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

I. INTRODUCTION

Modelsof aggregateTCP traf ¢ arevaluablein networking
researctand practice.Much of the previouswork in this area
has been focusing on the model of persistent TCP ows,
i.e., on ows that have unlimited datato sendand that are
not limited by the recever adwertisedwindow. This modelis
mathematicallytractableand it is easierto simulate, but at
the sametime it fails to capturekey aspectsof real Internet
trafc [10]. Specically, it ignores the heavy-tailed nature
of the ow size distribution (that can producelLong-Range
Dependeny), the signi cant variationsin the numberof active
ows with time, and the relation betweencongestionand
the ow arrival process.On the other hand, some previous
work has considerednon-pesistent TCP ows, following a
heavy-tailed sizedistribution. The openissuethereis whether
the arrival processof the TCP ows should be modeled
in an open-loop(OL) manner(say accordingto a Poisson
process)or in a closed-loop(CL) manner(say from anumber
of interactve users).This paperfocuseson the differences
that the ow arrival process,OL versusCL, causesin the
generatedaggreyatetraf c. The relatedissueof which model

study[16].

We startwith the uid ProcessorSharing (PS) modelsfor
the OL andCL o w arrival processesThe PSmodelsprovide
anaccuratesstimateof the offeredloadin light/moderatdoad
conditions.On the other hand,whenthe load approacheshe
capacitythe PSmodelscanleadto signi cant underestimation
of the offeredload. The main problemis that the PS models
ignore paclet lossesand TCP retransmissionswhich are a
signi cant contribution of additionalload in congestedinks.
Neverthelessthe PS modelsshaw clearly that the open-loop
modelcanbe unstable while the closed-loopmodelis always
stable,asthe numberof actve o ws is bounded.

We then comparethe queueingperformanceof the (paclet
level) OL and CL models, examining the loss rate and
gueueingdelaydistribution thatthe two modelsproduceunder
the sameoffered load. The OL model produceshigher loss
rate and queueingdelays than the CL model. To explain
this difference,we examine the trafc variability produced
by the two modelsin a rangeof timescales(10msec-1sec).
We nd out that the OL model resultsin higher variance
than the CL model, especiallywhen the timescaleexceeds
the TCP Round-Tip Time (RTT). The causeof the increased
traf ¢ variability in the OL modelis that the latter doesnot
reducethe ow arrival rate upon congestion.This leadsto
more signi cant overloadevents,in magnitudeand duration,
than the CL model, generatinghighertrafc variability. The
CL model respondsto congestionroughly one RTT after
its occurrencewhich explains why the variability difference
becomesigni cant whenthetimescalds largerthanthe RTT.

We also examine the distribution of the numberof actve
o ws with each o w arrival model.Here,we nd thatthe OL
modelresultsin highervariability in the numberof o wsthan
the CL modelwhenthe offeredload is signi cant. Thereare
time periodsin which the numberof ongoing o ws with the
OL modelis much higherthanthe average.This obsenation
is relatedto an earlierstudyby Schroedeget al. which shaved
that job schedulingis crucial mostly with the OL model, as
the former givesa wider leeway to the schedulethanthe CL
model [18].

Finally, we focus on the transient responseof the two
models in terms of the congestion responsivenessf the

is more realistic hasbeenthe focus of a recentmeasurement aggreyatetrafc. With OL o w arrivals, the resultingtraf ¢ is



not congestiorresponsie, meaningthat the offeredload does
not follow the availablecapacityin the network. With CL ow
arrivals,on the otherhand,thetraf c is congestiorresponsie.
The rest of the paperis organizedas follows. Sectionsl|
and lll review previous work and the limitations of the
persistent o ws model, respectiely. SectionlV describethe
OL and CL modelsand review basic resultsaboutthe cor
respondingPS models.Our simulation setupis presentedn
SectionV, while the queueingand offered load differences
betweenthe two models are presentedin SectionsVI and
VII. SectionVIIl examinesthe variability in the offeredload
at differenttimescaleswhile SectionIX shaws the variation
in the number of actve ows. Section X focuseson the
congestionresponsienessof the two models.We conclude
the paperin sectionXl, alsodiscussingsomeimplications of
thiswork in variousareasof networking researctandpractice.

Il. RELATED WORK

Over the last few years,and especiallyafter the seminal
work by Kelly et al. [11], several researcherappliedcontrol
theoryto examinethe stability of TCP congestiorcontrol[14],
[20Q], [15]. A key pointaboutthatline of work is thatit assumes
persistenfTCP o ws, andit focuseson the asymptoticstability
of the queuesize at the network bottleneck.The assumption
of persistento ws removesfrom the problemthe importance
of the ow arrival process.

Someprevious work usesnon-persistento w models, but
often without discussingwhetherthe OL or the CL model
is more appropriate.Ben Fredj et al. [7] consideredthe OL
model. They noted that the only reductionin the offered
load upon a congestionevent is due to aborted transfers.
Suchtransfershowever, resultin wastedthroughputand user
dissatiséction.For thisreasontheauthorgproposecadmission
controlastheonly ef cient way to preventpersistentverload.
Vecianaet al. [4] consideredthe OL model and concluded
that the Internettrafc may becomeunstableunder certain
conditions.

Heyman et al. [8] useda CL model to analyzethe per
formanceof Web-like trafc over TCRP. They shaved thatthe
sessiorgoodputandthefraction of time the systemhasa given
numberof active sessionsare insensitve 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 modelto design
bandwidthprovisioning rules for meetingcertainthroughput-
related QoS objectives. Bondi and Whitt [1] examine the
differencesbetweenthe OL and CL modelsin the context
of networks of queuesfocusingon the relation betweenthe
averagequeuesize at the bottleneckqueueandthe variability
in the job service-timedistribution.

Most of the previous work with the OL or CL models
assumeghat TCP congestioncontrol can sharethe capacity
of alink asa uid PSsener [17]. Kheraniand Kumar[12]
shaved 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 NS2 simulationswith TCP transfers.

In a paperthatis closelyrelatedto our work, Schroedeset
al. [18] comparghe OL andCL modelsin ageneralcontext of
job arrivalsat a sener. They highlight the differenceetween
the two modelsin terms of the meanjob completiontime,
andthey focuson the effectivenesf differentjob scheduling
policieswith eachmodel.

More recently we have analyzedseveral traf c tracescol-
lected at a dozenof Internetlinks in order to estimatethe
fraction of trafc that can be mappedto either the OL or
CL model[16]. Thatmeasuremergtudy shows thatabout60-
80%of traf ¢ to/fromwell-known ports(mostly HTTP) follow
the CL model. Neverthelessthe percentageof OL trafc is
signi cant in somelinks. Additionally, we could not classify
reliably up to 70% of the traf ¢ in certaintraces.

I1l. CRITIQUE OF THE PERSISTENT FLOWS MODEL

It is commonfor analyticalandsimulationstudiesto model
mostof thetraf ¢ with persistenf CPconnectionsA common
argumentto justify this modelis that, typically, mosttraf ¢
in an Internet link is carried by a few large TCP ows
(“elephants™andsothose o ws canbe modeledaspersistent.
The smaller o ws, referredto as“mice”, do not contribute a
signi cant amountof trafc andso they are oftenignored,or
they areviewed asa sourceof stochastinoisein simulation
studies.The previous argumentis an oversimpli cation andit
ignorestwo key characteristicof real Internettrafc. First,
the size of TCP o ws follows a continuousand heary-tailed
distribution in practice, rather than a bimodal distribution
in which ows are either very short (mice) or very long
(elephants)in otherwords,the previous argumentignoresthe
o ws of signi cant, but not extreme,size. Second, o ws with
very large size (relative to other o wsin the aggregate)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 the simulationstudy)is longerthantheir duration.

To illustratetheseissueswe analyzea paclet tracethatwas
collectedattheborderrouterof Geogia Techin January?2005.
Thetracedurationis two hoursandthe monitoredlink carries
theinboundtrafc in a GigabitEthernetsegmentthatconnects
the campusnetwork to the SoX GigaPoP The objectve of
this trafc analysisis to examinethe assumption$ehindthe
persistent o ws model. Note that similar studieshave been
conductedseveraltimesin the past(for instanceseg[6]), using
tracesfrom mary links and underdiverseload conditions.

We rst looked at the ow size distribution. We nd that
the C-CDF of that distribution shaws clear linear decreasen
alog-log plot, pointing to the heary-tailed Paretodistribution
(with shapeparameterabout 1.3)!. We also examined the
distribution of ow interarrivals. When the interarrivals are

1The correspondinggraphis not includedheredueto spaceconstraintsbut
is available from the authorstogetherwith all dataset@and simulationscripts.
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Fig. 1. The fraction of bytesf generatedoy o ws that are active for the

entiredurationof a giventime intenal T asa function of T. The error bars
depictthe minimum and the maximumvaluesof the fractionf .

largerthan100msemr so,they canbe modeledasexponential
and independen{pointing to a Poisson o w arrival process).
However, there are signi cant correlationsin lower interar
rivals, probably due to the generationof simultaneouso ws
by the sameapplicationsession.

Next, we measuredhe numberof actve ows asa func-
tion of time for different ow size thresholds.If we only
consider o ws that are larger than 1.5MB (or  1000pkts),
the number of actve o ws remains almost constantwith
time. This obsenation, however, shouldnot be interpretedas
validation of the persistent o ws model. The reasonis that
even though the number of (sufciently large) actve o ws
remainsroughly constantwith time, the set of active ows
changes signi cantly with time To illustrate this point we
examinedthe fraction of bytesf thatis generatedby ows
thatremainedactive throughouta giventime interval of length
T. With the persistentmodel,all o ws are active throughout
T andthis fractionshouldbe closeto 100%.If all o wslasted
for lessthanT secondsthenthis fraction shouldbe zero.We
measured for the following valuesof T: 7.5, 15, 30, 60 and
120minutes.For eachvalueof T (exceptfor 120 minutes) we
obtained30 samplesof the fraction f , ignoring the rst two
minutesof thetrace,andconsideringo wsthatlastlongerthan
0:95T asactive throughoutthe durationT . Figurel shows the
mean the minimumandthe maximumvalueof f asafunction
of T. The key obsenation hereis that even for time intervals
that last only 5-10mins,the fraction of trafc from persistent
ows is only 40-70%. So, the assumptiorthat the sameset
of o ws carriesalmostall traf c ignoresthe variability dueto
the dynamic o w arrival and completionprocesses.

IV. TwWO MODELS OF NON-PERSISTENT FLOW ARRIVALS

In this section, we describetwo basic models of non-
persistento w arrivals: the OL and CL 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-TCPtrafc

(viewed as open-loopbecauseaclets arrive randomlybased
on an exogenousprocessand TCP trafc (viewed as closed-
loop becausé¢he o w is regulatedby TCP congestiorcontrol).
In this paper both OL and CL modelsdescribean aggreyate
of TCP ows. They differ, however, in the higher level
process,operating at the sessionor application layer, that
generateghese o ws. Figure 2 shavs a schematicdiagram
of the o w generatiorprocesslf the sessiorlayer usessome
negative feedbackirom the network, sothatit slows down the
generatiorof new o ws uponcongestionthe resultingtraf c
will be closerto the CL model. Otherwise,in the absenceof
suchfeedbackthe OL modelis more appropriate.

Session
layer

Serve| Client

Transport
layer

Network
layer

Fig.2. The ow arrival processs controlledby the session/applicatiolayer
Is that layer responsie to network congestion?

A. Open-Loopmodel

In the OL model, users or applications generate o ws
independentf ary previous o ws they may have generated.
To motivate this model, considerthe accesslink of a Web
sener. In the outbounddirection, the sener sendsles to a
large population of userslocated arywherein the Internet.
Assumethat a userdoesnot returnto this sener, at leastfor
a long time, after completinga le transfer Consequently
the sener's sessionsare always with new users.If the link
becomesongestedthearrival rateof new sessionsvill notbe
affected,asInternetusersaretypically unavareof the network
statein a given path.

Considera PS sener with capacityC (bytes/sec)average
ow arrivalrate (o ws/sec)andaverage o w sizeS (bytes).
We refer to this modelas PS-OL. The averageofferedloadin
the seneris givenby S andthe normalizedoffered load is

@)

If o <1,theseneris stableand , is the averageutilization.
For a Poisson o w arrival process,t can be shaovn that the
averagenumberof active ows is givenby [13]

1 .
1 '

o= S =C:

N, = @)
0)

Otherwise,if , >1, the sener is unstable(aslong as o ws

are never aborted).Since both the ow arrival rate and the

average o w size are independenbf the network state,the

averageofferedload remainsconstantevenin the presencef

congestion.Further the expectedthroughputof a new ow



in the PS-OL modelis given by the available capacityin the
sener,

R=C(l ) 3)

Deviating from the PS model, we can considera paclet-
level model of a First-Come-First-Sered (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 paclet drops. TCP reactsto them
with retransmissionsyhich effectively increasethe sizeof the
affected o ws. Further it is well known that TCP cangenerate
redundantretransmissionThis meansthat the actual offered
load by a setof TCP ows in the OL model can be higher
than what the PS model predictsin Equation(1). Second,a
TCP ow canbe active even when it doesnot competefor
availablecapacity becausef window limitations dueto slow-
start, retransmissiorntimeouts,limited adwertisedwindow, etc.
This meansthat the averagenumberof actve TCP o ws can
be much larger than Equation(2).

B. Closed-Loopmodel

To illustrate the CL model, considerthe accesdink of a
small enterprisewith, say N, users.In the inbounddirection,
mostof thetraf ¢ at the link is downloadsthat are generated
by the actiity 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 ary time. Furthermore,
if the link becomescongestedthen the download latencies
of all active o ws will increasereducingthe rate with which
nenv o ws aregenerated.

In the PSversionof the CL model,we have a x ed number
of usersN. Eachusergoesthrough cycles of actvity, with
o ws of averagesize S, followed by idle periodsof average
lengthT;. The averagesessiorarrival ratein the CL modelis
given by N
AT 4)

where T; is the average ow transfer lateng. The latter
dependwn the load at the PS sener. Thusthe averagesener
utilization at the PS-CL modelis given by
___Ns |
T Cm+T)
The averagenumberof active o ws in the PS-CLmodelis
given by (see[2])

C=

(®)

N. = 1 a for a 1
= N1 al =N % for a>1 (6)
wherethe normalizedofferedload is given by
a= NS=CT;: (7)

Note that the expectednumberof actve owsfora 1is
samewith the OL model. On the otherhand,whena>1, N,
increaseslowly with a andremainsboundedby N .

Similar to the TCP-OL model,the CL modelwith a FCFS
gueue and TCP ows (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
retransmissionsSecond,as in the TCP-OL model, TCP is
not ableto always usethe available capacity

V. SIMULATION SETUP

The previous sectionreviewed well-known resultsfor the
OL and CL models,basedon the PS model. In this work,
we are moreinterestedn TCP-speci c effectsthat cannotbe
capturedby the PS model, as well ason the varianceof the
resultingaggreyatetrafc. For thesereasonswe rely mostly
on simulation.

Figure 3 shavs our NS-2 simulation setup. There are 10

B=250pkts

50Mbp!

Fig. 3. Simulationsetup

input links, eachwith capacitylGbps,connectedo an output
link with capacityC=50Mbpsandbuffer sizeB . Thistopology
describesa scenarioin which the bottleneckis the ingress
link of an enterprisenetwork, andwherethe sener, backbone
and client links are over-provisioned.In this setup,we have

20 seners 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 harmonic mean of

aboutTy=60mseé.

In all simulationswe use the SACK-enabledNS-2 TCP
module sadk1. The buffer size B is set to the bandwidth-
delay productof the path(250 paclets),consideringTy asthe
representatie delay The maximumadwertisedwindow is set
to 256 paclets.In the CL simulationsthereareN clientsthat
initiate TCP transfers.Theseusersarrive for the rst time at
the network at a randominstantduring the rst few seconds
of the simulation. After arriving, each user follows the CL
0w generationprocessselectinga sener for eachtransfer
randomly from the set of 20 seners.In the OL simulations,
the ow arrival processis Poissonwith arrival rate . In all
simulationsthe o w sizefollows a Paretodistribution with a
meanof 25 pacletsand shapeparameterl.5. The think time
T; for the CL modelfollows anexponentialdistribution with a
meanof 2 secondsThevaluesof andN arevariedto obtain
differentofferedloadsin the OL andCL models,respectiely.
Eachsimulationruns for 1000 secondsand we reportresults
for the period from 200 to 950 seconds.

2The useof the harmonicmeanhasbeenrecommendedh [5].



VI. CONTROLLING THE OFFERED LOAD

To comparethe traf c characteristicand queueingperfor
manceof the OL and CL models,we rst needto make sure
thattheir parametersire selectedso that both modelsproduce
equalaverage offered load. The offeredloadis de ned asthe
amountof trafc that arrives at the bottlenecklink per unit
of time, and it includestrafc 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
certainofferedload X at the bottlenecklink of the previous
simulation setup. Given the average ow size S (and the
averagethink time T; in the caseof the CL model),acommon
approachis to rely on the PS model. For the OL model,we
can calculatethe required o w arrival rateas = X=S. For
the CL model, however, the term T; dependson the given
load conditions A crudeapproximations to assumdight load
conditions (a 1), and thus T; Ti. Then, the required
numberof usersis N = X T;=S.
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Fig. 4. Theofferedloadwith the TCP-OLandTCP-CLmodels(simulatedy-
axis)asafunctionof theofferedload X thatis predictedby the corresponding
PS models(calculated x-axis).

Next, we examine the relation betweenthe average of-
feredload X predictedby the two PS models,as previously
described,and the actual offered load that we obsenre in
simulationswith TCP trafc (TCP-OL and TCP-CL models).
Figure 4 shows the resultsof this comparison.The capacity
lines X = C andY = C are shawn for reference.We
obsene that the offeredload with the TCP-OL modelis very
closeto the load X predictedby the PS-OL model, as long
as X remainsbelov the capacityC. As X approacheC
the TCP-OL offeredload startsdeviating from X, and when
X > C (overload)the TCP-OL offered load is signi cantly
higherthan X . The reasonis that the TCP-OL offered load
includesretransmissiongrequired or redundant)of dropped
paclets. The factthatthe increaserate of the TCP-OL offered
load drops as X goes more deeply into overload is due
to the increasingfrequeny of retransmissiortimeouts that
the TCP connectionsexperience.Neverthelessthe important
obsenation hereis thatwe 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 modelis lower than that with TCP-CL, even
in light/moderateload conditions. The reason,of course,is
that we have ignored the load-dependentransfertime T,
assuminghatit is muchlessthanT;. Especiallyfor TCP o ws,
however, we cannotignore that for a ow of size S thereis
a minimum transferlateny of several RTTs due slow-start,
evenif thereare no queueingdelaysor paclet losses.Thus,
we next considerthe following improvedapproximatiorof the
offeredload with the PS-CL model,

NS

X= —n
Ti + Tt;min (S)

(8)

where Tymin (S) is the minimum lateny requiredby TCP
to transfera ow of size S using slow-start. It is simple to

estimatehis parameteaslong asthe RTT andthe TCPvariant
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 relation betweenthe offeredload of the TCP-CL and PS-
CL-T models (with Temin (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 againthe presenceof someTCP
retransmissionsin summary the PS model can provide a
reasonableapproximationof the offeredload in the TCP-CL
model,aslong aswe considerthe minimumtransfertime with

TCP slow-startfor the average o w size.
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Fig. 5. The offeredload from the CL modeltendsto that of the OL model
asN andT; increase.

Notice thatthe OL modelcanbe viewed asthe asymptotic
limit of the CL model,if we let the numberof usersN andthe
averageidle time T; go to in nity , while the initial transfer
of eachuseris randomly placed on the time axis. Indeed,
we may wonderwhetherthe offered load with the TCP-CL
model approacheshat of the TCP-OL model aswe increase
N and T;. Figure 5 shaws the offered load from the TCP-
CL modelfor two valuesof T;, 2 and 20 secondsNote that
an increasein the idle time also requiresan increasein the



numberof usersin orderto attainthe sameofferedload. For
example, with T;=2secwe need 400 usersto get 46Mbps
of offered load, while with Ti=20secwe need 3200 users.
We seethat the offered load betweenthe three curves differs
mostlyin overload,asexpected As we increaseTl; andN , the
TCP-CL curve approacheshe TCP-OL curve, implying the
gradualconvergenceof the CL modelto the OL model.Notice
however thatthis corvergenceis very slow andin practicewe
would needa very large numberof usersbeforewe canclaim
thatthe a closedpopulationof userscanbe modeledwith the
OL model,in overloadconditions.

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

VII. QUEUEING PERFORMANCE

Next, we comparethe queueingperformanceof the TCP-
OL and TCP-CL models.The main obsenationis that, under
the sameoffered load, the TCP-OL model resultsin higher
gueueingdelaysthanthe TCP-CL model. If thereare paclet
lossesthenthelossratewith TCP-OLis alsohigherthanwith
TCP-CL.
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Fig. 6. Thelossrate asa function of the offeredload for the TCP-OL and
TCP-CL models.
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Fig. 7. The medianand 90-th percentileof the queueingdelay distribution
asa function of the offered load for the TCP-OL and TCP-CL models.

Figure 6 and 7 shav the lossrate andthe queueingdelays
for the TCP-OL and TCP-CL modelsas a function of the

offeredload. For queueingdelays,we reportthe medianand
the 90-th percentileof the perpaclet delay distribution. The
differencesareof courseminor for light load conditions,when
the offeredloadis, say belov 50% of the capacity In heavier
load conditions, however, the differencesare signi cant and
cannotbe ignored.In the next sectionwe explain thesedif-
ferencesexamining the statisticalvariability of the aggrejate
trafc in differenttimescales.

VIIl. TRAFFIC VARIABILITY AT DIFFERENT TIMESCALES

The resultsof the previous sectionsuggestthat the TCP-
OL model produceslarger trafc burstinessthan the TCP-
CL model.In this sectionwe aim to further understandvhat
causeghis differenceandto identify the load conditionsand
timescalesn which this is more evident.

Figure 8 shavs the varianceof the offeredload for an av-
eragingtimescaleof 10msec,100msecand 1sec.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
decreasesvith the offered load. For an explanationof this
well-understoodrend 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/hegy
load conditions.Sincethe round-trippropagatiordelaysin our
simulationtopology vary from 30msecto 110msecwe view
the timescaleof 10msecas below the typical RTT, 100msec
asroughly equalto the RTT, and 1secaslargerthanthe RTT.
The results of Figure 8 also suggestthat the differencein
the varianceof the two modelsis more signi cant whenthe
timescaleis aroundthe RTT or higher

In light load conditions the two models are practically
equivalent,asthereis no signi cant queueingor paclet 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,
nev ows arrive independentof whether the bottleneckis
congestedr not. In the TCP-CL model,whena o w slows
down becauseof congestionit also delaysthe generationof
the next ow from the sameuser This reducesthe duration
and magnitudeof congestionevents,leadingto lower traf c
variability thanin the TCP-OL model. Theresponséateng of
the TCP-CL modelcannotbe fasterthanTCP's RTT however;
this explainswhy the two models‘look” thesamein sub-R'T
timescales.

To further illustrate the previous explanation, Figure 9
shaws the fraction of time the offered load exceedsthe link
capacityin four averagingtimescales.Here we seethat in
the sub-R'T timescaleof 10msec,both models experience
overloadfor practically the samefraction of time. Whenwe
examinethetraf ¢ athighertimescaleshanthe RTT, however,
we con rm that the TCP-OL is overloadedmore frequently
The TCP-CLmodelexperience®verloadlessoftenbecauséds
o w arrival ratereduceaiponthe occurrenceof pacletlosses.
Sincethe two modelshave the sameaverageofferedload, the
higher overload frequengy in TCP-OL is compensatedvith
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time periodsin which the TCP-OL offered load is lessthan
thatin TCP-CL.Thesewider uctuations make the varianceof

TCP-OL higher, aslong asthe the offeredload andtimescale
aresufciently large.
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It is not just the frequeny of overload eventsthat differs
betweenthe two models, but also their duration. This is

shavn in Figure 10, wherewe plot the CDF of the duration
of overload events at different timescalesfor an average
offered load of 47.5Mbps.This durationis measuredas the
numberof consecutie time periods(with lengthequalto the
averagingtimescale)in which the offeredload is higherthan
the capacity In the sub-RI'T timescaleboth modelshave the
samedistribution. As thetimescalancreaseshowever, thegap
betweerthe two distributionsincreasesasthe TCP-OL model
is unableto self-regulateits offeredload belov the capacity
For instancewhenwe look atthetraf ¢ in successieintervals
of 10 secondsabout85% of the overloadeventsin TCP-CL
last for only one interval. The correspondingpercentagds
only 40% in the TCP-OL model.

IX. NUMBER OF ACTIVE FLOWS

In this section,we examine the number of actve ows
createdby the TCP-OL and TCP-CL models.We showv that
the numberof active ows in thesetwo TCP modelsis much
larger than that predictedby the PS model, and that TCP-
OL produceshigher variability in the numberof actve o ws
thanthe TCP-CL model,in heary load conditions.The latter
implies that the per o w throughputin the TCP-OL modelis
alsolesspredictable.
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Fig. 11. The CDF of the averagenumberof actve ows, measuredit 1-sec
intenals, from the TCP-OL and TCP-CL modelswhen the offered load is
70% and 95% of the capacity

Figure 11 shavs the CDF of the averagenumberof active
o ws whenthe offeredload is 70% and 95% of the capacity
The numberof active o ws is averagedover 1-secintervals.
We rst notethat the numberof actve ows in both models
is much higher than that predictedby the processorsharing
model(seeEquations2 and6). Speci cally, the PS-OLmodel
predictsabout3 and 20 o ws for offeredload 70% and 95%,
respectiely. The correspondingaveragesfrom the TCP-OL
simulationsare 70 and 131. For the PS-CL model, on the
otherhand,Equation6 predictsan averageof 102 actve o ws
for 95% offered load, while the averagefrom the TCP-CL
simulationsis 115. Thesedifferencescan be attributedto the
fact that, with TCP, thereis a large numberof small ows



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

Also noticethatthe TCP-OL modelresultsin muchhigher
variability in the numberof actve ows in heary 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,ontheotherhand,is always
boundedby N. The increasedvariability in the number of
active o ws with the TCP-OL modelmeansthat the per o w
throughputwith that modelis lesspredictablehanwith TCP-
CL.

X. CONGESTION RESPONSIVENESS

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

We refer to a traf ¢ aggrejateas congestionresponsivaf
it reducests offeredload uponoverloadto a point that there
is no longer congestion.The speci ¢ congestionevent that
we considerhereis a periodic UDP streamwith rate that is
higherthanthe available capacityin the bottleneck Giventhat
the UDP streamdoesnot reactto congestionthe event that
we simulate representsa suddenreduction of the available
capacityfor the TCP aggrgyatefrom C to C°= (1 f)C,
wheref C is the rate of the UDP stream.In the following,
we malke the offeredload C beforethe congestiorevent to
be at the samelevel in the TCP-OL and TCP-CL models.We
setl < f < 1, sothatthe bottleneckbecomescongested
whenthe UDP streamstarts.
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Fig. 12. Theresponsef thetrafc aggr@atein the TCP-OL and TCP-CL
models,whena congestioreventis causedy a UDP streamof rate 15Mbps.
The capacityis 50Mbpsandthe offeredload (beforethe congestiorevent) is
47.5Mbps.

Figure12 shavstheofferedloadfrom thetwo traf c models
in 1-secintervals. The congestioreventis causedy a 15Mbps
CBR UDP streamand it lasts from 200secto 275sec.The
effectsof the congestioreventcanbe examinedin threestages:

rst, just after the congestionevent starts,second,during the
congestiorevent,andthird, afterthe congestiorevent nishes.

Beforethe startof the congestiorevent, both TCP-OL and

whenthe UDP streamstartsis that, becausef TCP's conges-
tion control, thetrafc from both modelsdropsat a level that
is closeto the new availablecapacity(35Mbps).The similarity
betweenthe two models,however, endsthere.A few seconds
laterthe offeredloadin the TCP-OLmodelstartsincreasingas
moreandmorenen o ws arrive and competefor throughput.
The offeredload in the TCP-CL model, on the otherhand,is
self-regulatedat the level of the available capacity because
new ow cannotstartunlessan existing o w hascompleted.
Thus,the numberof actve o wsin the TCP-OL modelkeeps
increasing,while the correspondinghumberin the TCP-CL
model staysroughly the same(also seeFigure 13).

Finally, after the congestionevent ends, the offered load
from both modelsincreasego capturethe available capacity
that has beenreleasedby the UDP stream.In the TCP-CL
model,this procesds completedwithin a few secondsin the
TCP-OL model, however, thereis a large backlog of active
o ws that needsto be clearedbeforethe offeredload returns
at its pre-congestiorlevel. As Figure 13 shaws, this effect
lasts for hundredsof secondgthis dependsof courseon the
duration and magnitudeof the congestionevent and on the
TCP offeredload beforecongestion) Figure 13 further shovs
the queueingdelayin the bottleneckwith eachmodel. Notice
that even thoughthe congestionevent endsat t=275sec the
gueueremainsalmostfull for hundredsof secondswith the
TCP-OL model.
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Fig. 13. Thetime seriesof the numberof actve o ws andof the queueing
delay with the TCP-OL and TCP-CL modelswhen a congestionevent is
causedby a CBR UDP stream.

Even if the long-term offered load at a link is belov the
capacity therecan be overloadeventsthat last for a few tens
of secondsTheimportantlessonfrom the previous discussion
is that during sud events an open-looptrafc aggregate
is effectively congestion unresponsivedespite the fact that
it consistsof TCP ows. Further the consequencesf an
externally imposedcongestionevent (say a large UDP stream
or a DOS attack) can last for muchlongerthan the duration
of the eventitself, if thetrafc is open-loop.

XI. DiscussiON
In this paper we examined two basic models of non-

TCP-CL have the sameaverageoffered load. Their response persistenfTCP o w arrivals, and explainedhow they leadto



differenttraf c characteristicsin termsof offeredload, vari-
ability in differenttimescalesgueueingperformancenumber
of active o ws, congestionmesponsienesandelasticity In the
following, we discusssomemoreimplicationsof this work in
otherareasof networking researchand practice.

layer congestioncontrol is implementedin applicationsthat
generatetransfers automatically without user intervention.
For example, NNTP seners transfer newvs to their peers
periodically independentf whetherthe underlyingnetwork is
congestedr not. Effectively, suchapplicationggeneratel CP-

AQM and network stability: Active queuemanagement OL trafc.

(AQM) mechanismssuchasRED, REM, PI controllers,etc.,
have beenproposedas a way to stabilize congestioncontrol.
It is importantto note that such studies assumepersistent
TCP connections.With that model, AQM mechanismscan
control the queuelength and the bottlenecklink utilization.
The effectivenessof AQM mechanismsawith non-persistent
trafc, however, is much less understood.The offered load
of TCP-OL trafc doesnot dependon network state. AQM
mechanismgannotregulate such an aggreate,and they are
unableto avoid persistenbverloadif the offeredload exceeds
the capacity

Is admissioncontrol necessarySeveralresearcheradvo-
catethe use of admissioncontrol asthe 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 expectthat userswill
be impatientand abandonrslow ongoingtransfers Admission
control canlimit the numberof active session®r owsin the
network. Admission control may not be necessaryhowever,
if mostof the trafc follows the CL model.

TCP-friendly congestioncontrol: Theuseof TCP-friendly
congestiorcontrol hasbeenencouragedh all non-TCPproto-
colsandapplicationsThe basicmotivationfor suchproposals
is that TCP-friendly transferscan avoid congestioncollapse.
It should be clear however, that even if a trafc aggreate
consistsentirely of TCP ows, it can still causecongestion
collapse or persistentoverload if it is OL. The same s
obviously true for TCP-friendlytrafc. Therefore,the useof
TCP-friendly congestioncontrolis not sufcient to guarantee
stability.

Traf c engineering and network provisioning: Trafc
engineeringaswell asotherprovisioningmechanismsequire
an estimatefor the offered load betweenary ingress/gress
pair. Furthermore,such mechanismsassumethat if a given
traf c aggreyateis switchedfrom onerouteto anotheythenthe
throughputof thataggregyatewill not change This assumption
is not true for TCP-CL trafc. The offered load from such
aggregatedependonthe RTT andlossratein theunderlying
path. On the other hand, the offered load from TCP-OL
trafc does not dependon the underlying path (ignoring
retransmissionsynakingsuchtraf c consistenwith common
assumptionsn traf ¢ engineering.

Sessionlayer congestion control: At the more practical
side, we recommendhat 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 nev sessionuntil the previous sessionhas
completed,slow down the generationof new sessiondf the
network is congestedor do not keep more than a certain
numberof sessionsactive. It is also important that session
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