On Individual and AggregateTCP Performance

Lili Qiu, Yin Zhang,andSrinivasanKesha
{lgiu, yzhangskesha}@cs.cornell.edu
Departmenbf ComputerScience
CornellUniversity Ithaca,NY 14853

Abstract

As themostwidely usedreliabletransportin today’s Internet, TCP hasbeenextensiely studiedin the past
decade However, previousresearctusuallyonly considersa smallor mediumnumberof concurrenfTCP con-
nections.The TCP behaiior undermary competingT CP flows hasnot beensuficiently explored.

In this paperwe useextensive simulationsto investigateheindividual andaggreyateTCP performancedor
large numberof concurrenfTCP flows. We have madethreemajor contrikbutions. First, we develop an abstract
network modelthat captureghe essencef wide-areanternetconnections.Secondwe studythe performance
of asingle TCP flow with mary competingT CP flows by evaluatingthe best-knavn analyticalmodelproposed
in theliterature.Finally, we examinethe aggreyateTCP behavior exhibitedby mary concurrenfTCPflows, and
derive generakonclusionsaboutthe overall throughputgoodputandlossprobability.

1 Intr oduction

TCPis the mostwidely usedreliabletransporttoday It hasusedto carry a significantamountof Internettraffic, including
WWW (HTTP), file transfer(FTP), email (SMTP) andremoteaccesqTelnet)traffic. Dueto its importance,TCP hasbeen
extensiely studiedin the pasttenyears. However, previous researchusuallyonly considersa small or mediumnumberof
concurrenfTCP connectionsThe TCP behavior undermary competinglT CP flows hasnot beensufficiently explored.

In this paperwe useextensive simulationgo exploretheperformancef TCP-Renopneof themostcommonlyusedTCP
flavorsin the currentinternet.We first developa genericmodelthatabstract@n Internetconnectiorby exploring the Internet
hierarchicalrouting structure.Basedon the abstractmodel, we studythe behavior of a single TCP connectionundermary
competingT CP flows by evaluatingthe TCP analyticalmodelproposedn [13]. We alsoinvestigatethe aggreyatebehavior
of mary concurrenfTCP flows, andderive generakonclusionsaboutthe overall throughputgoodput Jossandprobability

The restof the paperis organizedasfollows. Section2 presentsour abstractnetwork modelfor wide-arealnternet
connectionsSection3 studiegheperformancef asingleTCPflow undercrosdraffic by evaluatingthe TCPanalyticaimodel
proposedn [13]. Sectiord furthersimplifiesour network modelin orderto studytheaggrejatebehavior of TCPconnections.
Section5 presentour simulationresultsandanalysisof the aggreyateTCP performanceincludingthe characteristicef the
overall throughput,goodput,and loss probability Section6 givesa summaryof relatedwork. We endwith concluding
remarksandfuturework in Section?.



2 Network Abstraction

Network topology is a major determinantof TCP performance. To systematicallystudy how TCP behaves, we needto
have a simplenetwork model,which is ableto characterizeeal Internetconnections.The compleity and heterogeneityf
the currentinternetmale it very challengingto comeup with sucha generalnetwork model. Yet carefully examiningthe
hierarchicalstructureof the Internetgivesus valuableinsightsto build an abstractmodel capturingthe essencef Internet
connections.

2.1 Connectionsfrom a singledomain

Today’s Internetcanbe viewed asa collectionof interconnectedouting domains [18], which aregroupsof nodesthatare
undercommonadministratiorandshareroutinginformation. It hasthreelevels of routing. The highestlevel is the Internet
backbonewhich interconnectsnultiple autonomousystemqAS's). Thenext level is within asingle AS, whichis from the
routersin anenterprisalomainto the gatavay. At the lowestlevel, we have routingwithin a singlebroadcast. AN, suchas
Ethernetor FDDI [7]. Theupperportionof Figurel shavsanabstractview of across-domairronnection:
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Figurel: Abstractnetworktopologyfor connectiongrom asingledomain

The connectionfrom a sourcedomainfirst reaches transientbackbonewhich is linked to the Internetbackbonevia
anaccesdink. The otherendof the Internetbackbonéds connectedo a transientdomainclosestto the destinatiordomain.
Thelink betweeranenterpriselomainandthetransientackbonas typically dedicatedo the enterpriseandeachenterprise
usuallyhasenoughbandwidthto carryits own traffic. Thelnternetbackbonegenerallyhave largeenougtbandwidth though
sometimest canalsogetcongested.In contrast,the accesdink is sharedamongmultiple domains,andits bandwidthis
usuallyverylimited. Therefore we canreasonabljassumehe accesdink is the bottleneck. (Assumption 1) for wide-area
Internetconnections.



With the assumptiorthat bottlenecksarelocatedat accesdink, the topologycanbe further abstractecasshown in the
lower portion of Figure 1, wherethe interconnectiorbetweerntransientoackbonesandinternetbackbonesre abstractedis
routersconnectedy accesdinks andone high capacitylink. The routersat both accesdinks canbecomethe bottleneck.
Which oneis bottleneckdepend®n thetraffic conditionatagiventime.

2.2 Connectionsfrom multiple domains

As we know, the accesdinks areusuallysharedoy multiple domains.This is amuchmorecomplicatedscenarioasshown
in Figure2:
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Figure2: Abstractnetworktopologyfor connectiongrom multiple domains
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At thefirst glance,it seemghatall connectionsreintermixed with oneanother However, accordingto the assumption
thatonly accesdinks canbe bottleneckstwo connectionsiot sharingary accesdinks arethusindependentUsingtheabove
insight,we canpatrtitionall the connectionsnto independengroupsasfollows:

1. Mapthe network connectioninto a graph,whereeachaccessink is representedsanodein the graph,andthereis an
edgebetweenrary two nodesf andonly if thereis atleastoneconnectiorgoingthroughboth accesdinks denotedby
thetwo nodes;

2. Find all connecteddomponentén thegraph.Theconnectionsn two differentconnectedomponentfiave no effecton
oneanother

After decompositionwe cannow focuson studyinga single connecteccomponent.The single connecteccomponent
looks exactly the sameas multiple cross-domairconnectionsas shown in Figure 2, exceptthatin the single connected

componengll theconnectiongompetewith eachother whereadeforedecompositiosomeconnectionganbeindependent



of others.

In today’s Internet,thereare threecommontypesof accesdinks: ISDN (64kbps),T1 (1.5Mbps),and T3 (45Mbps),
whichwe labelastype1, types, andtypes link respectiely. Thenthewhole systemcanbe characterizetby thefollowing 12
parametersPropagation Delay, Buf ferSizery, Buf ferSizegry, C11, C12, C13, C21, Caa, Caz, C31, C32, C33, Where
C; ; standdor the numberof connectionsvith incominglink of type; andoutgoinglinks of type;.

To summarizein this sectionwe have developeda simplegenericmodelthatcancharacterizevide-arednternetconnec-
tions. This modelallows usto study TCP behavior in arealisticyet manageabléashion.

3 A SingleTCP Flow Under CrossTraffic

The behavior of a TCP connectioris very complicatedundercrosstraffic. Therehasbeenlots of previouswork in this area.
[13] is the best-knavn analyticalmodelfor the steadystateperformanceof TCP-Reno. It captureghe essencef TCP’s
congestioravoidancebehavior by taking into accountof fastretransmissiontimeout,andthe impactof window limitation.
Accordingto their model,the steadystate TCPthroughputcanbe approximatedsfollows:

Blp) = min( g5 e
RTT\/ 22 + Tymin(1,31/22)p(1 + 32p?)
wherep is the loss probability B(p) is the long-term steady-stat& CP throughput,b is averagenumberof paclets ac-
knowledgedby an ACK, W,,,.. is the maximumcongestiorwindow, RTT is the averageroundtriptime experiencedy the
connectionandTy is the averagedurationof atimeoutwithout back-of.

They alsohave a more accuratefull model, whoseformulais omitted herefor brevity. [13] empirically validatethe
modelsusing real traces. We are very interestedin further investigatingtheir modelsthrough simulations. We believe
evaluationthroughsimulationshasits uniquevalue:

e Simulationscanaccuratelydeterminehevariablesin the expressionsomeof which canonly be approximatedn real
traces suchasdroppingprobabilityp and RT'T'. (Droppingprobability canonly be approximatedn realtracesby loss
indications.RT'T' estimationcanbeinaccuratedueto coarse-grainetimer.)

e Simulationsusinga genericmodelcancover awider variety of scenarios.

e Therearedifferentimplementation®f TCP-Renowhich canleadto a surprisinglylarge rangeof behavior [12].

¢ In the realtracesthereare a numberof unknawn factors,suchas processingime and systemoverheadwhereasall
thesefactorsarewell undercontrolin simulations.

We evaluatetheir modelsthrougha large numberof simulationsin differentvariationsof the abstrachetwork topology
proposedn Section2. More specifically we usens [11] andREAL [14] to simulatethe network topologyshowvnin Figure3
andFigure4, wherethetopologiesarelabeledaccordingto Tablel.

Table2 andTable3 summarizeheaccurag of theirapproximatenodelandfull modelrespectiely, wherethepercentage
arebasecdn over 10000datapoints. (For example,onesimulationrun of 100 concurrenfTCP connectionglivesus100data
points.)In simulationsettingsotherthanthosewe presentere , we have obtainedsimilar results.

As shawn in Table 2 and Table 3, most of their estimationsare within a factor of 2, which is reasonablygood. The
approximatenodel,thoughsimpler is no worsethanthefull model. This maybe dueto thefactthatthe derivationof thefull
modelrequiresestimatingadditionalterms,which arenot requiredin the approximatemodel.

We have identifieda numberof reasonghatcontritute to the divergencebetweertheir modelandthe simulationresults:
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Topology | L1  propagation| L1 L2 propagation| L2 Buffer size at | Total Connections
delay Bandwidth | delay bandwidth | all the routers
(pkts)
1 0.001ms 10 Mbps 50ms 64 kbps 100- 500 1-100
2 0.001ms 10 Mbps 50ms 64 kbps 100- 500 110- 600
3 0.001ms 10 Mbps 50ms 1.6 Mbps 100- 500 1-100
4 0.001ms 10 Mbps 50ms 1.6 Mbps 100- 500 110- 600
5 asshownin Figure4 100- 500 1-600

Tablel: Simulationtopologies



Topology | % within a | % within a| % within a| % within a
factorof 1.5 factorof 2 factorof 3 factorof 4
1 21.04 78.48 98.83 99.31
2 31.65 58.70 87.23 94.29
3 69.02 78.92 88.66 91.77
4 77.01 91.51 97.58 98.61
5 58.60 78.60 90.90 95.42

Table2: Theaccuray of the predictionbasedon the approximatemodelproposedn [13]

Topology | % within a | % within a| % within a| % within a

factorof 1.5 factorof 2 factorof 3 factorof 4
1 7.00 70.87 99.03 99.54
2 36.11 71.96 95.56 99.29
3 67.59 79.55 89.20 91.86
4 39.25 79.25 92.75 95.59
5 74.36 89.31 95.85 97.56

Table3: Theaccuray of the predictionbasedonthe full modelproposedn [13]

e Thesimplified assumptiorthat paclet lossesarecorrelatedn suchaway thatoncea packetin a givenroundis lost,
all remainingpacletsin thatroundare lost aswell. (Eachround begins with a window size of pacletsbeing sent
back-to-baclkandendswith receptionof thefirst ACK.)

e Ignoringthe pacletssentin the slow startphase.

e Several mathematicakimplificationscanintroducedistortion, suchas E[f(z)] ~ f(E[z]), where f is a nonlinear
function,andthenumberof roundsin two consecutietriple duplicateacks(TD) is consideredo beindependentf the
window sizeattheendof the TD period,whichis nottrue.

e Othersimplificationsthat canintroducedistortion: ignoring the possibility of losing ACKs; ignoring timeout could
occurbeforetriple duplicateACKs; ignoring pacletreorderingthatis lossis the only causeof duplicateACK.

Of course,it is very hardif ever possibleto comeup with a generalTCP modeltaking into accountof all the details.
Ontheotherhand,if we know the distinguishingfeatureof a TCP connectionwe canexploreit to improve the accuray of
approximationFor example,if theconnectioris short,we needto considertheslow startphase[2].

In summarythemodelis successfuh thatits analyticalresultsareusuallycloseto simulationresults andits development
alsogivesusinsightsabouton the performanceof a single TCP connectiorundercrosstraffic.

4 AggregateBehavior of TCP Connections- Model Simplification

Section3 shaws the analyticalmodel proposedn [13] approximates single TCP connections steadystatethroughput
reasonablywvell. This givesus somegoodinsightsinto individual TCP behavior. Howeverthe modeldoesnot capturethe

aggreatebehavior of TCPconnectionssuchastheoverall TCPthroughputgoodputjossrate,andfairness.Theseaggraate



behariors aresometimesnoreinteresting.For example,from ISP’s point of view, they aremoreinterestedn the aggreate
throughputandlossrateof all the connectionsatherthana particularflow, becausehe aggregateperformancaes oftenmore
valuablefor network provisioning.

Our approachs to usesimulationsto study TCP aggreyatebehavior. However, in orderto make simulationan effective
approachijt is necessaryo have a simple simulationmodelwith small parametespaceso thatwe canidentify the under
lying relationshipof how the performancevarieswith different parameters.The network model proposedn Section2 is
usefulin thatit captureghe essencef Internetconnections.However it is still too complicated(12 parametersjo obtain
comprehensie understandingf TCP behavior. We have to further simplify themodel.

The mainreasonfor sucha large parametespaceis that the locationsof the bottlenecksn the systemarevery hardto
determine Someconnection$iave bottleneckattheleft side(beforeenteringthebackbone)whereastherconnectionsbot-
tleneckdie attheright side(afterexiting the backbone)ln orderto take into accountof the possibility of differentlocations
of thebottleneckwe needall the 12 parametersA naturalsimplificationis to assumethe bottleneck will eventually stabi-
lize, and differ ent connectionssharing the sameaccesdink congestat the sameplace. (Assumption 2) The simulation
modelsusedin mostliteratureareone-bottlenecknodels,whichimplicitly usethisassumption.

Underthis assumptionthe abstracinetwork modelcanbe simplified asan one-bottlenecknodel,asshavn in Figure5.
Thewhole systemcannow be characterizedy the following four parameterspropagation delay, Buf ferSizes, Conn,
and T'ypeqccessiink, Wherethe accesdink is the bottleneckaccordingto our assumption.By collectingand analyzingthe
simulationresultswith differentsetsof parametersye canunderstand CP behavior for avarietyof network topologiesand
identify therelationshipbetweerunderlyingtopologyand TCP performance.
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Figure5: Simplified abstrachetworkmodel

5 AggregateBehavior of TCP Connections- Simulation and Analysis

In this sectionwe studytheaggreyateTCP performancehroughextensive simulationsusingnsnetwork simulator [11]. We
usethe abstracimodel (shown in Figure5) derivedin Section4 asour simulationtopology wherethe large bandwidthlink
is setto 10 Mbps Ethernethandwidthwith 0.001msdelay We vary eachof thefour parameterin the model: propagation
delay, Buf ferSizes, Conn, andTypeaccessiink 10 S€€how eachof themaffectsTCP performance More specifically we
considerothISDN andT1 links, with thelink delayof either50 ms (typical for terrestriaWWAN links) or 200 ms (typical
for geostationargatellitelinks). We alsovary the buffer sizeandthe numberof connectiongor eachscenario.

The bottleneckink routerusesFIFO schedulingand drop-tail buffer managemensincethey are mostcommonlyused



in the currentinternet. The TCP segmentsizeis setto 500 bytes. As [10] pointsout, it is very commonto have hundreds
of concurrentconnectionscompetingfor the bottleneckresourcein today’s Internet, so we are particularly interestedin
investigatinghe TCP behavior undersuchalarge numberof connections.
We usethefollowing notationsthroughoutur discussions:
o Let W,,; = propagation delay * bottleneck bandwidth, whichis thenumberof pacletsthelink canhold.
o Let W, = W,,: + B, whereB is the buffer sizeatthe bottleneckink. W, is the total numberof pacletsthatthe link
andthe buffer canhold.

5.1 TCP behavior for flowswith the samepropagationdelay

Our study of TCP flows with the samepropagationdelay showvs TCP exhibits wide rangeof behaviors dependingon the
valueof CLO‘;; whereConn denoteghe numberof connectionsBasedon the capacityof the pipe (measuredas%), we

classifyour resultsinto thefollowing threecaseslarge pipe (W, > 3 *« Conn), smallpipe (W, < Conn), andmediumpipe
(Conn < W, < 3 Conn).

5.1.1 Casel: W, > 3« Conn (Lar gepipe case)

Previousstudieshave showvn asmallnumberof TCPconnectionsvith thesameRTT cangetsynchronized15]. We originally
thoughtaddingmoreconnectionsntroducesnorerandomnessandmakessynchronizatiomarderto take place.Surprisingly
our simulationresultsshow the synchronizatiorpersistevenin the caseof large numberof connections.

Figure 6 depictsthe synchronizatiorbehavior. In all the graphs we sort the connectionID’ s by the total number of
packets eachconnectionhas receied, sincesuch sorting revealssynchronization behavior more clearly. As shavnin
thefigure,the buffer occupang periodicallyfluctuatefrom half to full, whichimpliesall connection$alve their congestion
windowsin synchroly. Theglobalsynchronizatiorbehavior canbefurtherdemonstratethy the periodicwhite stripesin the
scattemplot of ACK arrival time, whichimply all the connectionstartandendlossrecoveryin asynchronizednanner

The explanationfor the synchronizatiorbehavior is similar to the casefor small numberof connectionsSupposet the
endof the currentepochthe total numberof outstandingpacketsfrom all the connectionss equalto W,... During the next
epochall connectionswill incrementtheir window. All the pacletsthatare sentdueto window increasewill getdropped.
Thusall theconnectionsvill incurlossduringthesameRTT. Thismakesall connectionsdjustwindow in synchrory. When
W. > 3 x conn, mostconnectiondave morethan3 outstandingpacletsbeforethe loss. Sothey canall recover thelossby
fastretransmissionsandreducethe window by half, leadingto global synchronizationln contrastwhenW, < 3 x Conn,
thoughall the connectionsstill experiencelossduringthe sameRT'T, they reactto thelossdifferently Someconnections
whosecwnd is largerthan3 beforethe losscanrecover the lossthroughfastrecovery, whereaghe otherswill have to use
timeoutto recover the loss. Sincethe setof connectiongecovering lossusingfastrecovery andthe setusingtimeoutwill
changeovertime, globalsynchronizatiorcannotbe achieved.

Dueto globalsynchronizationall the connectionsharethe resourcevery fairly: in the steadystatethey experiencehe
samenumberof lossesand sendthe samenumberof paclets. We canaggreyateall the connectionsasonebig connection,

andaccuratelypredictthe aggreatelossprobability All the original connectionsvill have the samelossprobability More

W,
Conn

During congestioravoidancephase,in eachepochotherthanthe first andlast ones,eachconnections window size starts

specifically if W, is amultiple of Conn, let W =

andb betheaveragenumberof packetsacknavledgedby an ACK.



ACK recv time: ISDN link, Buffer=400, conn=100 ACK recv time: T1 link, Buffer=400, conn=100
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Figure6: Large pipe casdeadsto globalsynchronization100connectionsharingthe bottlenecKink of eitherlISDN or T1. In bothcases,
the onevay propagatiordelay= 50 ms andbottleneckbuffer size= 400 packets.As shavn in thefigure, the buffer occupang fluctuates
periodically from half to full, which implies all connectionshalve their congestionwindows in synchrory. The global synchronization
behaior canbe furtherdemonstratetly the periodicwhite stripesin the scattemplot of ACK arrival time, whichimply all the connections

startandendlossrecovery in a synchronizednanner



from L%j andincreasedinearly in time, with a slopeof % paclet per roundtrip time. Whenthe window sizereaches
W + 1, alossoccurs.Beforethelossis detectedy duplicatedACKs, anothedl pacletsareinjectedinto the network. Then
thewindow dropsbackto L%j andanew epochbegins. Therefore the total numberof packetssentduringanepochcan
becomputedasS(T) = b (ZZV:L%J x) + 2« W 4 1. Every connectiorincursonelossduring eachepoch,so

1 1
Loss Probability = =
PTSI T b (O ) 4 2 WA 1

Whenb = 1,
if W isodd

otherwise

8
o7 . 2
Loss Probability = BAWEH204W 49

8
3xW24+22xW 48

Sowe canapproximateloss Probability as

8
3xW24+21«W 48

Loss Probability ~

Figure7 shavs our predictionmatches/ery well to the actuallossprobability
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Figure7: Losspredictionfor large pipe case Varying numberof connectionsharingT1 link with one-waypropagatiordelayof 50 ms,

andthe bottleneckbuffer is either4 timesor 6 timesthe numberof connections.

Furthermoreasexpectedglobalsynchronizatioteadsto periodicalfluctuationin buffer occupang asshovnin Figure6.

Whenthetotal buffer sizeis lessthan % halvingcwnd in synchroty leadsto underutilization of bottlenecKink.

5.1.2 Case2: W, < Conn (Small pipe case)

WhenW, < Conn, we have found TCP connectionsharethe pathvery unfairly: only a subsebf connectionsareactve
(i.e. their goodputis considerablylarger than0), while the otherconnectionsareshut-of dueto constantimeoutasshowvn
in Figure8. The numberof active connectionss closeto ., andthe exactvaluedependsn both W, andthe numberof
competingconnections.When Conn exceedsthe numberof active connectionghe network resourcecansupport,adding
moreconnectiongo the alreadyoverly congestedhetwork only addsmoreshut-of connectionsAlmost all the pacletssent
from the shut-of connectiongietdropped.The remainingactive connectionsreleft mostlyintact. This explainsthe curves

in Figure9: whenConn is largerthanthe numberof active connectiorthe network resourcegansupport,thetotal number

10



of pacletssentandlost grows linearly with the numberof connectionsThelinearincreasen thenumberof packetssentand
lost mainly comesfrom the increasen the numberof inactive (mostly shut-of) connectionseachof which sendsa constant
numberof pacletsbeforeit getscompletelyshutoff.

5.1.3 Case3: Conn < W, < 3 x Conn (Medium pipe case)

As shawvnin Figurel0, TCPbehavior in this casefalls in betweertheabove two casesMore specifically asexplainedearlier
(in Section5.1.1),sincel < C—VOVnc; < 3, theconnectiongespondo lossdifferently: someconnectionsvhosecwnd is larger
than3 beforethelosscanrecover thelossthroughfastrecovery, whereaghe otherswill haveto usetimeoutto recover the
loss. Sincethe setof connectiongecovering loss usingfastrecovery andthe setusingtimeoutwill changeover time, no
globalsynchronizatioroccurs andthe network resourcesrenot sharedasfairly asW, > 3« Conn. Ontheotherhand there
is still local synchronizationasshavn Figure 10, wheresomegroupsof connectionsare synchronizedvithin the groups.
Furthermoresince%ﬁ > 1, all the connectionsangetreasonablemountof throughput. In contrastto the small pipe

casetherearealmostno connectiongettingshut-of.

5.1.4 AggregateThroughput

We definenormalizedaggregate TCP throughputasthe numberof bits sentby the bottlenecKink in unit time normalizedby
thelink capacity Ourresultsareasfollows:

e Asshawvnin Figurell(a),whenthe numberof connectionss smallandthebuffer sizeis lessthanW,,: (W, = 160
pacletsin this case)thenormalizedT CPthroughpuis lessthanl. The degreeof underutilizationdepend®nboththe
numberof connectionsindthe ratio of the buffer sizeto W,,,;. The smallerthe numberof connectionsandthe lower
theratio, thelower the network utilizationiis.

e As shavnin Figure11(b), whenthe buffer sizeis larger thanW,,; (W,,: = 40 pacletsin this case) the normalized
TCPthroughpuis closeto 1, regardlesf the numberof connections.

o Whenthe numberof connectionss large, evenif the buffer sizeis small (smallerthan,,;), the normalizedTCP
throughputis closeto 1. This is evidentfrom Figure 11(a), wherethe throughputis closeto 1 for large numberof
connectionsinderall the buffer sizesconsidered.

5.1.5 AggregateGoodput

We definenormalizedaggregate goodputas the numberof good bits receved by all the recevers (excluding unnecessary
retransmissiongj unit time normalizedby thelink capacity As shovnin Figurel2,

e Thereis alineardecreasin goodputasthe numberof connectionsncreases.

e Thesslopeof the decreaselependon the bottleneckink bandwidth:the decreasés morerapid whenthe bottleneck

link is ISDN, andis slowerwhenT1 is usedasthe bottlenecKink.

Theseresultscanbe explainedasfollows. The differencebetweerthe throughputandgoodputis the numberof unnecessary
retransmissionsAs the numberof connectionsncreasesthe lossprobabilityincreaseswhich in turnincreaseshe number
of unnecessargetransmissionsThereforethe moreconnectionsthelower thegoodputis. Ontheotherhand,since

total unnecessary retransmissions

loss in the normalized goodput = - -
link capacity

11
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Figure8: Smallpipe case300concurrentonnectiongompetefor T1 link with one-waypropagatiordelayof 50 msandbottleneckouffer

sizeof 60 (or 160) packetqW, = Wy, + Buf fer = 1000r 200 packets).Note thatthe buffer occupanyg fluctuateswidely. Moreover

partof connectionseceve little goodputasshowvn in thetwo graphsin themiddle.
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Figure9: Varying numberof connectionsompetefor T1 link with onavay propagatiordelayof 50 ms: the total numberof packetssent

anddroppedncreasedinearly with the numberof connectionwhenthe connectiomumberis large.
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Normalized throughput: T1 link with oneway propagation delay of 200 ms, varying buffer siaéormalized throughput: T1 link with oneway propagation delay of 50 ms, varying buffer size
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Figure11: Throughput:varying numberof connectionsompetefor the bottleneckink T1 with onevay propagatiordelayof either200

msor50ms
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Figure 12: Goodput: varying numberof connectionsompetefor the bottlenecklink of eitherISDN or T1. In both casesthe onavay

propagatiordelay=50ms.

thedecreasén thegoodputis moresubstantialvith slower bottleneck(e.g.ISDN), andlesssignificantwith fasterbottleneck
(e.g.T1),whichis evidentfrom Figure12.

To summarizewhenthe bottlenecHink is fastor thelossprobabilityis low (lessthan20%), the numberof unnecessary
retransmissionis negligible sothatthe normalizedgoodputis closeto the normalizedthroughput.Otherwise(i.e. whenthe
bottlenecKink is slow andthe lossprobabilityis high) thelossin the goodputdueto unnecessaryetransmissionbecomes
significant. The decreasén the goodputdepend®n boththe bottlenecKink bandwidthandthelossprobability

5.1.6 LossProbability

Our simulationresultsindicatewhenthe W, is fixed and the numberof connectionss small, the loss probability grows
guadraticallywith theincreasingnumberof connectionsasshown in Figre 13. The quadraticgrowth in thelossprobability
canbe explainedasfollows. When % > 3, TCP connectioncanrecover losswithout timeouts. Every connectiorloses

14



one paclet during eachlossepisode.So altogethetthereare Conn lossesevery episode.Meanwhilethe frequeng of loss
episodds proportionalto Conn. Thereforefor smallnumberof connectionsthe lossprobabilityis proportionalto C'onn?.
Suchquadratiggrowth in lossprobabilityis alsoreportedn [10] for routerswith RED droppingpolicy.

Loss probability: T1 link with oneway propagation delay of 50 ms, with buffer size=260 pkts
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Figure13: Lossprobabilityfor smallnumberof connectionsvaryingnumberof connectionsompetefor the bottleneckiink of T1 with

onavay propagatiordelayof 50 ms. Thelossprobability grows quadraticallywhenthe numberof connectionss small.
As the numberof connectiongjetslarge (larger than %), the growth of lossprobability with respecto the numberof
connectiongnatchesmpressiely well with thefollowing family of hyperboliccurvesrepresentedly

_ bx*xx
7x+a

asshown in Figure14. Table4 givesthe parametersf the hyperboliccurvesusedin Figure14. As partof our future work,
wewill investigatehow to predictthe parametersf the hyperboliccurvesgiventhe network topology

Loss probability: ISDN link with oneway propagation delay of 50 ms, varying buffer size  Loss probability: T1 link with oneway propagation delay of 50 ms, varying buffer size
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Figure 14: Lossprobability for large numberof connections varying numberof connectionsompetefor the bottlenecklink of either

ISDN or T1. In both casesthe onavay propagatiordelay= 50 ms. The lossprobability curvesmatchvery well with hyperboliccurves

whenthe numberof connectionss large, wherethe parametersf the hyperboliccunesaregivenin Table4
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ISDN T1
Wc a b Wc a b
100 | 149.2537| 0.4646|| 100 | 144.9275| 0.3237
200 | 333.3333| 0.5262 || 200 | 285.7143| 0.3429
300 | 588.2352| 0.6059 || 300 | 454.5454| 0.3682
400 | 1250.000| 0.9170|| 400 | 526.3158| 0.3517
500 | 2000.000( 1.1852 || 500 | 769.2308| 0.3948

Table4: Parametergor the hyperboliccurvesusedfor fitting lossprobabilityasshavnin Figure14

5.2 TCP behavior with random overhead
5.2.1 W, > 3 Conn (Largepipe case)

Our discussionsn the previous section(Section5.1) focuson the macrobehaior of concurrenfTCP connectionsvith the
samepropagatiordelay In orderto explore propertief networkswith Drop Tail gatavaysunmasledby the specificdetails
of traffic phaseeffects or other deterministicbehavior, we add randompaclet-processindime in the sourcenodes. This
is likely to be morerealistic. The techniqueof addingrandomprocessingime wasfirst introducedin [4]. However we
have differentgoals.In [4], Floyd andJacobsomreinterestedn how muchrandomnesg necessaryo breakthe systematic
discriminationagainst particularconnectionIn contrastwe areinterestedn how muchrandomness sufficientto breakthe
global synchronization Consequentlythe conclusionsaredifferent. [4] concludeghataddinga randompaclket-processing
time rangingfrom zeroto the bottleneckservicetime is sufficient; while we find thata randomprocessingime thatranges
from zeroto 10% * RTT (usually much larger thana randompacket servicetime) is requiredto breakdown the global
synchronizationThis is shovn in Figure15, wherethe global synchronizations mutedafter addingthe randomprocessing
timeupto 10% * RTT.

The performanceesultsin the non-synchronizatiomasealsodiffer from the global synchronizatiorcase.As shovn in
Figure 16, whenthe numberof connectionds lessthan 100, the loss probability in the two casesare almostthe same;as
the numberof connectionsncreasedurther, the gap betweenthe two opensup: the non-synchronizatiowasehashigher
loss probability thanthe synchronizatiorcase. Neverthelessusing the predictionbasedon global synchronizatiorgivesa
reasonable@pproximation(at leasta lower bound)of lossprobability for non-synchronizedase.However sincein the non-
synchronizatiorcase the connectionglo not sharethe bandwidthfairly. As showvnin Figurel5, thereis alarge variationin
thethroughpuf differentconnectionssowe canno longerpredictthe bandwidthsharefor eachconnectiorin this case.

A few commentdollow:

e Thereis a generalconcernthat synchronizatioris not good sinceit may leadto underutilization of the bottleneck
bandwidth. However with the useof TCP-Renoandsuficient bottleneckbuffer provisioning, this is unlikely to be a
problemin practice.

e Therehave beensereralattemptdo breaksynchronizatiorin orderto avoid underutilization. However our simulation
resultsindicate breakingdown the synchronizatiorusing randomprocessingime increaseghe unfairnessand loss
probability,
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Figurel5: Addingrandomprocesgimein large pipe casebreaksdown theglobalsynchronization100connectionsharingthebottleneck
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without randomprocessindime, the buffer occupany is quite stable.Moreover globalsynchronizatiordisappearsisshowvn in the scatter
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Figure16: Comparethelossprobability by addingdifferentamountof randomprocessingime: varyingnumberof connectionsompete

for T1link with onevay propagatiordelayof 50 ms

5.2.2 W, < Conn (Small pipe case)

Adding randomprocessingime alsoaffectsthe casewhenW, < Conn. Without randomprocessingime, we find there
is consistentiscriminationagainstsomeconnectionsyhich endup totally shutoff dueto constantime-out. After adding
randomprocessingime, thereis still discriminationagainstsomeconnectionsput muchlessseverethanbefore. As shavn
in Figure 17, the numberof shut-of connectiongs considerablysmallerthanbefore. Furthermorethe buffer occupang is

mostlyfull andstable whereaswithout randomprocessindime, the buffer occupang is quitelow, andfluctuatesalot.

5.2.3 Conn < W, < 3 * Conn (Medium pipe case)

As shawn in Figure 18, addingrandomprocessingime doesnot have muchimpacton TCP behavior in the caseof medium
size pipe: asbefore, most connectiongyet reasonableggoodput,though not synchronized. On the other hand, the buffer
occupang now becomesnostlyfull andstablein contrastto without randomprocessindime, wherethe buffer occupang is

low, andfluctuatesalot. In addition,evenlocal synchronizatiordisappearsfteraddingrandomprocessindime.

5.2.4 AggregateThroughput & Goodput

Adding randomprocessindime haslittle effectin the overallthroughputandgoodputasshovn in Figure19 andFigure20.

5.2.5 LossProbability

For a small numberof connectionsaddingrandomprocessingime makesthe lossprobability grow mostly linearly asthe
numberof connectionsncreasesThisis evidentfrom Figure21, which compareshelossprobability curvesbeforeandafter
addingrandomprocessingime.

For the large numberof connectionsadding randomprocessingime doesnot changethe generalshapeof the loss
probability curve: asbefore,the growth of lossprobability with respecto the numberof connectionsnatchesmpressvely
well with hyperboliccurves,asshavn in Figure22. On the otherhand,for the sameconfiguration(the samenumberof
connectionandbuffer size),thelossprobabilitybecomedargerafteraddingtherandomprocessindime. Sotheparameters
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Figurel7: Adding randomprocessindime in smallpipe case 300concurrentonnectiongompetefor T1 link with one-waypropagation
delayof 50 msandbuffer sizeof 60 (or 160) packetW, = W, + Buf fer=1000r 200 packets).Thebuffer occupang is quitestable,

andthe consistentliscriminationis not assevereaswithout addingrandomprocessingime.
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ACK recv time: Wc=200, conn=100, up to 10% random overhead Total pkts received: Wc=200, conn=100, up to 10% random overhead
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Figure18: Adding randomprocessindime in mediumpipecase 100 concurrentonnectionsompetefor T1 link with one-waypropa-
gationdelayof 50 msandbuffer sizeof 160 packetqW,. = Wop: + Buf fer = 200 packets).The buffer occupang is quite stable.In

contrasto without randomprocessindime, thereis no local synchronization.

Normalized throughput: T1 link with oneway propagation delay of 200 ms, varying buffer siaéormalized throughput: T1 link with oneway propagation delay of 50 ms, varying buffer size
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Normalized goodput: ISDN link with oneway propagation delay of 50 ms, varying buffer sizeNormalized goodput: T1 link with oneway propagation delay of 50 ms, varying buffer size
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Figure21: Lossprobability for smallnumberof connectionsafter addingrandomprocessingime of up to 10% * R1'T" at TCP source:

varying numberof connectionsompetefor the bottleneckink of T1 link with onevay propagatiordelayof 50 ms. Thelossprobability

grows linearly whenthe numberof connectionss small.

of hyperboliccurvesaredifferentasshovnin Table5.

5.3 TCP behavior with differentRTT

It is well-known that TCP hashiasagainsiong roundtriptime connectionsWe areinterestedn quantifyingthis discrimina-

tion throughsimulations.Our simulationtopologyis similarto Figure5 (in Sectiond), exceptthatwe changehe propagation
delayof thelinks. More specifically we divide all the connectionsnto two equal-sizegroups,whereonegroupof connec-
tions hasfixed propagatiordelayon the large bandwidthlinks, andthe othergroupof connectionsasvarying propagation
delayon the large bandwidthlinks. As suggestedn [4], we adda randompaclet-processingime in the sourcenodesthat

rangedrom zeroto the bottleneckservicetime to remaove systematiaiscrimination.Our goalis to studyhow thethroughput
ratio of two groupschangesvith respecto their RT'T"’s.

Our simulationresultsare summarizedn Figure 23, which plots the throughputratio vs their RTT ratio both in log2
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Loss probability: ISDN link with oneway propagation delay of 50 ms, varying buffer size  Loss probability: T1 link with oneway propagation delay of 50 ms, varying buffer size
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Figure22: Lossprobabilityfor large numberof connectiongfteraddingupto 10% * RT'T at TCP sourcevaryingnumberof connections

competefor the bottlenecKink of eitherISDN or T1. In both casesthe onevay propagatiordelay= 50 ms. The lossprobability curves
matchvery well with hyperboliccurveswhenthe numberof connectionss large, wherethe parametersf the hyperboliccurvesaregiven
in Table5

ISDN Tl
Wc k Scale || Wc k Scale
100 | 125.0000 | 0.4930|| 100 | 125.0000| 0.4263
200 | 217.3913 | 0.5257| 200 | 227.2727| 0.4505
300 | 400.0000 | 0.6071 300 | 333.3333| 0.4690
400 | 714.2857 | 0.7536|| 400 | 500.0000( 0.5123
500 | 1428.5714| 1.1110|| 500 | 666.6666| 0.5366

Table5: Parametersor the hyperboliccurvesusedfor fitting lossprobabilityasshovnin Figure22

scale As shovnin Figure23,thethroughputatiois boundedoy two curves.More specificallywhen RTT; < RTT5,

RTT, , _Throughput, RTT,

< <2 2 1
RTT,)" = Throughput, = 2" ®TT,) (1)

whereRT'Ty and RT'T; arethe averageRTT the connectionsn group1 andgroup2 experiencerespectiely. Sincewe can
swapthelabelsfor groupsl and2, sothethroughputratio is symmetricasshown in Figure23(a).

Now let's try to explaintherelationship(Al). For easeof discussionye aggreyateall the connectionsn onegroupasa
big connection.Soin thefollowing we just considertwo connection€ompetewith eachother Moreover, dueto symmetry
we only needto considetthecasewhenRTT) < RTT5.

Figure24 depictsroughlyhow the congestiorwindows evolve duringcongestiorfor two connectionsvith differentRTT.
As shaown in the figure, during every epochthe cwnd of connectioni grows from W; to W; * 2. Sothe averagelength of
epochdenotedas F;, is roughlyequalto RTT * W;. Therefore

3xW2 1 3« W;

Throughput; = 5 * = 5y RIT

22



Throughput ratio under different RTT with 40 conns (each group with 20 conns) Throughput ratio under different RTT with 20 conns (each group with 10 conns)
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Figure23: Two groupsof TCP connectiongompetefor T1 link with onevay propagatiordelayof 50 ms

Now let = denote£L. Using(A2), we have

Throughputy _ RTTs

2
Throughputy RTTl) *

Applying the equalityof A(1), we obtainl < z < 2. This meanshe averageepochlengthof connectionl is usuallyno
largerthantwice the epochlengthof connectior2. Thatis, for every two lossesn connectior2, on averagethereis usually

atleastonelossin connectionl. Thisimpliesthereis no consistentiscriminationagainstary particularconnectionwhich
is likely to bethe caseafteraddingrandomprocessindime [4].

cwnd

Ti ne
Figure24: window evolution graphfor two connectionsvith differentRTT's

The roundtriptime biasin TCP/IP networks hasreceved lots of attention. Therehave beena numberof studieson
analyzingsuchbias. [8] givesanalyticalexplanationfor this, andconcludeghe ratio of the throughputof two connections
(i.e. %M) is proportionalto (%)Q. Theanalysiss basedon TCP-Tahoewindow evolution. As pointedoutin [8],
sincein TCP-Rendhenumberof timesthewindow is halvedatthe onsetof congestiorequalghenumberof lost paclets,and
sincephaseeffectscancauseoneconnectiorto systematicallyjosea large numberof paclets,it is possiblethata connection
getsalmostcompletelyshutoff. Thereforethe throughputratio of two connectionausing TCP-Renads unpredictableithe
connectionwith smaller propagationdelay can sometimegget lower throughputdue to systematicatdiscrimination. Our
simulationstudy showsthat thoughthe throughputratio of two connectionamay fluctuatea lot, the aggregatethroughput
ratio of two groupsof connectionds relatively stablewhenthe group sizeis reasonablylarge. Furthermorethe analysis

in [8] is basedon the assumptiorthattwo connectionswith differentRTT’s are synchronized.This doesnot always hold.
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Thereforethethroughpulratios%% do notmatchvery well with the curve (##74+)? asshawn in Figure23. Instead

our resultsindicatethethroughputratio is clusteedwithin a bandcloseto ( ﬁgg )2, andthewidth of the bandis usuallyone

unitin log2 scale
As partof our future work, we will investigatehow TCP behareswhenthe numberof differentRTT groupsincreases.
Also we are interestedin examining how the performances affectedwhen the numberof connectionsn eachgroupis

unequal.

6 RelatedWork

Largescaleperformanceanalysishasbeenanactiveresearctarearecently Many researchearecurrentlyfocusedon building
scalablesimulatorssuchas [1, 6, 16).

Analyzing simulationresultsto estimateTCP performanceas donein this project, is a very differentapproachfrom
building a scalablesimulator The strateyy takenby [10] is the closestto ours. It studieshow TCP throughput,ossrates,
andfairnessare affectedby changingthe numberof flows. Their work differs from oursin thatwe have createda generic
abstracmodelof Internetconnectionandfocusedon studyinghow TCP performancehangedy varying parametersf the
model,whereaghey focuson studyinghow the TCP beharesasoneof the parameters the numberof flows changeswhile
keepingall the other parameterso be somethingreasonable Furthermorethey study TCP tahoeassumingRED dropping
policy at therouters,whereaswve study TCP renousingdrop-tail, sincethey are morewidely deployedin today’s Internet.
RED droppingpolicy is not sensitve to instantaneougueueoccupanyg, soit is relatively easyto obtainthe steadystate
performanceA numberof analyticalmodelshave beendevelopedfor studyingthe steadystateT CPthroughputwhenrouters
useRED droppingpolicy [9, 17]. However modelingmultiple connectionsharinga bottleneckink with drop-tail policy is
muchmorechallengingsincesuchpolicy is very sensitve to theinstantaneougueueoccupanyg, andlossis non-randomized.
Simulationapproachasemployedin this paperprovesto beaneffective approactfor studyingTCP performanceainderdrop

tail policy.

7 Conclusionand Futur e Work

In this paper we have investigatedthe individual and aggreyate TCP performance. We first develop a genericnetwork
modelthat captureghe essencef wide arealnternetconnections Basedon the abstracimodel,we studythe behavior of a
singleTCP connectiorunderothercompetingT CP flows by evaluatingthe TCP analyticalmodelproposedn [13]. We also
examinethe aggrejatebehavior of mary concurrenfTCP flows. Throughextensive simulationswe have identifiedhow TCP
performancas affectedwith changingparametersn the network model. Theseresultsgive us valuableinsightsinto how
TCPbehaesin diverselnternet.

Therearea numberof directionsfor futurework. First, we have shavn the lossprobability curvescanbe approximated
quite well with simpleanalyticalfunctions. As partof our future work, we will investigatehow to quantitatvely determine
the parametersn the functions. Secondwe planto further explore TCP performanceunderdifferentRTT’s. In particular
we want to considerthe following two extensions:(i) whenthe two differentRTT groupsare not equalsize; and (ii) with
differentnumberof RTT groups.Finally, we planto uselnternetexperimentgo verify someof theresultsin the paper
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