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Abstract—It is common for simulation and analytical studies
to model Inter net traf�c as an aggregation of mostly persistent
TCP �o ws. In practice, however, �o ws follow a heavy-tailed size
distrib ution and their number �uctuates signi�cantly with time.
Oneimportant issuethat hasbeenlargely ignored is whether such
non-persistent �o ws arri ve in the network in an open-loop (say
Poisson)or closed-loop(interactive) manner. This paper focuses
on the differ encesthat the TCP �o w arri val processintr oduces
in the generatedaggregatetraf�c. We �rst review the Processor
Sharing models for such �o w arri val processesas well as the
correspondingTCP packet-level models. Then, we focus on the
queueing performance that results fr om each model, and show
that the closed-loopmodel produceslower lossrate and queueing
delays than the open-loop model. We explain this differ ence in
terms of the increasedtraf�c variability that the open-loopmodel
produces.The causeof the latter is that the �o w arri val rate in the
open-loopmodel doesnot reduceupon congestion.We alsostudy
the transient effect of congestionevents on the two models and
show that the closed-loopmodel results in congestion-responsive
traf�c while the open-loop model does not. Finally, we discuss
implications of the differ encesbetweenthe two modelsin several
networking problems.

I . INTRODUCTION

Modelsof aggregateTCPtraf�c arevaluablein networking
researchandpractice.Much of the previous work in this area
has been focusing on the model of persistent TCP �ows,
i.e., on �o ws that have unlimited data to sendand that are
not limited by the receiver advertisedwindow. This model is
mathematicallytractableand it is easierto simulate,but at
the sametime it fails to capturekey aspectsof real Internet
traf�c [10]. Speci�cally, it ignores the heavy-tailed nature
of the �o w size distribution (that can produceLong-Range
Dependency), thesigni�cant variationsin thenumberof active
�o ws with time, and the relation betweencongestionand
the �o w arrival process.On the other hand, someprevious
work has considerednon-persistentTCP �ows, following a
heavy-tailed sizedistribution. The openissuethereis whether
the arrival processof the TCP �o ws should be modeled
in an open-loop(OL) manner(say, accordingto a Poisson
process),or in a closed-loop(CL) manner(say, from a number
of interactive users).This paper focuseson the differences
that the �o w arrival process,OL versusCL, causesin the
generatedaggregatetraf�c. The relatedissueof which model
is more realistichasbeenthe focusof a recentmeasurement

study [16].
We start with the �uid ProcessorSharing(PS) modelsfor

theOL andCL �o w arrival processes.ThePSmodelsprovide
anaccurateestimateof theofferedload in light/moderateload
conditions.On the otherhand,whenthe load approachesthe
capacity, thePSmodelscanleadto signi�cant underestimation
of the offered load. The main problemis that the PS models
ignore packet lossesand TCP retransmissions,which are a
signi�cant contribution of additionalload in congestedlinks.
Nevertheless,the PS modelsshow clearly that the open-loop
modelcanbe unstable,while theclosed-loopmodelis always
stable,as the numberof active �o ws is bounded.

We thencomparethe queueingperformanceof the (packet
level) OL and CL models, examining the loss rate and
queueingdelaydistribution thatthetwo modelsproduceunder
the sameoffered load. The OL model produceshigher loss
rate and queueingdelays than the CL model. To explain
this difference,we examine the traf�c variability produced
by the two models in a rangeof timescales(10msec-1sec).
We �nd out that the OL model results in higher variance
than the CL model, especiallywhen the timescaleexceeds
the TCP Round-Trip Time (RTT). The causeof the increased
traf�c variability in the OL model is that the latter doesnot
reducethe �o w arrival rate upon congestion.This leads to
more signi�cant overloadevents,in magnitudeand duration,
than the CL model, generatinghigher traf�c variability. The
CL model respondsto congestionroughly one RTT after
its occurrence,which explains why the variability difference
becomessigni�cant whenthetimescaleis largerthantheRTT.

We also examine the distribution of the numberof active
�o ws with each�o w arrival model.Here,we �nd that theOL
modelresultsin highervariability in thenumberof �o ws than
the CL modelwhen the offered load is signi�cant. Thereare
time periodsin which the numberof ongoing�o ws with the
OL model is muchhigher than the average.This observation
is relatedto anearlierstudyby Schroederet al. which showed
that job schedulingis crucial mostly with the OL model, as
the former givesa wider leeway to the schedulerthanthe CL
model [18].

Finally, we focus on the transient responseof the two
models in terms of the congestion responsivenessof the
aggregatetraf�c. With OL �o w arrivals,the resultingtraf�c is



not congestionresponsive, meaningthat theofferedload does
not follow theavailablecapacityin thenetwork. With CL �o w
arrivals,on theotherhand,thetraf�c is congestionresponsive.

The rest of the paperis organizedas follows. SectionsII
and III review previous work and the limitations of the
persistent�o ws model, respectively. SectionIV describethe
OL and CL modelsand review basic resultsabout the cor-
respondingPS models.Our simulationsetupis presentedin
SectionV, while the queueingand offered load differences
betweenthe two models are presentedin SectionsVI and
VII. SectionVIII examinesthe variability in the offered load
at different timescales,while SectionIX shows the variation
in the number of active �o ws. Section X focuseson the
congestionresponsivenessof the two models.We conclude
the paperin sectionXI, alsodiscussingsomeimplicationsof
this work in variousareasof networking researchandpractice.

I I . RELATED WORK

Over the last few years,and especiallyafter the seminal
work by Kelly et al. [11], several researchersappliedcontrol
theoryto examinethestability of TCPcongestioncontrol[14],
[20], [15]. A key pointaboutthatline of work is thatit assumes
persistentTCP�o ws,andit focuseson theasymptoticstability
of the queuesize at the network bottleneck.The assumption
of persistent�o ws removesfrom the problemthe importance
of the �o w arrival process.

Someprevious work usesnon-persistent�o w models,but
often without discussingwhether the OL or the CL model
is more appropriate.Ben Fredj et al. [7] consideredthe OL
model. They noted that the only reduction in the offered
load upon a congestionevent is due to aborted transfers.
Suchtransfers,however, result in wastedthroughputanduser
dissatisfaction.For this reason,theauthorsproposedadmission
controlastheonly ef�cient way to preventpersistentoverload.
Vecianaet al. [4] consideredthe OL model and concluded
that the Internet traf�c may becomeunstableunder certain
conditions.

Heyman et al. [8] useda CL model to analyzethe per-
formanceof Web-like traf�c over TCP. They showed that the
sessiongoodputandthefractionof time thesystemhasagiven
numberof active sessionsare insensitive to the distribution
of sessionsizesand “think times”, and they only dependon
the mean of thesedistributions. Berger and Kogan [2], as
well asBonald et al. [3], useda similar CL model to design
bandwidthprovisioning rules for meetingcertainthroughput-
related QoS objectives. Bondi and Whitt [1] examine the
differencesbetweenthe OL and CL models in the context
of networks of queues,focusingon the relation betweenthe
averagequeuesizeat the bottleneckqueueandthe variability
in the job service-timedistribution.

Most of the previous work with the OL or CL models
assumesthat TCP congestioncontrol can sharethe capacity
of a link as a �uid PS server [17]. Kherani and Kumar [12]
showed that the PS model is not always accurate,mostly
becauseTCP transfersdo not manageto keepthe link fully
utilized undercertainconditions.In this paper, we usethe PS

model just to gain somebasic analytic insight. Most of our
conclusionsarebasedon NS2simulationswith TCPtransfers.

In a paperthat is closely relatedto our work, Schroederet
al. [18] comparetheOL andCL modelsin ageneralcontext of
job arrivalsat a server. They highlight thedifferencesbetween
the two models in terms of the mean job completion time,
andthey focuson theeffectivenessof differentjob scheduling
policieswith eachmodel.

More recently, we have analyzedseveral traf�c tracescol-
lected at a dozenof Internet links in order to estimatethe
fraction of traf�c that can be mappedto either the OL or
CL model[16]. Thatmeasurementstudyshows thatabout60-
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 not classify
reliably up to 70% of the traf�c in certaintraces.

I I I . CRITIQUE OF THE PERSISTENT FLOWS MODEL

It is commonfor analyticalandsimulationstudiesto model
mostof thetraf�c with persistentTCPconnections.A common
argumentto justify this model is that, typically, most traf�c
in an Internet link is carried by a few large TCP �o ws
(“elephants”)andso those�o ws canbemodeledaspersistent.
The smaller�o ws, referredto as “mice”, do not contribute a
signi�cant amountof traf�c andso they areoften ignored,or
they areviewed asa sourceof stochasticnoisein simulation
studies.The previousargumentis an oversimpli�cation andit
ignorestwo key characteristicsof real Internet traf�c. First,
the size of TCP �o ws follows a continuousand heavy-tailed
distribution in practice, rather than a bimodal distribution
in which �o ws are either very short (mice) or very long
(elephants).In otherwords,thepreviousargumentignoresthe
�o ws of signi�cant, but not extreme,size.Second,�o ws with
very largesize(relative to other�o ws in theaggregate)do not
always have very long duration.Somelarge �o ws get higher
throughput,and so their durationcan be comparableto that
of short �o ws. Such �o ws cannotbe modeledas persistent,
especiallywhen the timescaleof interest (for example, the
durationof thesimulationstudy)is longerthantheir duration.

To illustratetheseissues,we analyzea packet tracethatwas
collectedat theborderrouterof GeorgiaTechin January2005.
The tracedurationis two hoursandthemonitoredlink carries
theinboundtraf�c in a GigabitEthernetsegmentthatconnects
the campusnetwork to the SoX GigaPoP. The objective of
this traf�c analysisis to examinethe assumptionsbehindthe
persistent�o ws model. Note that similar studieshave been
conductedseveraltimesin thepast(for instance,see[6]), using
tracesfrom many links andunderdiverseload conditions.

We �rst looked at the �o w size distribution. We �nd that
the C-CDF of that distribution shows clear linear decreasein
a log-log plot, pointing to the heavy-tailed Paretodistribution
(with shapeparameterabout 1.3)1. We also examined the
distribution of �o w interarrivals. When the interarrivals are

1Thecorrespondinggraphis not includedheredueto spaceconstraints,but
is availablefrom theauthorstogetherwith all datasetsandsimulationscripts.
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Fig. 1. The fraction of bytes f generatedby �o ws that are active for the
entiredurationof a given time interval T asa function of T . The error bars
depict the minimum andthe maximumvaluesof the fraction f .

largerthan100msecor so,they canbemodeledasexponential
and independent(pointing to a Poisson�o w arrival process).
However, there are signi�cant correlationsin lower interar-
rivals, probablydue to the generationof simultaneous�o ws
by the sameapplicationsession.

Next, we measuredthe numberof active �o ws as a func-
tion of time for different �o w size thresholds.If we only
consider�o ws that are larger than 1.5MB (or � 1000pkts),
the number of active �o ws remains almost constantwith
time. This observation, however, shouldnot be interpretedas
validation of the persistent�o ws model. The reasonis that
even though the number of (suf�ciently large) active �o ws
remainsroughly constantwith time, the set of active �ows
changes signi�cantly with time. To illustrate this point we
examinedthe fraction of bytes f that is generatedby �o ws
thatremainedactive throughouta giventime interval of length
T . With the persistentmodel,all �o ws are active throughout
T andthis fractionshouldbecloseto 100%.If all �o ws lasted
for lessthanT seconds,thenthis fraction shouldbe zero.We
measuredf for the following valuesof T : 7.5, 15, 30, 60 and
120minutes.For eachvalueof T (exceptfor 120minutes),we
obtained30 samplesof the fraction f , ignoring the �rst two
minutesof thetrace,andconsidering�o wsthatlastlongerthan
0:95T asactive throughoutthedurationT. Figure1 shows the
mean,theminimumandthemaximumvalueof f asa function
of T . The key observation hereis that even for time intervals
that last only 5-10mins,the fraction of traf�c from persistent
�o ws is only 40-70%.So, the assumptionthat the sameset
of �o ws carriesalmostall traf�c ignoresthevariability dueto
the dynamic�o w arrival andcompletionprocesses.

IV. TWO MODELS OF NON-PERSISTENT FLOW ARRIVALS

In this section, we describe two basic models of non-
persistent�o w arrivals: the OL andCL models.Both models
are simple and well-studied in the performanceevaluation
literature.This sectionis mostly a review of known results.

Note that the terms “open-loop” and “closed-loop” have
beenpreviously usedto distinguishbetweennon-TCPtraf�c

(viewed as open-loopbecausepacketsarrive randomlybased
on an exogenousprocess)andTCP traf�c (viewed asclosed-
loop becausethe�o w is regulatedby TCPcongestioncontrol).
In this paper, both OL andCL modelsdescribean aggregate
of TCP �o ws. They differ, however, in the higher level
process,operatingat the sessionor application layer, that
generatesthese�o ws. Figure 2 shows a schematicdiagram
of the �o w generationprocess.If the sessionlayer usessome
negative feedbackfrom thenetwork, so that it slows down the
generationof new �o ws uponcongestion,the resultingtraf�c
will be closerto the CL model.Otherwise,in the absenceof
suchfeedback,the OL model is moreappropriate.

Network

TCP feedback loop

Session feedback loop ?

Transport
layer

Session
layer

Network
layer

ClientServer

Fig. 2. The�o w arrival processis controlledby thesession/applicationlayer.
Is that layer responsive to network congestion?

A. Open-Loopmodel

In the OL model, users or applications generate�o ws
independentof any previous �o ws they may have generated.
To motivate this model, considerthe accesslink of a Web
server. In the outbounddirection, the server sends�les to a
large population of userslocated anywhere in the Internet.
Assumethat a userdoesnot return to this server, at leastfor
a long time, after completing a �le transfer. Consequently,
the server's sessionsare always with new users.If the link
becomescongested,thearrival rateof new sessionswill not be
affected,asInternetusersaretypically unawareof thenetwork
statein a given path.

Considera PS server with capacityC (bytes/sec),average
�o w arrival rate� (�o ws/sec),andaverage�o w sizeS (bytes).
We refer to this modelasPS-OL.The averageofferedload in
the server is given by �S andthe normalizedoffered load is

� o = �S =C: (1)

If � o < 1, theserver is stableand� o is theaverageutilization.
For a Poisson�o w arrival process,it can be shown that the
averagenumberof active �o ws is given by [13]

�No =
1

(1 � � o)
: (2)

Otherwise,if � o > 1, the server is unstable(as long as �o ws
are never aborted).Since both the �o w arrival rate and the
average�o w size are independentof the network state,the
averageofferedload remainsconstanteven in the presenceof
congestion.Further, the expectedthroughputof a new �o w



in the PS-OLmodel is given by the availablecapacityin the
server,

�R = C(1 � � o): (3)

Deviating from the PS model, we can considera packet-
level model of a First-Come-First-Served (FCFS)queuewith
a �nite buffer and with �o ws that are controlled by TCP
congestioncontrol (TCP-OL). Notice two important differ-
encesbetweenthe TCP-OL model and the PS-OL model. In
the former, we can have packet drops. TCP reactsto them
with retransmissions,which effectively increasethesizeof the
affected�o ws.Further, it is well known thatTCPcangenerate
redundantretransmission.This meansthat the actualoffered
load by a set of TCP �o ws in the OL model can be higher
than what the PS model predictsin Equation(1). Second,a
TCP �o w can be active even when it doesnot competefor
availablecapacity, becauseof window limitationsdueto slow-
start,retransmissiontimeouts,limited advertisedwindow, etc.
This meansthat the averagenumberof active TCP �o ws can
be much larger thanEquation(2).

B. Closed-Loopmodel

To illustrate the CL model, considerthe accesslink of a
small enterprisewith, sayN , users.In the inbounddirection,
mostof the traf�c at the link is downloadsthat aregenerated
by the activity of theseN users.In the simplestmodel,each
user can be in the “Active” state downloading a �le, then
spendingsometime in the “Idle” (or “Thinking”) state,and
then either downloading another�le, or leaving the system
for a longer time period (“Inactive” state).This link would
not carry morethanN active �o ws at any time. Furthermore,
if the link becomescongested,then the download latencies
of all active �o ws will increase,reducingthe ratewith which
new �o ws aregenerated.

In thePSversionof theCL model,we have a �x ednumber
of usersN . Each usergoesthrough cycles of activity, with
�o ws of averagesize S, followed by idle periodsof average
lengthTi . The averagesessionarrival ratein the CL modelis
given by

� c =
N

Tt + Ti
(4)

where Tt is the average �o w transfer latency. The latter
dependson the load at the PSserver. Thusthe averageserver
utilization at the PS-CLmodel is given by

� c =
N S

C(Ti + Tt )
: (5)

The averagenumberof active �o ws in the PS-CLmodel is
given by (see[2])

�Nc =
a

1 � a
for a � 1

= N
�
1 � a� 1�

= N �
CTi

S
for a > 1 (6)

wherethe normalizedoffered load is given by

a = N S=CTi : (7)

Note that the expectednumberof active �o ws for a � 1 is
samewith the OL model.On the other hand,whena> 1, �Nc

increasesslowly with a andremainsboundedby N .
Similar to the TCP-OL model,the CL modelwith a FCFS

queue and TCP �o ws (TCP-CL) can deviate signi�cantly
from its PS-CL counterpart.First, as in TCP-OL, we need
to consider the extra load due to required or redundant
retransmissions.Second,as in the TCP-OL model, TCP is
not able to alwaysusethe availablecapacity.

V. SIMULATION SETUP

The previous sectionreviewed well-known resultsfor the
OL and CL models,basedon the PS model. In this work,
we aremore interestedin TCP-speci�c effects that cannotbe
capturedby the PS model,as well as on the varianceof the
resultingaggregatetraf�c. For thesereasons,we rely mostly
on simulation.

Figure 3 shows our NS-2 simulation setup.There are 10
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Fig. 3. Simulationsetup

input links, eachwith capacity1Gbps,connectedto an output
link with capacityC=50Mbpsandbuffer sizeB . This topology
describesa scenarioin which the bottleneckis the ingress
link of an enterprisenetwork, andwherethe server, backbone
and client links are over-provisioned.In this setup,we have
20 servers that are connectedto the bottleneckwith 1Gbps
links and with propagationdelaysthat vary between5msec
and 45msec.The round-trip propagationdelay in this setup
varies from 30msecto 110msec,with a harmonicmeanof
aboutT0=60msec2.

In all simulationswe use the SACK-enabledNS-2 TCP
module sack1. The buffer size B is set to the bandwidth-
delayproductof thepath(250 packets),consideringT0 asthe
representative delay. The maximumadvertisedwindow is set
to 256packets.In theCL simulations,thereareN clientsthat
initiate TCP transfers.Theseusersarrive for the �rst time at
the network at a randominstantduring the �rst few seconds
of the simulation. After arriving, eachuser follows the CL
�o w generationprocessselectinga server for each transfer
randomlyfrom the set of 20 servers. In the OL simulations,
the �o w arrival processis Poissonwith arrival rate � . In all
simulations,the �o w size follows a Paretodistribution with a
meanof 25 packetsandshapeparameter1.5. The think time
Ti for theCL modelfollows anexponentialdistribution with a
meanof 2 seconds.Thevaluesof � andN arevariedto obtain
differentofferedloadsin theOL andCL models,respectively.
Eachsimulationruns for 1000 secondsand we report results
for the period from 200 to 950 seconds.

2The useof the harmonicmeanhasbeenrecommendedin [5].



VI. CONTROLLING THE OFFERED LOAD

To comparethe traf�c characteristicsand queueingperfor-
manceof the OL andCL models,we �rst needto make sure
that their parametersareselectedso thatbothmodelsproduce
equalaverage offered load. The offeredload is de�ned asthe
amountof traf�c that arrives at the bottlenecklink per unit
of time, and it includestraf�c that may get droppeddue to
congestion.

Controlling the offered load in the OL and CL models,
however, is not trivial. Supposethat we want to generatea
certainoffered load X at the bottlenecklink of the previous
simulation setup. Given the average �o w size S (and the
averagethink time Ti in thecaseof theCL model),a common
approachis to rely on the PS model.For the OL model,we
can calculatethe required�o w arrival rate as � = X=S. For
the CL model, however, the term Tt dependson the given
loadconditions.A crudeapproximationis to assumelight load
conditions(a � 1), and thus Tt � Ti . Then, the required
numberof usersis N = X Ti =S.
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Fig. 4. Theofferedloadwith theTCP-OLandTCP-CLmodels(simulated,y-
axis)asa functionof theofferedloadX thatis predictedby thecorresponding
PSmodels(calculated,x-axis).

Next, we examine the relation betweenthe average of-
fered load X predictedby the two PS models,as previously
described,and the actual offered load that we observe in
simulationswith TCP traf�c (TCP-OL andTCP-CL models).
Figure 4 shows the resultsof this comparison.The capacity
lines X = C and Y = C are shown for reference.We
observe that the offeredload with the TCP-OL model is very
close to the load X predictedby the PS-OL model, as long
as X remainsbelow the capacity C. As X approachesC
the TCP-OL offered load startsdeviating from X , and when
X > C (overload)the TCP-OL offered load is signi�cantly
higher than X . The reasonis that the TCP-OL offered load
includesretransmissions(requiredor redundant)of dropped
packets.The fact that the increaserateof theTCP-OLoffered
load drops as X goes more deeply into overload is due
to the increasingfrequency of retransmissiontimeouts that
the TCP connectionsexperience.Nevertheless,the important
observationhereis that we canusethe offeredload predicted
by PS-OL model as a reasonableapproximation,as long as

X < C.
In the caseof the CL model, the offered load predicted

by the PS-CL model is lower than that with TCP-CL, even
in light/moderateload conditions.The reason,of course,is
that we have ignored the load-dependenttransfer time Tt ,
assumingthatit is muchlessthanTi . Especiallyfor TCP�o ws,
however, we cannotignore that for a �o w of size S thereis
a minimum transfer latency of several RTTs due slow-start,
even if thereare no queueingdelaysor packet losses.Thus,
we next considerthefollowing improvedapproximationof the
offeredload with the PS-CLmodel,

X =
N S

Ti + Tt;min (S)
(8)

where Tt;min (S) is the minimum latency requiredby TCP
to transfera �o w of size S using slow-start. It is simple to
estimatethisparameteraslongastheRTT andtheTCPvariant
usedareknown. We refer to this approximationasthe PS-CL
modelwith a constantterm for the minimumtransfertime of
the average �ow size, or PS-CL-T for short.Figure 4 shows
the relationbetweenthe offeredload of the TCP-CL andPS-
CL-T models (with Tt;min (S)=0.36secin our simulations).
Note that the latter is a reasonablygood approximationboth
when the link is not congested(X < C) and in overload
(X > C). The reasonthe offered load is slightly above
the capacityin overloadis again the presenceof someTCP
retransmissions.In summary, the PS model can provide a
reasonableapproximationof the offered load in the TCP-CL
model,aslong aswe considertheminimumtransfertime with
TCP slow-start for the average�o w size.
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Fig. 5. The offered load from the CL model tendsto that of the OL model
asN andTi increase.

Notice that the OL modelcanbe viewed asthe asymptotic
limit of theCL model,if we let thenumberof usersN andthe
averageidle time Ti go to in�nity , while the initial transfer
of each user is randomly placed on the time axis. Indeed,
we may wonderwhetherthe offered load with the TCP-CL
model approachesthat of the TCP-OL model as we increase
N and Ti . Figure 5 shows the offered load from the TCP-
CL model for two valuesof Ti , 2 and20 seconds.Note that
an increasein the idle time also requiresan increasein the



numberof usersin order to attain the sameoffered load. For
example, with Ti =2sec we need 400 users to get 46Mbps
of offered load, while with Ti =20secwe need 3200 users.
We seethat the offered load betweenthe threecurvesdiffers
mostly in overload,asexpected.As we increaseTi andN , the
TCP-CL curve approachesthe TCP-OL curve, implying the
gradualconvergenceof theCL modelto theOL model.Notice
however that this convergenceis very slow andin practicewe
would needa very largenumberof usersbeforewe canclaim
that the a closedpopulationof userscanbe modeledwith the
OL model, in overloadconditions.

In the rest of the paper, we use the offered load that is
calculatedfrom ns-2simulations.

VI I . QUEUEING PERFORMANCE

Next, we comparethe queueingperformanceof the TCP-
OL andTCP-CL models.The main observation is that,under
the sameoffered load, the TCP-OL model results in higher
queueingdelaysthan the TCP-CL model. If thereare packet
losses,thenthelossratewith TCP-OLis alsohigherthanwith
TCP-CL.
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Figure6 and7 show the lossrateand the queueingdelays
for the TCP-OL and TCP-CL models as a function of the

offered load. For queueingdelays,we report the medianand
the 90-th percentileof the per-packet delay distribution. The
differencesareof courseminor for light loadconditions,when
theofferedload is, say, below 50%of thecapacity. In heavier
load conditions,however, the differencesare signi�cant and
cannotbe ignored. In the next sectionwe explain thesedif-
ferencesexamining the statisticalvariability of the aggregate
traf�c in different timescales.

VI I I . TRAFFIC VARIABIL ITY AT DIFFERENT TIMESCALES

The resultsof the previous sectionsuggestthat the TCP-
OL model produceslarger traf�c burstinessthan the TCP-
CL model. In this sectionwe aim to further understandwhat
causesthis differenceand to identify the load conditionsand
timescalesin which this is moreevident.

Figure8 shows the varianceof the offered load for an av-
eragingtimescaleof 10msec,100msecand1sec.First, notice
how the variancedependson the offered load. The variance
increasesup to a certain point (20-45Mbps,dependingon
the timescaleand the model). After that point the variance
decreaseswith the offered load. For an explanationof this
well-understoodtrend we refer the readerto [9], [19]. What
is more relevant here is that the TCP-OL model produces
higher variancethan the TCP-CL model in moderate/heavy
loadconditions.Sincetheround-trippropagationdelaysin our
simulationtopology vary from 30msecto 110msec,we view
the timescaleof 10msecas below the typical RTT, 100msec
asroughlyequalto theRTT, and1secaslarger thantheRTT.
The results of Figure 8 also suggestthat the differencein
the varianceof the two modelsis more signi�cant when the
timescaleis aroundthe RTT or higher.

In light load conditions the two models are practically
equivalent,asthereis no signi�cant queueingor packet losses
and transfersare only limited by TCP's slow-start. As the
offered load increasesbeyond roughly 50% of the capacity,
congestionepisodesstart to occur. In the TCP-OL model,
new �o ws arrive independentof whether the bottleneck is
congestedor not. In the TCP-CL model, when a �o w slows
down becauseof congestionit also delaysthe generationof
the next �o w from the sameuser. This reducesthe duration
and magnitudeof congestionevents,leading to lower traf�c
variability thanin theTCP-OLmodel.Theresponselatency of
theTCP-CLmodelcannotbefasterthanTCP's RTT however;
this explainswhy thetwo models“look” thesamein sub-RTT
timescales.

To further illustrate the previous explanation, Figure 9
shows the fraction of time the offered load exceedsthe link
capacity in four averaging timescales.Here we see that in
the sub-RTT timescaleof 10msec,both models experience
overloadfor practically the samefraction of time. When we
examinethetraf�c at highertimescalesthantheRTT, however,
we con�rm that the TCP-OL is overloadedmore frequently.
TheTCP-CLmodelexperiencesoverloadlessoftenbecauseits
�o w arrival ratereducesupontheoccurrenceof packet losses.
Sincethe two modelshave the sameaverageofferedload, the
higher overload frequency in TCP-OL is compensatedwith
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time periodsin which the TCP-OL offered load is less than
thatin TCP-CL.Thesewider �uctuationsmake thevarianceof
TCP-OL higher, aslong asthe the offeredload andtimescale
aresuf�ciently large.

0 2 4 6 8 10 12
0

0.2

0.4

0.6

0.8

1

C
D

F

0 2 4 6 8 10 12
0

0.2

0.4

0.6

0.8

1

0 2 4 6 8 10 12
0

0.2

0.4

0.6

0.8

1

C
D

F

TCP-OL
TCP-CL

0 2 4 6 8 10 12
Number of Consecutive Congestion Periods

0

0.2

0.4

0.6

0.8

1

Time Scale = 10 msec Time Scale = 100 msec

Time Scale = 10 secTime Scale = 1 sec

Fig. 10. The CDF of the length of consecutive overloadperiodsfor four
averagingtimescales.The averageoffered load is 95% of the capacity.

It is not just the frequency of overloadevents that differs
between the two models, but also their duration. This is

shown in Figure 10, wherewe plot the CDF of the duration
of overload events at different timescalesfor an average
offered load of 47.5Mbps.This duration is measuredas the
numberof consecutive time periods(with lengthequalto the
averagingtimescale)in which the offered load is higher than
the capacity. In the sub-RTT timescaleboth modelshave the
samedistribution.As thetimescaleincreases,however, thegap
betweenthetwo distributionsincreases,astheTCP-OLmodel
is unableto self-regulateits offered load below the capacity.
For instance,whenwe look at thetraf�c in successive intervals
of 10 seconds,about85% of the overloadeventsin TCP-CL
last for only one interval. The correspondingpercentageis
only 40% in the TCP-OL model.

IX. NUMBER OF ACTIVE FLOWS

In this section, we examine the number of active �o ws
createdby the TCP-OL and TCP-CL models.We show that
the numberof active �o ws in thesetwo TCP modelsis much
larger than that predictedby the PS model, and that TCP-
OL produceshighervariability in the numberof active �o ws
than the TCP-CL model, in heavy load conditions.The latter
implies that the per-�o w throughputin the TCP-OL model is
also lesspredictable.
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Fig. 11. The CDF of the averagenumberof active �o ws, measuredat 1-sec
intervals, from the TCP-OL and TCP-CL modelswhen the offered load is
70% and95% of the capacity.

Figure11 shows the CDF of the averagenumberof active
�o ws whenthe offeredload is 70% and95% of the capacity.
The numberof active �o ws is averagedover 1-secintervals.
We �rst note that the numberof active �o ws in both models
is much higher than that predictedby the processorsharing
model(seeEquations2 and6). Speci�cally, thePS-OLmodel
predictsabout3 and20 �o ws for offeredload 70% and95%,
respectively. The correspondingaveragesfrom the TCP-OL
simulationsare 70 and 131. For the PS-CL model, on the
otherhand,Equation6 predictsanaverageof 102active �o ws
for 95% offered load, while the averagefrom the TCP-CL
simulationsis 115. Thesedifferencescanbe attributed to the
fact that, with TCP, there is a large numberof small �o ws



that are not always competingfor available capacitybecause
of slow-start,retransmissiontimeouts,or other limitations.

Also noticethat the TCP-OL modelresultsin muchhigher
variability in the numberof active �o ws in heavy load con-
ditions. Again, this is becausethe TCP-OL model doesnot
reducethe �o w arrival rate upon congestion.The numberof
active �o wsin theTCP-CLmodel,on theotherhand,is always
boundedby N . The increasedvariability in the numberof
active �o ws with the TCP-OL modelmeansthat the per-�o w
throughputwith thatmodelis lesspredictablethanwith TCP-
CL.

X. CONGESTION RESPONSIVENESS

So far we have focusedon the steady-statebehavior of
the two models.In this section,we examine their transient
responseto individual congestionevents.

We refer to a traf�c aggregateas congestionresponsiveif
it reducesits offeredload uponoverloadto a point that there
is no longer congestion.The speci�c congestionevent that
we considerhere is a periodic UDP streamwith rate that is
higherthantheavailablecapacityin thebottleneck.Giventhat
the UDP streamdoesnot react to congestion,the event that
we simulate representsa suddenreduction of the available
capacityfor the TCP aggregatefrom C to C0 = (1 � f )C,
where f C is the rate of the UDP stream.In the following,
we make the offered load � C beforethe congestionevent to
be at the samelevel in the TCP-OL andTCP-CL models.We
set1 � � < f < 1, so that the bottleneckbecomescongested
whenthe UDP streamstarts.
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Fig. 12. The responseof the traf�c aggregatein the TCP-OL andTCP-CL
models,whena congestionevent is causedby a UDP streamof rate15Mbps.
The capacityis 50Mbpsandthe offeredload (beforethe congestionevent) is
47.5Mbps.

Figure12showstheofferedloadfrom thetwo traf�c models
in 1-secintervals.Thecongestioneventis causedby a 15Mbps
CBR UDP streamand it lasts from 200secto 275sec.The
effectsof thecongestioneventcanbeexaminedin threestages:
�rst, just after the congestionevent starts,second,during the
congestionevent,andthird, afterthecongestionevent�nishes.

Beforethe startof the congestionevent, both TCP-OL and
TCP-CL have the sameaverageoffered load. Their response

whentheUDP streamstartsis that,becauseof TCP's conges-
tion control, the traf�c from both modelsdropsat a level that
is closeto thenew availablecapacity(35Mbps).Thesimilarity
betweenthe two models,however, endsthere.A few seconds
latertheofferedloadin theTCP-OLmodelstartsincreasing,as
moreandmorenew �o ws arrive andcompetefor throughput.
The offeredload in the TCP-CL model,on the otherhand,is
self-regulatedat the level of the availablecapacity, becausea
new �o w cannotstart unlessan existing �o w hascompleted.
Thus,thenumberof active �o ws in theTCP-OL modelkeeps
increasing,while the correspondingnumber in the TCP-CL
modelstaysroughly the same(alsoseeFigure13).

Finally, after the congestionevent ends, the offered load
from both modelsincreasesto capturethe available capacity
that has beenreleasedby the UDP stream.In the TCP-CL
model,this processis completedwithin a few seconds.In the
TCP-OL model, however, there is a large backlog of active
�o ws that needsto be clearedbeforethe offered load returns
at its pre-congestionlevel. As Figure 13 shows, this effect
lasts for hundredsof seconds(this dependsof courseon the
duration and magnitudeof the congestionevent and on the
TCP offeredload beforecongestion).Figure13 furthershows
the queueingdelayin the bottleneckwith eachmodel.Notice
that even though the congestionevent endsat t=275sec,the
queueremainsalmost full for hundredsof secondswith the
TCP-OL model.
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Fig. 13. The time seriesof the numberof active �o ws andof the queueing
delay with the TCP-OL and TCP-CL models when a congestionevent is
causedby a CBR UDP stream.

Even if the long-term offered load at a link is below the
capacity, therecanbe overloadeventsthat last for a few tens
of seconds.The importantlessonfrom thepreviousdiscussion
is that during such events an open-loop traf�c aggregate
is effectively congestion unresponsivedespite the fact that
it consistsof TCP �ows. Further, the consequencesof an
externally imposedcongestionevent (saya large UDP stream
or a DOS attack)can last for much longer than the duration
of the event itself, if the traf�c is open-loop.

XI . DISCUSSION

In this paper, we examined two basic models of non-
persistentTCP �o w arrivals, and explainedhow they lead to



different traf�c characteristics,in termsof offered load, vari-
ability in different timescales,queueingperformance,number
of active �o ws,congestionresponsivenessandelasticity. In the
following, we discusssomemoreimplicationsof this work in
otherareasof networking researchandpractice.

AQM and network stability: Active queuemanagement
(AQM) mechanisms,suchasRED, REM, PI controllers,etc.,
have beenproposedas a way to stabilizecongestioncontrol.
It is important to note that such studiesassumepersistent
TCP connections.With that model, AQM mechanismscan
control the queuelength and the bottlenecklink utilization.
The effectivenessof AQM mechanismswith non-persistent
traf�c, however, is much less understood.The offered load
of TCP-OL traf�c doesnot dependon network state.AQM
mechanismscannotregulatesuchan aggregate,and they are
unableto avoid persistentoverloadif theofferedloadexceeds
the capacity.

Is admissioncontrol necessary?Several researchersadvo-
catethe useof admissioncontrol as the only way to regulate
the offered load and avoid congestioncollapse.We agree,if
the traf�c is mostly OL. Without admissioncontrol, the only
way to avoid congestioncollapseis to expect that userswill
be impatientandabandonslow ongoingtransfers.Admission
control canlimit thenumberof active sessionsor �o ws in the
network. Admissioncontrol may not be necessary, however,
if mostof the traf�c follows the CL model.

TCP-friendly congestioncontrol: Theuseof TCP-friendly
congestioncontrolhasbeenencouragedin all non-TCPproto-
colsandapplications.Thebasicmotivationfor suchproposals
is that TCP-friendly transferscan avoid congestioncollapse.
It should be clear however, that even if a traf�c aggregate
consistsentirely of TCP �o ws, it can still causecongestion
collapse or persistentoverload if it is OL. The same is
obviously true for TCP-friendly traf�c. Therefore,the useof
TCP-friendlycongestioncontrol is not suf�cient to guarantee
stability.

Traf�c engineering and network provisioning: Traf�c
engineering,aswell asotherprovisioningmechanisms,require
an estimatefor the offered load betweenany ingress/egress
pair. Furthermore,such mechanismsassumethat if a given
traf�c aggregateis switchedfrom onerouteto another, thenthe
throughputof thataggregatewill not change.This assumption
is not true for TCP-CL traf�c. The offered load from such
aggregatesdependson theRTT andlossratein theunderlying
path. On the other hand, the offered load from TCP-OL
traf�c does not depend on the underlying path (ignoring
retransmissions),makingsuchtraf�c consistentwith common
assumptionsin traf�c engineering.

Sessionlayer congestion control: At the more practical
side, we recommendthat all network applicationsuse some
form of congestioncontrol at the sessionlayer. This can
be as simple as adopting one of the following rules: do
not generatea new sessionuntil the previous sessionhas
completed,slow down the generationof new sessionsif the
network is congested,or do not keep more than a certain
numberof sessionsactive. It is also important that session

layer congestioncontrol is implementedin applicationsthat
generatetransfers automatically, without user intervention.
For example, NNTP servers transfer news to their peers
periodically, independentof whethertheunderlyingnetwork is
congestedor not. Effectively, suchapplicationsgenerateTCP-
OL traf�c.
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