notethattheterms“open-loop”and“closed-loop”have
beenpreviously usedto distinguishbetweennon-TCPtraf-
�c (viewed asopen-loopbecausepacketsarrive randomly
basedon an exogenousprocess)and TCP traf�c (viewed
asclosed-loopbecausethe �o w is regulatedby TCP con-
gestioncontrol). In this paper, both OL and CL models
describeanaggregateof TCP�o ws. They differ, however,
in the higherlevel process,operatingat the sessionor ap-
plication layer, thatgeneratesthese�o ws. Figure2 shows
a schematicdiagramof the �o w generationprocess.If the
sessionlayerusessomefeedbackfrom thenetwork, sothat
it slowsdown thegenerationof new �o wsuponcongestion,
the resultingtraf�c will be closerto the CL model. Oth-
erwise,in the absenceof suchfeedback,the OL model is
moreappropriate.

4.1 Op en-Lo op mo del

In the OL model, usersor applicationsgenerate�o ws
independentof any previous�o wsthey mayhavegenerated.
To motivatethis model,considerthe accesslink of a Web
server. In theoutbounddirection,theserversends�les to a
largepopulationof userslocatedanywherein the Internet.
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Figure 2. The �o w arriv al process is con-
trolled by the session/application layer. Is
that layer responsive to netw ork cong estion?

Assumethatauserdoesnot returnto thisserver, at leastfor
a long time, aftercompletinga �le transfer. Consequently,
theserver's sessionsarealwayswith new users.If the link
becomescongested,thearrival rateof new sessionswill not
be affected,as Internetusersare typically unawareof the
network statein agivenpath.

Considera PSserver with capacityC (bytes/sec),aver-
age�o w arrival rate� (�o ws/sec),andaverage�o w sizeS
(bytes).We refer to this modelasPS-OL.Theaverageof-
feredload in theserver is givenby �S andthenormalized
offeredload is

� o = �S =C: (1)

If � o < 1, theserver is stableand� o is theaverageutiliza-
tion. For aPoisson�o w arrival process,it canbeshown that
theaveragenumberof active �o ws is givenby [13]

�No =
1

(1 � � o)
: (2)

Otherwise,if � o > 1, theserver is unstable(aslongas�o ws
arenever aborted).Sinceboth the�o w arrival rateandthe
average�o w sizeareindependentof thenetwork state,the
averageofferedloadremainsconstantevenin thepresence
of congestion.Further, the expectedthroughputof a new
�o w in thePS-OLmodelis givenby theavailablecapacity
in theserver,

�R = C(1 � � o): (3)

Deviating from thePSmodel,wecanconsidera packet-
level model of a First-Come-First-Served (FCFS) queue
with a �nite buffer and with �o ws that are controlledby
TCP congestioncontrol (TCP-OL). Notice two important
differencesbetweenthe TCP-OL model and the PS-OL
model.In theformer, wecanhavepacketdrops.TCPreacts
to themwith retransmissions,whicheffectively increasethe
sizeof theaffected�o ws. Further, it is well knownthatTCP
cangenerateredundantretransmission.Thismeansthatthe
actualofferedloadby a setof TCP�o ws in theOL model

can be higher than what the PS model predictsin Equa-
tion (1). Second,a TCP �o w canbe active even when it
doesnotcompetefor availablecapacity, becauseof window
limitationsdueto slow-start,retransmissiontimeouts,lim-
ited advertisedwindow, etc. This meansthat the average
numberof activeTCP�o wscanbemuchlargerthanEqua-
tion (2).

4.2 Closed-Lo op mo del

To illustrate the CL model,considerthe accesslink of
a small enterprisewith, sayN , users. In the inbounddi-
rection,mostof thetraf�c at the link is downloadsthatare
generatedby theactivity of theseN users.In thesimplest
model,eachusercanbein the“Active” statedownloadinga
�le, thenspendingsometime in the“Idle” (or “Thinking”)
state,andtheneitherdownloadinganother�le, or leaving
thesystemfor a longertime period(“Inactive” state).This
link would not carrymorethanN active �o ws at any time.
Furthermore,if thelink becomescongested,thenthedown-
loadlatenciesof all active �o ws will increase,reducingthe
ratewith whichnew �o wsaregenerated.

In thePSversionof theCL model,wehavea�x ednum-
ber of usersN . Eachusergoesthroughcyclesof activity,
with �o ws of averagesizeS, followed by idle periodsof
averagelengthTi . The averagesessionarrival rate in the
CL modelis givenby

� c =
N

Tt + Ti
(4)

whereTt is theaverage�o w transferlatency. Thelatterde-
pendson theloadat thePSserver. Thustheaverageserver
utilizationat thePS-CLmodelis givenby

� c =
N S

C(Ti + Tt )
: (5)

Theaveragenumberof active �o ws in thePS-CLmodel
is givenby (see[2])

�Nc =
a

1 � a
for a � 1

= N
�
1 � a� 1�

= N �
CTi

S
for a > 1 (6)

wherethenormalizedofferedloadis givenby

a = N S=CTi : (7)

Note that the expectednumberof active �o ws for a � 1
is samewith theOL model.On theotherhand,whena> 1,
�Nc increasesslowly with a andremainsboundedby N .

Similar to the TCP-OL model, the CL model with a
FCFSqueueandTCP�o ws (TCP-CL)candeviatesigni�-
cantlyfrom its PS-CLcounterpart.First,asin TCP-OL,we
needto considertheextra loaddueto requiredor redundant
retransmissions.Second,asin theTCP-OLmodel,TCPis
notableto alwaysusetheavailablecapacity.



5 Simulation Setup

Theprevioussectionreviewedwell-knownresultsfor the
OL andCL models,basedon thePSmodel. In this work,
we aremoreinterestedin TCP-speci�ceffectsthat cannot
becapturedby thePSmodel,aswell ason thevarianceof
the resultingaggregatetraf�c. For thesereasons,we rely
mostlyonsimulation.

Figure 3 shows our NS-2simulationsetup. Thereare

   1Gbps1Gbps 50Mbps
B=250pkts

1
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5ms
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Figure 3. Simulation setup

10 input links, eachwith capacity1Gbps,connectedto an
output link with capacityC=50Mbpsand buffer size B .
This topologydescribesa scenarioin which thebottleneck
is the ingresslink of an enterprisenetwork, andwherethe
server, backboneandclient links areover-provisioned. In
thissetup,wehave20serversthatareconnectedto thebot-
tleneckwith 1Gbpslinks andwith propagationdelaysthat
vary between5msecand45msec.Theround-trippropaga-
tiondelayin thissetupvariesfrom 30msecto 110msec,with
aharmonicmeanof aboutT0=60msec1.

In all simulationswe usetheSACK-enabledNS-2TCP
modulesack1. The buffer sizeB is set to the bandwidth-
delayproductof thepath(250 packets),consideringT0 as
therepresentativedelay. Themaximumadvertisedwindow
is set to 256 packets. In the CL simulations,thereareN
clientsthatinitiateTCPtransfers.Theseusersarrivefor the
�rst time at thenetwork at a randominstantduringthe�rst
few secondsof thesimulation.After arriving,eachuserfol-
lows theCL �o w generationprocessselectinga server for
eachtransferrandomlyfrom the setof 20 servers. In the
OL simulations,the�o w arrival processis Poissonwith ar-
rival rate� . In all simulations,the�o w sizefollowsaPareto
distributionwith ameanof 25packetsandshapeparameter
1.5. The think time Ti for theCL modelfollows an expo-
nentialdistributionwith ameanof 2 seconds.Thevaluesof
� andN arevariedto obtaindifferentofferedloadsin the
OL andCL models,respectively. Eachsimulationrunsfor
1000secondsandwe reportresultsfor theperiodfrom 200
to 950seconds.

6 Controlling the Offered Load

To comparethe traf�c characteristicsandqueueingper-
formanceof theOL andCL models,we �rst needto make

1Theuseof theharmonicmeanhasbeenrecommendedin [5].

surethat their parametersareselectedso that both models
produceequalaverageofferedload. Theofferedloadis de-
�ned astheamountof traf�c thatarrivesat thebottleneck
link per unit of time, and it includestraf�c that may get
droppeddueto congestion.

Controlling the offeredload in the OL andCL models,
however, is not trivial. Supposethatwe want to generatea
certainofferedloadX at thebottlenecklink of theprevious
simulationsetup.Giventheaverage�o w sizeS (andtheav-
eragethink timeTi in thecaseof theCL model),acommon
approachis to rely on thePSmodel.For theOL model,we
cancalculatetherequired�o w arrival rateas� = X=S. For
the CL model,however, the term Tt dependson thegiven
loadconditions.A crudeapproximationis to assumelight
load conditions(a � 1), and thus Tt � Ti . Then, the
requirednumberof usersis N = X Ti =S.

0 10 20 30 40 50 60 70
PS Model Offered Load (Mbps)

0

20

40

60

80

100

O
ffe

re
d 

Lo
ad

 (
M

bp
s)

PS-OL
PS-CL-T
PS-CL
Capacity

Figure 4. The off ered load with the TCP-OL
and TCP-CL models (sim ulated, y-axis) as a
function of the off ered load X that is pre-
dicted by the corresponding PS models (cal-
culated, x-axis).

Next, we examinethe relationbetweenthe averageof-
feredloadX predictedby thetwo PSmodels,aspreviously
described,and the actualoffered load that we observe in
simulationswith TCP traf�c (TCP-OL andTCP-CL mod-
els). Figure4 shows the resultsof this comparison.The
capacitylinesX = C andY = C areshown for reference.
Weobservethattheofferedloadwith theTCP-OLmodelis
verycloseto theloadX predictedby thePS-OLmodel,as
longasX remainsbelow thecapacityC. As X approaches
C the TCP-OL offered load startsdeviating from X , and
whenX > C (overload)theTCP-OLofferedloadis signif-
icantly higherthanX . The reasonis that theTCP-OL of-
feredloadincludesretransmissions(requiredor redundant)
of droppedpackets. The fact that the increaserateof the
TCP-OL offered load dropsas X goesmore deeply into
overloadis dueto the increasingfrequency of retransmis-
sion timeoutsthat the TCP connectionsexperience.Nev-
ertheless,theimportantobservationhereis thatwe canuse



theofferedloadpredictedby PS-OLmodelasa reasonable
approximation,aslong asX < C.

In the caseof the CL model,theofferedloadpredicted
by thePS-CLmodelis lower thanthatwith TCP-CL,even
in light/moderateloadconditions.Thereason,of course,is
that we have ignoredthe load-dependenttransfertime Tt ,
assumingthat it is muchlessthanTi . Especiallyfor TCP
�o ws, however, we cannotignorethat for a �o w of sizeS
thereis a minimum transferlatency of several RTTs due
slow-start,even if thereareno queueingdelaysor packet
losses.Thus,we next considerthefollowing improvedap-
proximationof theofferedloadwith thePS-CLmodel,

X =
N S

Ti + Tt;min (S)
(8)

whereTt;min (S) is theminimumlatency requiredby TCP
to transfera �o w of sizeS usingslow-start. It is simpleto
estimatethis parameteras long as the RTT and the TCP
variant usedare known. We refer to this approximation
asthePS-CLmodelwith a constanttermfor theminimum
transfertimeof theaverage�ow size, or PS-CL-Tfor short.
Figure4 shows therelationbetweentheofferedloadof the
TCP-CLandPS-CL-Tmodels(with Tt;min (S)=0.36secin
our simulations).Note that the latter is a reasonablygood
approximationbothwhenthelink isnotcongested(X < C)
andin overload(X > C). The reasonthe offeredload is
slightly abovethecapacityin overloadis againthepresence
of someTCP retransmissions.In summary, the PSmodel
canprovidea reasonableapproximationof theofferedload
in theTCP-CLmodel,aslongasweconsidertheminimum
transfertimewith TCPslow-startfor theaverage�o w size.
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Figure 5. The off ered load from the CL model
tends to that of the OL model as N and Ti

increase .

Notice that theOL modelcanbe viewed astheasymp-
totic limit of theCL model,if we let thenumberof usersN
andtheaverageidle time Ti go to in�nity , while the initial
transferof eachuseris randomlyplacedon the time axis.

Indeed,we may wonderwhetherthe offeredload with the
TCP-CLmodelapproachesthatof theTCP-OLmodelaswe
increaseN andTi . Figure5 showstheofferedloadfrom the
TCP-CLmodelfor two valuesof Ti , 2 and20seconds.Note
that an increasein the idle time also requiresan increase
in the numberof usersin order to attainthe sameoffered
load. For example,with Ti =2secwe need400usersto get
46Mbpsof offeredload,while with Ti =20secweneed3200
users.Weseethattheofferedloadbetweenthethreecurves
differsmostly in overload,asexpected.As we increaseTi

andN , the TCP-CL curve approachesthe TCP-OL curve,
implying the gradualconvergenceof the CL model to the
OL model. Notice however that this convergenceis very
slow and in practicewe would needa very large number
of usersbeforewe canclaim that the a closedpopulation
of userscan be modeledwith the OL model, in overload
conditions.

In the restof the paper, we usethe offeredload that is
calculatedfrom ns-2simulations.

7 QueueingPerformance

Next, wecomparethequeueingperformanceof theTCP-
OL andTCP-CLmodels.Themainobservationis that,un-
der the sameoffered load, the TCP-OL model resultsin
higherqueueingdelaysthan the TCP-CL model. If there
are packet losses,then the loss rate 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.

Figure6 and7 show the lossrateandthe queueingde-
lays for theTCP-OLandTCP-CLmodelsasa functionof
the offered load. For queueingdelays,we report the me-
dianandthe90-thpercentileof theper-packet delaydistri-
bution. The differencesareof courseminor for light load
conditions,whentheofferedloadis, 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 off ered load for the TCP-OL and TCP-
CL models.

encesaresigni�cant andcannotbeignored.In thenext sec-
tion we explain thesedifferencesexaminingthe statistical
variability of theaggregatetraf�c in differenttimescales.

8 Traf�c Variability at Different Timescales

Theresultsof theprevioussectionsuggestthattheTCP-
OL modelproduceslarger traf�c burstinessthantheTCP-
CL model.In thissectionweaimto furtherunderstandwhat
causesthisdifferenceandto identify theloadconditionsand
timescalesin which this is moreevident.

Figure8 shows the varianceof the offered load for an
averagingtimescaleof 10msec,100msecand1sec. First,
noticehow the variancedependson the offeredload. The
varianceincreasesup to a certainpoint (20-45Mbps,de-
pendingon the timescaleandthe model). After that point
the variancedecreaseswith the offered load. For an ex-
planationof this well-understoodtrendwe refer the reader
to [9, 19]. What is morerelevanthereis that theTCP-OL
modelproduceshighervariancethantheTCP-CLmodelin
moderate/heavy loadconditions.Sincetheround-tripprop-
agationdelaysin oursimulationtopologyvaryfrom 30msec
to 110msec,we view thetimescaleof 10msecasbelow the
typicalRTT, 100msecasroughlyequalto theRTT, and1sec
aslargerthantheRTT. Theresultsof Figure8 alsosuggest
thatthedifferencein thevarianceof thetwo modelsis more
signi�cant whenthetimescaleis aroundtheRTT or higher.

In light load conditionsthe two modelsare practically
equivalent, as there is no signi�cant queueingor packet
lossesand transfersare only limited by TCP's slow-start.
As the offered load increasesbeyond roughly 50% of the
capacity, congestionepisodesstartto occur. In theTCP-OL
model, new �o ws arrive independentof whetherthe bot-
tleneckis congestedor not. In the TCP-CL model,when
a �o w slows down becauseof congestionit alsodelaysthe

generationof thenext �o w from thesameuser. Thisreduces
thedurationandmagnitudeof congestionevents,leadingto
lower traf�c variability than in the TCP-OL model. The
responselatency of the TCP-CL model cannotbe faster
thanTCP'sRTT however;thisexplainswhy thetwo models
“look” thesamein sub-RTT timescales.
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Figure 8. Variance of the off ered load with the
TCP-OL and TCP-CL models for three averag-
ing timescales.
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Figure 9. Fraction of time the off ered load is
greater than the capacity for four averaging
timescales.

To further illustrate the previous explanation,Figure9
shows thefractionof time theofferedloadexceedsthelink
capacityin four averagingtimescales.Herewe seethat in
thesub-RTT timescaleof 10msec,bothmodelsexperience
overloadfor practically the samefraction of time. When
we examinethe traf�c at higher timescalesthan the RTT,
however, we con�rm that the TCP-OL is overloadedmore
frequently. The TCP-CL modelexperiencesoverloadless
often becauseits �o w arrival ratereducesuponthe occur-
renceof packet losses.Sincethetwo modelshavethesame
averageofferedload,thehigheroverloadfrequency in TCP-
OL is compensatedwith timeperiodsin whichtheTCP-OL



offeredloadis lessthanthat in TCP-CL.Thesewider �uc-
tuationsmake the varianceof TCP-OL higher, as long as
thetheofferedloadandtimescalearesuf�ciently large.
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Figure 10. The CDF of the length of con-
secutive overload periods for four averaging
timescales. The average off ered load is 95%
of the capacity .

It is not just the frequency of overloadeventsthat dif-
fersbetweenthetwo models,but alsotheirduration.This is
shown in Figure10,whereweplot theCDFof theduration
of overloadeventsatdifferenttimescalesfor anaverageof-
feredload of 47.5Mbps. This durationis measuredasthe
numberof consecutive time periods(with lengthequalto
theaveragingtimescale)in which theofferedloadis higher
than the capacity. In the sub-RTT timescaleboth models
havethesamedistribution. As thetimescaleincreases,how-
ever, thegapbetweenthetwo distributionsincreases,asthe
TCP-OLmodelis unableto self-regulateits offeredloadbe-
low thecapacity. For instance,whenwelook atthetraf�c in
successive intervalsof 10 seconds,about85%of theover-
loadeventsin TCP-CL last for only oneinterval. Thecor-
respondingpercentageis only 40%in theTCP-OLmodel.

9 Number of ActiveFlows

In this section,we examinethe numberof active �o ws
createdby the TCP-OL and TCP-CL models. We show
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 ws thantheTCP-CLmodel,in heavy loadcondi-
tions. Thelatter impliesthat theper-�o w throughputin the
TCP-OLmodelis alsolesspredictable.

Figure11 shows theCDF of theaveragenumberof ac-
tive �o ws when the offered load is 70% and 95% of the
capacity. Thenumberof active�o wsis averagedover1-sec
intervals. We �rst notethat the numberof active �o ws in
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Figure 11. The CDF of the average number
of active �o ws, measured at 1-sec inter vals,
from the TCP-OL and TCP-CL models when
the off ered load is 70% and 95% of the ca-
pacity .

bothmodelsis muchhigherthanthatpredictedby thepro-
cessorsharingmodel(seeEquations2 and6). Speci�cally,
thePS-OLmodelpredictsabout3 and20 �o ws for offered
load 70% and95%, respectively. The correspondingaver-
agesfrom theTCP-OLsimulationsare70 and131.For the
PS-CLmodel,ontheotherhand,Equation6 predictsanav-
erageof 102 active �o ws for 95% offeredload, while the
averagefrom theTCP-CLsimulationsis 115.Thesediffer-
encescanbeattributedto thefactthat,with TCP, thereis a
largenumberof small �o ws thatarenot alwayscompeting
for availablecapacitybecauseof slow-start,retransmission
timeouts,or otherlimitations.

Also notice that the TCP-OL model results in much
higher variability in the numberof active �o ws in heavy
loadconditions.Again, this is becausetheTCP-OLmodel
doesnot reducethe �o w arrival rateuponcongestion.The
numberof active �o ws in theTCP-CLmodel,on theother
hand, is always boundedby N . The increasedvariabil-
ity in the numberof active �o ws with the TCP-OL model
meansthat theper-�o w throughputwith thatmodelis less
predictablethanwith TCP-CL.

10 CongestionResponsiveness

So far we have focusedon the steady-statebehavior of
thetwo models.In this section,we examinetheir transient
responseto individualcongestionevents.

We refer to a traf�c aggregateascongestionresponsive
if it reducesits offeredload uponoverloadto a point that
thereis nolongercongestion.Thespeci�c congestionevent
that we considerhereis a periodicUDP streamwith rate
that is higherthantheavailablecapacityin thebottleneck.
Given that the UDP streamdoesnot reactto congestion,



the event that we simulaterepresentsa suddenreduction
of the availablecapacityfor the TCP aggregatefrom C to
C0 = (1 � f )C, wheref C is the rateof theUDP stream.
In the following, we make theofferedload � C beforethe
congestioneventto beat thesamelevel in theTCP-OLand
TCP-CLmodels.We set1 � � < f < 1, sothatthebottle-
neckbecomescongestedwhentheUDP streamstarts.
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Figure 12. The response of the traf�c ag-
gregate in the TCP-OL and TCP-CL models,
when a cong estion event is caused by a
UDP stream of rate 15Mbps. The capacity is
50Mbps and the off ered load (before the con-
gestion event) is 47.5Mbps.

Figure 12 shows the offered load from the two traf�c
modelsin 1-secintervals. The congestionevent is caused
by a 15MbpsCBR UDP streamand it lasts from 200sec
to 275sec.The effectsof the congestionevent canbe ex-
aminedin threestages:�rst, just afterthecongestionevent
starts,second,during thecongestionevent,andthird, after
thecongestionevent�nishes.

Before the startof the congestionevent, both TCP-OL
and TCP-CL have the sameaverageoffered load. Their
responsewhen the UDP streamstartsis that, becauseof
TCP's congestioncontrol, the traf�c from both models
dropsat a level that is closeto the new availablecapacity
(35Mbps). The similarity betweenthe two models,how-
ever, endsthere. A few secondslater the offered load in
theTCP-OLmodelstartsincreasing,asmoreandmorenew
�o ws arrive andcompetefor throughput.Theofferedload
in theTCP-CLmodel,ontheotherhand,is self-regulatedat
thelevel of theavailablecapacity, becausea new �o w can-
not startunlessan existing �o w hascompleted.Thus,the
numberof active�o wsin theTCP-OLmodelkeepsincreas-
ing, while thecorrespondingnumberin theTCP-CLmodel
staysroughlythesame(alsoseeFigure13).

Finally, afterthecongestioneventends,theofferedload
from bothmodelsincreasesto capturetheavailablecapacity
thathasbeenreleasedby theUDP stream.In theTCP-CL
model,this processis completedwithin a few seconds.In

theTCP-OLmodel,however, thereis a largebacklogof ac-
tive �o ws that needsto be clearedbeforethe offeredload
returnsat its pre-congestionlevel. As Figure13shows,this
effect lastsfor hundredsof seconds(this dependsof course
on thedurationandmagnitudeof thecongestioneventand
on theTCPofferedloadbeforecongestion).Figure13 fur-
ther shows the queueingdelayin thebottleneckwith each
model. Notice thateven thoughthecongestioneventends
at t=275sec,thequeueremainsalmostfull for hundredsof
secondswith theTCP-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 the long-termofferedloadat a link is below the
capacity, therecan be overloadeventsthat last for a few
tensof seconds.The important lessonfrom the previous
discussionis that during such eventsan open-looptraf�c
aggregateis effectivelycongestionunresponsivedespitethe
fact that it consistsof TCP�ows. Further, theconsequences
of anexternallyimposedcongestionevent(saya largeUDP
streamor a DOSattack)canlast for muchlongerthanthe
durationof theeventitself, if thetraf�c is open-loop.

11 Discussion

In this paper, we examinedtwo basicmodelsof non-
persistent�o w arrivals,andexplainedhow they leadto dif-
ferenttraf�c characteristics,in termsof offeredload,vari-
ability in differenttimescales,queueingperformance,num-
ber of active �o ws, congestionresponsivenessandelastic-
ity. In thefollowing, wediscusssomemoreimplicationsof
thiswork in otherareasof networkingresearchandpractice.

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



mechanismscan control the queuelength and the bottle-
neck link utilization. The effectivenessof AQM mecha-
nismswith non-persistenttraf�c, however, is muchlessun-
derstood.Theofferedloadof TCP-OLtraf�c doesnot de-
pendon network state.AQM mechanismscannotregulate
suchan aggregate,andthey areunableto avoid persistent
overloadif theofferedloadexceedsthecapacity.

Is admission control necessary? Several researchers
advocatethe useof admissioncontrol as the only way to
regulatetheofferedloadandavoid congestioncollapse.We
agree,if thetraf�c ismostlyOL. Withoutadmissioncontrol,
theonly way to avoid congestioncollapseis to expectthat
userswill beimpatientandabandonslow ongoingtransfers.
Admissioncontrol canlimit the numberof active sessions
or �o wsin thenetwork. Admissioncontrolmaynotbenec-
essary, however, if mostof thetraf�c followstheCL model.

TCP-friendly congestioncontrol: The use of TCP-
friendly congestioncontrolhasbeenencouragedin all non-
TCP protocolsandapplications.The basicmotivation for
suchproposalsis thatTCP-friendlytransferscanavoid con-
gestioncollapse.It shouldbeclearhowever, thateven if a
traf�c aggregateconsistsentirelyof TCP �o ws, it canstill
causecongestioncollapseor persistentoverloadif it is OL.
Thesameis obviously truefor TCP-friendlytraf�c. There-
fore, theuseof TCP-friendlycongestioncontrol is not suf-
�cient to guaranteestability.

Traf�c engineeringand network provisioning: Traf-
�c engineering, as well as other provisioning mecha-
nisms,requireanestimatefor theofferedloadbetweenany
ingress/egresspair. Furthermore,suchmechanismsassume
that if a given traf�c aggregateis switchedfrom oneroute
to another, then the throughputof that aggregatewill not
change.Thisassumptionis nottruefor TCP-CLtraf�c. The
offeredloadfrom suchaggregatesdependson theRTT and
lossratein theunderlyingpath. On theotherhand,theof-
feredloadfrom TCP-OLtraf�c doesnotdependon theun-
derlyingpath(ignoringretransmissions),makingsuchtraf-
�c consistentwith commonassumptionsin traf�c engineer-
ing.

Sessionlayer congestioncontrol: At the morepracti-
cal side,we recommendthat all network applicationsuse
someform of congestioncontrolat thesessionlayer. This
canbeassimpleasadoptingoneof thefollowing rules:do
not generatea new sessionuntil the previous sessionhas
completed,slow down thegenerationof new sessionsif the
network is congested,or do not keepmore thana certain
numberof sessionsactive. It is alsoimportantthatsession
layercongestioncontrolis implementedin applicationsthat
generatetransfersautomatically, without userintervention.
For example,NNTPserverstransfernews to their peerspe-
riodically, independentof whetherthe underlyingnetwork
is congestedor not. Effectively, suchapplicationsgenerate
TCP-OLtraf�c.
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