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Abstract

As themostwidely usedreliabletransportin today’s Internet,TCPhasbeenextensively studiedin thepast

decade.However, previousresearchusuallyonly considersa smallor mediumnumberof concurrentTCPcon-

nections.TheTCPbehavior undermany competingTCPflowshasnot beensufficiently explored.

In this paperwe useextensive simulationsto investigatetheindividual andaggregateTCPperformancefor

largenumberof concurrentTCPflows. We have madethreemajor contributions. First, we developanabstract

network modelthatcapturestheessenceof wide-areaInternetconnections.Second,we studytheperformance

of a singleTCPflow with many competingTCPflows by evaluatingthebest-known analyticalmodelproposed

in theliterature.Finally, we examinetheaggregateTCPbehavior exhibitedby many concurrentTCPflows,and

derivegeneralconclusionsabouttheoverall throughput,goodput,andlossprobability.

1 Intr oduction

TCPis the mostwidely usedreliabletransporttoday. It hasusedto carrya significantamountof Internettraffic, including

WWW (HTTP), file transfer(FTP),email (SMTP)andremoteaccess(Telnet)traffic. Due to its importance,TCPhasbeen

extensively studiedin thepastten years.However, previousresearchusuallyonly considersa small or mediumnumberof

concurrentTCPconnections.TheTCPbehavior undermany competingTCPflowshasnotbeensufficiently explored.

In thispaper, weuseextensivesimulationsto exploretheperformanceof TCP-Reno,oneof themostcommonlyusedTCP

flavorsin thecurrentInternet.Wefirst developagenericmodelthatabstractsanInternetconnectionby exploringtheInternet

hierarchicalroutingstructure.Basedon theabstractmodel,we studythe behavior of a singleTCPconnectionundermany

competingTCPflows by evaluatingtheTCPanalyticalmodelproposedin [13]. We alsoinvestigatetheaggregatebehavior

of many concurrentTCPflows,andderivegeneralconclusionsabouttheoverall throughput,goodput,lossandprobability.

The rest of the paperis organizedas follows. Section2 presentsour abstractnetwork model for wide-areaInternet

connections.Section3 studiestheperformanceof asingleTCPflow undercrosstraffic byevaluatingtheTCPanalyticalmodel

proposedin [13]. Section4 furthersimplifiesournetwork modelin orderto studytheaggregatebehavior of TCPconnections.

Section5 presentsour simulationresultsandanalysisof theaggregateTCPperformance,includingthecharacteristicsof the

overall throughput,goodput,and lossprobability. Section6 givesa summaryof relatedwork. We endwith concluding

remarksandfuturework in Section7.
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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 characterizereal Internetconnections.Thecomplexity andheterogeneityof

the currentInternetmake it very challengingto comeup with sucha generalnetwork model. Yet carefully examiningthe

hierarchicalstructureof the Internetgivesus valuableinsightsto build an abstractmodelcapturingthe essenceof Internet

connections.

2.1 Connectionsfr om a singledomain

Today’s Internetcanbeviewedasa collectionof interconnectedrouting domains [18], which aregroupsof nodesthatare

undercommonadministrationandshareroutinginformation. It hasthreelevelsof routing. Thehighestlevel is theInternet

backbone,which interconnectsmultiple autonomoussystems(AS’s). Thenext level is within a singleAS, which is from the

routersin anenterprisedomainto thegateway. At the lowestlevel, we have routingwithin a singlebroadcastLAN, suchas

Ethernetor FDDI [7]. Theupperportionof Figure1 showsanabstractview of across-domainconnection:
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Figure1: Abstractnetworktopologyfor connectionsfrom asingledomain

The connectionfrom a sourcedomainfirst reachesa transientbackbone,which is linked to the Internetbackbonevia

anaccesslink. Theotherendof theInternetbackboneis connectedto a transientdomainclosestto thedestinationdomain.

Thelink betweenanenterprisedomainandthetransientbackboneis typically dedicatedto theenterprise,andeachenterprise

usuallyhasenoughbandwidthto carryits own traffic. TheInternetbackbonesgenerallyhavelargeenoughbandwidth,though

sometimesit canalsoget congested.In contrast,the accesslink is sharedamongmultiple domains,and its bandwidthis

usuallyvery limited. Therefore,wecanreasonablyassumethe accesslink is the bottleneck. (Assumption1) for wide-area

Internetconnections.
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With theassumptionthatbottlenecksarelocatedat accesslink, the topologycanbe furtherabstractedasshown in the

lower portion of Figure1, wherethe interconnectionbetweentransientbackbonesandinternetbackbonesareabstractedas

routersconnectedby accesslinks andonehigh capacitylink. The routersat both accesslinks canbecomethe bottleneck.

Whichoneis bottleneckdependson thetraffic conditionat agiventime.

2.2 Connectionsfr om multiple domains

As we know, theaccesslinks areusuallysharedby multiple domains.This is a muchmorecomplicatedscenario,asshown

in Figure2:
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Figure2: Abstractnetworktopologyfor connectionsfrom multipledomains

At thefirst glance,it seemsthatall connectionsareintermixedwith oneanother. However, accordingto theassumption

thatonly accesslinks canbebottlenecks,two connectionsnotsharingany accesslinks arethusindependent.Usingtheabove

insight,we canpartitionall theconnectionsinto independentgroupsasfollows:

1. Map thenetwork connectioninto a graph,whereeachaccesslink is representedasa nodein thegraph,andthereis an

edgebetweenany two nodesif andonly if thereis at leastoneconnectiongoingthroughbothaccesslinks denotedby

thetwo nodes;

2. Findall connectedcomponentsin thegraph.Theconnectionsin two differentconnectedcomponentshavenoeffecton

oneanother.

After decomposition,we cannow focuson studyinga singleconnectedcomponent.The singleconnectedcomponent

looks exactly the sameas multiple cross-domainconnectionsas shown in Figure 2, except that in the single connected

componentall theconnectionscompetewith eachother, whereasbeforedecompositionsomeconnectionscanbeindependent
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of others.

In today’s Internet,thereare threecommontypesof accesslinks: ISDN (64kbps),T1 (1.5Mbps),andT3 (45Mbps),

whichwe labelas�������
	 , ��������� , and�����
��� link respectively. Thenthewholesystemcanbecharacterizedby thefollowing 12

parameters:�������
����������������������� ,  "!$#�#%�&�('���)*�,+ 	 ,  "!-#%#��.��'���)/��+
0 , 1 	.	 , 1 	2� , 1 	2� , 1 �3	 , 1 �4� , 1 �4� , 1 �3	 , 1 �4� , 1 �.� , where

16587 9 standsfor thenumberof connectionswith incominglink of �����
�,5 andoutgoinglinks of ���:�
�,9 .
To summarize,in thissectionwehavedevelopedasimplegenericmodelthatcancharacterizewide-areaInternetconnec-

tions.Thismodelallowsusto studyTCPbehavior in a realisticyetmanageablefashion.

3 A SingleTCP Flow Under CrossTraffic

Thebehavior of a TCPconnectionis very complicatedundercrosstraffic. Therehasbeenlots of previouswork in this area.

[13] is the best-known analyticalmodel for the steadystateperformanceof TCP-Reno. It capturesthe essenceof TCP’s

congestionavoidancebehavior by taking into accountof fastretransmission,timeout,andthe impactof window limitation.

Accordingto their model,thesteadystateTCPthroughputcanbeapproximatedasfollows:

 <;=�%>-?A@B�C�D;*EGFIH,JKML�LON PK6L�L ��QCR�TS L�U @B�C�D; P N8V
��QCRW >=�%; P S V*X
� � >

>

where � is the loss probability,  <;Y�Z> is the long-termsteady-stateTCP throughput, [ is averagenumberof packets ac-

knowledgedby anACK, E FIH�J is themaximumcongestionwindow, RTT is theaverageroundtriptime experiencedby the

connection,and
L�U

is theaveragedurationof a timeoutwithoutback-off.

They alsohave a moreaccuratefull model,whoseformula is omittedherefor brevity. [13] empirically validatethe

modelsusing real traces. We are very interestedin further investigatingtheir modelsthroughsimulations. We believe

evaluationthroughsimulationshasits uniquevalue:
\ Simulationscanaccuratelydeterminethevariablesin theexpression,someof which canonly beapproximatedin real

traces,suchasdroppingprobability � and
K6L�L

. (Droppingprobabilitycanonly beapproximatedin realtracesby loss

indications.
K6L�L

estimationcanbeinaccuratedueto coarse-grainedtimer.)
\ Simulationsusinga genericmodelcancover awider varietyof scenarios.
\ Therearedifferentimplementationsof TCP-Reno,whichcanleadto asurprisinglylargerangeof behavior [12].
\ In the real tracestherearea numberof unknown factors,suchasprocessingtime andsystemoverhead,whereasall

thesefactorsarewell undercontrol in simulations.

We evaluatetheir modelsthrougha largenumberof simulationsin differentvariationsof theabstractnetwork topology

proposedin Section2. Morespecifically, weusens [11] andREAL [14] to simulatethenetwork topologyshown in Figure3

andFigure4, wherethetopologiesarelabeledaccordingto Table1.

Table2 andTable3 summarizetheaccuracy of theirapproximatemodelandfull modelrespectively, wherethepercentage

arebasedon over10000datapoints.(For example,onesimulationrun of 100concurrentTCPconnectionsgivesus100data

points.)In simulationsettingsotherthanthosewepresenthere,wehaveobtainedsimilar results.

As shown in Table2 andTable3, most of their estimationsarewithin a factor of 2, which is reasonablygood. The

approximatemodel,thoughsimpler, is noworsethanthefull model.Thismaybedueto thefactthatthederivationof thefull

modelrequiresestimatingadditionalterms,whicharenot requiredin theapproximatemodel.

Wehave identifiedanumberof reasonsthatcontributeto thedivergencebetweentheirmodelandthesimulationresults:
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Figure4: SimulationTopology5, whereall thelinks unlabeledhave bandwidthof 28.8kbps.

Topology L1 propagation

delay

L1

Bandwidth

L2 propagation

delay

L2

bandwidth

Buffer size at

all the routers

(pkts)

TotalConnections

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 1.6Mbps 100- 500 1 - 100

4 0.001ms 10 Mbps 50ms 1.6Mbps 100- 500 110- 600

5 asshown in Figure4 100- 500 1 - 600

Table1: Simulationtopologies
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Topology ] within a

factorof 1.5

] within a

factorof 2

] within a

factorof 3

] within a

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: Theaccuracy of thepredictionbasedon theapproximatemodelproposedin [13]

Topology ] within a

factorof 1.5

] within a

factorof 2

] within a

factorof 3

] within a

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: Theaccuracy of thepredictionbasedon thefull modelproposedin [13]

\ Thesimplifiedassumptionthatpacket lossesarecorrelatedin sucha way thatoncea packet in a givenroundis lost,

all remainingpackets in that roundare lost aswell. (Eachroundbegins with a window sizeof packetsbeingsent

back-to-backandendswith receptionof thefirst ACK.)\ Ignoringthepacketssentin theslow startphase.
\ Several mathematicalsimplificationscan introducedistortion, suchas ^`_a#b;Yc6>2dfeg#Z;&^`_ c�dh> , where # is a nonlinear

function,andthenumberof roundsin two consecutivetriple duplicateacks(TD) is consideredto beindependentof the

window sizeat theendof theTD period,which is not true.
\ Othersimplificationsthat can introducedistortion: ignoring the possibility of losing ACKs; ignoring timeoutcould

occurbeforetriple duplicateACKs; ignoringpacketreordering,thatis lossis theonly causeof duplicateACK.

Of course,it is very hardif ever possibleto comeup with a generalTCP modeltaking into accountof all the details.

On theotherhand,if we know thedistinguishingfeatureof a TCPconnection,we canexploreit to improve theaccuracy of

approximation.For example,if theconnectionis short,weneedto considertheslow startphase[2].

In summary, themodelissuccessfulin thatitsanalyticalresultsareusuallycloseto simulationresults,anditsdevelopment

alsogivesusinsightsabouton theperformanceof asingleTCPconnectionundercrosstraffic.

4 AggregateBehavior of TCP Connections- Model Simplification

Section3 shows the analyticalmodel proposedin [13] approximatesa single TCP connection’s steadystatethroughput

reasonablywell. This givesussomegoodinsightsinto individual TCPbehavior. However the modeldoesnot capturethe

aggregatebehavior of TCPconnections,suchastheoverallTCPthroughput,goodput,lossrate,andfairness.Theseaggregate
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behaviors aresometimesmoreinteresting.For example,from ISP’s point of view, they aremoreinterestedin theaggregate

throughputandlossrateof all theconnectionsratherthana particularflow, becausetheaggregateperformanceis oftenmore

valuablefor network provisioning.

Our approachis to usesimulationsto studyTCPaggregatebehavior. However, in orderto make simulationaneffective

approach,it is necessaryto have a simplesimulationmodelwith small parameterspaceso thatwe canidentify the under-

lying relationshipof how the performancevarieswith differentparameters.The network modelproposedin Section2 is

useful in that it capturesthe essenceof Internetconnections.However it is still too complicated(12 parameters)to obtain

comprehensiveunderstandingof TCPbehavior. Wehave to furthersimplify themodel.

Themain reasonfor sucha largeparameterspaceis that the locationsof thebottlenecksin thesystemarevery hardto

determine.Someconnectionshavebottlenecksattheleft side(beforeenteringthebackbone),whereasotherconnections’bot-

tleneckslie at theright side(afterexiting thebackbone).In orderto take into accountof thepossibilityof differentlocations

of thebottleneck,weneedall the12parameters.A naturalsimplificationis to assumethe bottleneck will eventually stabi-

lize, and differ ent connectionssharing the sameaccesslink congestat the sameplace. (Assumption 2) Thesimulation

modelsusedin mostliteratureareone-bottleneckmodels,which implicitly usethisassumption.

Underthis assumption,theabstractnetwork modelcanbesimplifiedasanone-bottleneckmodel,asshown in Figure5.

Thewholesystemcannow becharacterizedby thefollowing four parameters:�*�(���
��������������i��3�2�j� ,  "!-#%#��.�('
��)/�,k , 1l�4�%� ,

and
L ���
� H,m�m�n&o&o&p 5Yqsr , wherethe accesslink is the bottleneckaccordingto our assumption.By collectingandanalyzingthe

simulationresultswith differentsetsof parameters,wecanunderstandTCPbehavior for avarietyof network topologies,and

identify therelationshipbetweenunderlyingtopologyandTCPperformance.

Source 1

Source 2

Source n

Dest 1

Dest 2

Dest n

Bottleneck Link

Router S Router D

Large bandwidth links

Figure5: Simplifiedabstractnetworkmodel

5 AggregateBehavior of TCP Connections- Simulation and Analysis

In thissection,westudytheaggregateTCPperformancethroughextensivesimulationsusingnsnetwork simulator [11]. We

usetheabstractmodel(shown in Figure5) derivedin Section4 asour simulationtopology, wherethe largebandwidthlink

is setto 10 MbpsEthernetbandwidthwith 0.001msdelay. We vary eachof thefour parametersin themodel: �/�����
�j�
���������
i:������� ,  "!$#�#%�.��'���)*�,k , 1l����� , and

L ����� H�m�m�n8o&o&p 5Yq
r to seehow eachof themaffectsTCPperformance.More specifically, we

considerbothISDN andT1 links, with the link delayof either50 ms(typical for terrestrialWAN links) or 200ms(typical

for geostationarysatellitelinks). Wealsovary thebuffer sizeandthenumberof connectionsfor eachscenario.

Thebottlenecklink routerusesFIFO schedulinganddrop-tail buffer managementsincethey aremostcommonlyused
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in thecurrentInternet. TheTCPsegmentsizeis setto 500bytes. As [10] pointsout, it is very commonto have hundreds

of concurrentconnectionscompetingfor the bottleneckresourcein today’s Internet,so we are particularly interestedin

investigatingtheTCPbehavior undersucha largenumberof connections.

Weusethefollowing notationsthroughoutourdiscussions:
\ Let EGt R�uD?��/�����
�������������vi:�������<wx[,�������2�.�M�3y,z{[,���Mij|"�,i���} , which is thenumberof packetsthelink canhold.
\ Let E m ? EBt R�u S  , where  is thebuffer sizeat thebottlenecklink. E m is thetotal numberof packetsthatthe link

andthebuffer canhold.

5.1 TCP behavior for flowswith the samepropagationdelay

Our study of TCP flows with the samepropagationdelayshows TCP exhibits wide rangeof behaviors dependingon the

valueof ~��� t qsq , where 1l����� denotesthenumberof connections.Basedon thecapacityof thepipe(measuredas ~��� t q
q ), we

classifyour resultsinto thefollowing threecases:largepipe( EGm�� Vlw"1l����� ), smallpipe( EGm�� 1l����� ), andmediumpipe

( 1l����� ��E m � Vlwx1l����� ).

5.1.1 Case1: E m � Vlwx1f�4�%� (Lar gepipe case)

Previousstudieshaveshownasmallnumberof TCPconnectionswith thesameRTT cangetsynchronized[15]. Weoriginally

thoughtaddingmoreconnectionsintroducesmorerandomness,andmakessynchronizationharderto takeplace.Surprisingly,

our simulationresultsshow thesynchronizationpersistsevenin thecaseof largenumberof connections.

Figure6 depictsthesynchronizationbehavior. In all the graphs we sort the connectionID’ s by the total number of

packetseachconnectionhas received, sincesuchsorting revealssynchronization behavior more clearly. As shown in

thefigure,thebuffer occupancy periodicallyfluctuatesfrom half to full, which impliesall connectionshalvetheir congestion

windows in synchrony. Theglobalsynchronizationbehavior canbefurtherdemonstratedby theperiodicwhite stripesin the

scatterplot of ACK arrival time,which imply all theconnectionsstartandendlossrecovery in asynchronizedmanner.

Theexplanationfor thesynchronizationbehavior is similar to thecasefor smallnumberof connections.Supposeat the

endof the currentepochthe total numberof outstandingpacketsfrom all the connectionsis equalto EGm . During the next

epochall connectionswill incrementtheir window. All the packetsthataresentdueto window increasewill get dropped.

Thusall theconnectionswill incur lossduringthesame
K6L�L

. Thismakesall connectionsadjustwindow in synchrony. When

E m � V`w�y��4�%� , mostconnectionshave morethan3 outstandingpacketsbeforetheloss.Sothey canall recover thelossby

fastretransmissions,andreducethewindow by half, leadingto globalsynchronization.In contrast,when E m � V`w"1l�4�%� ,

thoughall the connectionsstill experiencelossduring thesame
K6L�L

, they reactto the lossdifferently. Someconnections

whose yh|��Mi is larger than3 beforethe losscanrecover the lossthroughfastrecovery, whereastheotherswill have to use

timeoutto recover the loss. Sincethe setof connectionsrecovering lossusingfast recovery andthe setusingtimeoutwill

changeover time,globalsynchronizationcannotbeachieved.

Dueto globalsynchronization,all theconnectionssharetheresourcevery fairly: in thesteadystatethey experiencethe

samenumberof lossesandsendthesamenumberof packets. We canaggregateall theconnectionsasonebig connection,

andaccuratelypredicttheaggregatelossprobability. All theoriginal connectionswill have thesamelossprobability. More

specifically, if EGm is amultiple of 1l�4�%� , let E ? ~��� t qsq and [ betheaveragenumberof packetsacknowledgedby anACK.

During congestionavoidancephase,in eachepochotherthanthe first andlast ones,eachconnection’s window sizestarts

8



0

10

20

30

40

50

60

70

80

90

100

500 550 600 650 700 750 800 850 900 950 1000

C
on

ne
ct

io
n 

ID

Time (second)

ACK recv time: ISDN link, Buffer=400, conn=100

0

10

20

30

40

50

60

70

80

90

100

50 55 60 65 70 75 80 85 90 95 100

C
on

ne
ct

io
n 

ID

Time (second)

ACK recv time: T1 link, Buffer=400, conn=100

0

20

40

60

80

100

20 40 60 80 100 120 140

C
on

ne
ct

io
n 

ID

Total pkts received

Total pkts received: ISDN link, Buffer=400, conn=100

Actual received
Fair share

0

20

40

60

80

100

160 180 200 220 240 260 280 300 320 340

C
on

ne
ct

io
n 

ID

Total pkts received

Total pkts received: T1 link, Buffer=400, conn=100

Actual received
Fair share

0

50

100

150

200

250

300

350

400

0 100 200 300 400 500 600 700 800 900 1000

B
uf

fe
r 

oc
cu

pa
nc

y 
(p

kt
s)

Time (second)

Buffer occupancy: ISDN link, Buffer=400, conn=100

0

50

100

150

200

250

300

350

400

0 10 20 30 40 50 60 70 80 90 100

B
uf

fe
r 

oc
cu

pa
nc

y 
(p

kt
s)

Time (second)

Buffer occupancy: T1 link, Buffer=400, conn=100

Figure6: Largepipecaseleadsto globalsynchronization:100connectionssharingthebottlenecklink of eitherISDN or T1. In bothcases,

theoneway propagationdelay= 50 msandbottleneckbuffer size= 400packets.As shown in thefigure, thebuffer occupancy fluctuates

periodically from half to full, which implies all connectionshalve their congestionwindows in synchrony. The global synchronization

behavior canbefurtherdemonstratedby theperiodicwhite stripesin thescatterplot of ACK arrival time, which imply all theconnections

startandendlossrecovery in a synchronizedmanner.

9



from � ~�� 	��� andincreaseslinearly in time, with a slopeof 	Q packet per roundtrip time. Whenthe window sizereaches

E S P , a lossoccurs.Beforethelossis detectedby duplicatedACKs,anotherE packetsareinjectedinto thenetwork. Then

thewindow dropsbackto � ~�� 	��� anda new epochbegins. Therefore,thetotal numberof packetssentduringanepochcan

becomputedas '6; L >M?�[$w"; ~J,�����-�
���� c6> S Xlw E S P . Everyconnectionincursonelossduringeachepoch,so

� �s�3���x�(�s[���[h���a�C����? P'D; L > ? P[$w"; ~J,��� �-���� � c6> S Xlw E S P
When ["? P , � �s�3�I�x�(�
[,��[h���a�C����?

W�s� ~ � � �
U � ~��b� if W is oddW�s� ~ � � �4�s� ~�� W otherwise

Sowe canapproximate
� �s�3�I�x�(�
[,��[h���a�C��� as

� �
�3�I�x�(�s[���[h���a�C����e �Vlw E � S X P w E S �D�
Figure7 showsourpredictionmatchesverywell to theactuallossprobability.
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Figure7: Losspredictionfor largepipecase: Varyingnumberof connectionssharingT1 link with one-waypropagationdelayof 50 ms,

andthebottleneckbuffer is either4 timesor 6 timesthenumberof connections.

Furthermore,asexpected,globalsynchronizationleadsto periodicalfluctuationin bufferoccupancy asshownin Figure6.

Whenthetotal buffer sizeis lessthan ~ �� , halving yh|��6i in synchrony leadsto under-utilizationof bottlenecklink.

5.1.2 Case2: EGm�� 1f�4�%� (Small pipe case)

When EBm�� 1f�4�%� , we have foundTCP connectionssharethe pathvery unfairly: only a subsetof connectionsareactive

(i.e. their goodputis considerablylarger than0), while theotherconnectionsareshut-off dueto constanttimeoutasshown

in Figure8. Thenumberof active connectionsis closeto E m , andthe exact valuedependson both E m andthe numberof

competingconnections.When 1f�4�%� exceedsthe numberof active connectionsthe network resourcecansupport,adding

moreconnectionsto thealreadyoverly congestednetwork only addsmoreshut-off connections.Almost all thepacketssent

from theshut-off connectionsgetdropped.Theremainingactiveconnectionsareleft mostlyintact. This explainsthecurves

in Figure9: when 1l����� is larger thanthenumberof active connectionthenetwork resourcescansupport,thetotal number
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of packetssentandlostgrowslinearlywith thenumberof connections.Thelinearincreasein thenumberof packetssentand

lost mainly comesfrom theincreasein thenumberof inactive (mostlyshut-off) connections,eachof which sendsa constant

numberof packetsbeforeit getscompletelyshutoff.

5.1.3 Case3: 1l����� ��E m � Vlwx1l����� (Medium pipe case)

As shown in Figure10,TCPbehavior in thiscasefalls in betweentheabovetwo cases.Morespecifically, asexplainedearlier

(in Section5.1.1),since P�� ~��� t qsq � V , theconnectionsrespondto lossdifferently: someconnectionswhoseyh|��Mi is larger

than3 beforethe losscanrecover the lossthroughfastrecovery, whereastheotherswill have to usetimeoutto recover the

loss. Sincethe setof connectionsrecovering lossusingfast recovery andthe setusingtimeoutwill changeover time, no

globalsynchronizationoccurs,andthenetwork resourcesarenotsharedasfairly as E m � VIwb1l����� . Ontheotherhand,there

is still local synchronization,asshown Figure10, wheresomegroupsof connectionsaresynchronizedwithin the groups.

Furthermore,since ~��� t q
q ��P , all the connectionscanget reasonableamountof throughput. In contrastto the small pipe

case,therearealmostnoconnectionsgettingshut-off.

5.1.4 AggregateThr oughput

WedefinenormalizedaggregateTCPthroughputasthenumberof bits sentby thebottlenecklink in unit timenormalizedby

thelink capacity. Our resultsareasfollows:
\ As shown in Figure11(a),whenthenumberof connectionsis smallandthebuffer sizeis lessthan EGt R�u ( EGt R�ux? P� /¡

packetsin thiscase),thenormalizedTCPthroughputis lessthan1. Thedegreeof under-utilizationdependsonboththe

numberof connectionsandtheratio of thebuffer sizeto EBt R�u . Thesmallerthenumberof connectionsandthelower

theratio, thelower thenetwork utilization is.
\ As shown in Figure11(b),whenthebuffer sizeis larger than E t R�u ( E t R�u ?�¢ ¡ packetsin this case),thenormalized

TCPthroughputis closeto 1, regardlessof thenumberof connections.
\ Whenthe numberof connectionsis large, even if the buffer size is small (smallerthan E t R�u ), the normalizedTCP

throughputis closeto 1. This is evident from Figure11(a),wherethe throughputis closeto 1 for large numberof

connectionsunderall thebuffer sizesconsidered.

5.1.5 AggregateGoodput

We definenormalizedaggregategoodputasthe numberof goodbits received by all the receivers(excluding unnecessary

retransmissions)in unit time normalizedby thelink capacity. As shown in Figure12,
\ Thereis a lineardecreasein goodputasthenumberof connectionsincreases.
\ Theslopeof thedecreasedependson thebottlenecklink bandwidth:thedecreaseis morerapidwhenthebottleneck

link is ISDN, andis slowerwhenT1 is usedasthebottlenecklink.

Theseresultscanbeexplainedasfollows. Thedifferencebetweenthethroughputandgoodputis thenumberof unnecessary

retransmissions.As thenumberof connectionsincreases,the lossprobability increases,which in turn increasesthenumber

of unnecessaryretransmissions.Thereforethemoreconnections,thelower thegoodputis. On theotherhand,since

�2�
�3�b�C����}(�£�6�4�
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Figure8: Smallpipecase:300concurrentconnectionscompetefor T1 link with one-waypropagationdelayof 50msandbottleneckbuffer

sizeof 60 (or 160)packets( ¦�§D¨©¦�ª2«4¬
­�®�¯%°±°�²,³<¨ 100or 200packets).Notethat thebuffer occupancy fluctuateswidely. Moreover

partof connectionsreceive little goodputasshown in thetwo graphsin themiddle.
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Figure10: Mediumpipecase:100concurrentconnectionscompetefor T1 link with one-waypropagationdelayof 50 msandbottleneck
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within somegroups.
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Figure11: Throughput:varyingnumberof connectionscompetefor thebottlenecklink T1 with oneway propagationdelayof either200

msor 50ms
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Figure12: Goodput:varyingnumberof connectionscompetefor the bottlenecklink of eitherISDN or T1. In both cases,the oneway

propagationdelay=50ms.

thedecreasein thegoodputis moresubstantialwith slowerbottleneck(e.g.ISDN), andlesssignificantwith fasterbottleneck

(e.g.T1), which is evidentfrom Figure12.

To summarize,whenthebottlenecklink is fastor thelossprobabilityis low (lessthan X ¡ ] ), thenumberof unnecessary

retransmissionsis negligible sothatthenormalizedgoodputis closeto thenormalizedthroughput.Otherwise(i.e. whenthe

bottlenecklink is slow andthe lossprobability is high) the lossin thegoodputdueto unnecessaryretransmissionsbecomes

significant.Thedecreasein thegoodputdependsonboththebottlenecklink bandwidthandthelossprobability.

5.1.6 LossProbability

Our simulationresultsindicatewhen the E m is fixed and the numberof connectionsis small, the lossprobability grows

quadraticallywith the increasingnumberof connectionsasshown in Figre13. Thequadraticgrowth in thelossprobability

canbeexplainedasfollows. When ~��� t qsq � V , TCPconnectionscanrecover losswithout timeouts.Every connectionloses
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onepacket during eachlossepisode.Soaltogetherthereare 1l�4�%� lossesevery episode.Meanwhilethe frequency of loss

episodeis proportionalto 1l�4�%� . Thereforefor smallnumberof connections,the lossprobability is proportionalto 1f�4�%� � .
Suchquadraticgrowth in lossprobabilityis alsoreportedin [10] for routerswith RED droppingpolicy.
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Figure13: Lossprobabilityfor smallnumberof connections: varyingnumberof connectionscompetefor thebottlenecklink of T1 with

onewaypropagationdelayof 50ms.Thelossprobabilitygrowsquadraticallywhenthenumberof connectionsis small.

As thenumberof connectionsgetslarge (larger than ~ �� ), thegrowth of lossprobability with respectto thenumberof

connectionsmatchesimpressively well with thefollowing family of hyperboliccurvesrepresentedby

�B? [$w¸c
c S �

asshown in Figure14. Table4 givestheparametersof thehyperboliccurvesusedin Figure14. As partof our futurework,

wewill investigatehow to predicttheparametersof thehyperboliccurvesgiventhenetwork topology.
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Figure14: Lossprobability for largenumberof connections: varying numberof connectionscompetefor the bottlenecklink of either

ISDN or T1. In bothcases,theoneway propagationdelay= 50 ms. The lossprobability curvesmatchvery well with hyperboliccurves

whenthenumberof connectionsis large,wheretheparametersof thehyperboliccurvesaregivenin 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: Parametersfor thehyperboliccurvesusedfor fitting lossprobabilityasshown in Figure14

5.2 TCP behavior with random overhead

5.2.1 E m � Vlwx1f�4�%� (Lar gepipe case)

Our discussionsin the previoussection(Section5.1) focuson the macrobehavior of concurrentTCP connectionswith the

samepropagationdelay. In orderto explorepropertiesof networkswith Drop Tail gatewaysunmaskedby thespecificdetails

of traffic phaseeffectsor other deterministicbehavior, we addrandompacket-processingtime in the sourcenodes. This

is likely to be morerealistic. The techniqueof addingrandomprocessingtime wasfirst introducedin [4]. However we

havedifferentgoals.In [4], Floyd andJacobsonareinterestedin how muchrandomnessis necessaryto breakthesystematic

discriminationagainstaparticularconnection.In contrast,weareinterestedin how muchrandomnessis sufficientto breakthe

globalsynchronization.Consequently, theconclusionsaredifferent. [4] concludesthataddinga randompacket-processing

time rangingfrom zeroto thebottleneckservicetime is sufficient; while we find thata randomprocessingtime that ranges

from zero to P,¡ ]¹w KML�L (usuallymuch larger thana randompacket servicetime) is requiredto breakdown the global

synchronization.This is shown in Figure15, wheretheglobalsynchronizationis mutedafteraddingtherandomprocessing

timeup to P�¡ ]©w
K6L�L

.

Theperformanceresultsin thenon-synchronizationcasealsodiffer from theglobalsynchronizationcase.As shown in

Figure16, whenthe numberof connectionsis lessthan100, the lossprobability in the two casesarealmostthe same;as

the numberof connectionsincreasesfurther, the gapbetweenthe two opensup: the non-synchronizationcasehashigher

lossprobability thanthe synchronizationcase.Nevertheless,usingthe predictionbasedon global synchronizationgivesa

reasonableapproximation(at leasta lower bound)of lossprobability for non-synchronizedcase.However sincein thenon-

synchronizationcase,theconnectionsdo not sharethebandwidthfairly. As shown in Figure15, thereis a largevariationin

thethroughputof differentconnections,sowe canno longerpredictthebandwidthsharefor eachconnectionin this case.

A few commentsfollow:
\ Thereis a generalconcernthat synchronizationis not goodsinceit may lead to under-utilization of the bottleneck

bandwidth.However with theuseof TCP-Renoandsufficient bottleneckbuffer provisioning, this is unlikely to bea

problemin practice.
\ Therehavebeenseveralattemptsto breaksynchronizationin orderto avoid under-utilization. Howeveroursimulation

resultsindicatebreakingdown the synchronizationusingrandomprocessingtime increasesthe unfairnessand loss

probability.
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Figure15: Addingrandomprocesstimein largepipecasebreaksdowntheglobalsynchronization:100connectionssharingthebottleneck

link of eitherISDN or T1 with one-waypropagationdelayof 50 msandbottleneckbuffer sizeof 400packets.Comparedto thecaseof

without randomprocessingtime, thebuffer occupancy is quitestable.Moreover globalsynchronizationdisappearsasshown in thescatter

plot for ACK arrival.
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Figure16: Comparethelossprobabilityby addingdifferentamountof randomprocessingtime: varyingnumberof connectionscompete

for T1 link with onewaypropagationdelayof 50 ms

5.2.2 EGm�� 1f�4�%� (Small pipe case)

Adding randomprocessingtime alsoaffectsthe casewhen EBm�� 1l����� . Without randomprocessingtime, we find there

is consistentdiscriminationagainstsomeconnections,which endup totally shutoff dueto constanttime-out. After adding

randomprocessingtime, thereis still discriminationagainstsomeconnections,but muchlessseverethanbefore.As shown

in Figure17, thenumberof shut-off connectionsis considerablysmallerthanbefore.Furthermore,thebuffer occupancy is

mostlyfull andstable,whereaswithout randomprocessingtime, thebuffer occupancy is quitelow, andfluctuatesa lot.

5.2.3 1l����� �ºE m � Vlwx1f�4�%� (Medium pipe case)

As shown in Figure18,addingrandomprocessingtime doesnot have muchimpacton TCPbehavior in thecaseof medium

size pipe: asbefore,most connectionsget reasonablegoodput,thoughnot synchronized.On the other hand,the buffer

occupancy now becomesmostlyfull andstablein contrastto without randomprocessingtime,wherethebuffer occupancy is

low, andfluctuatesa lot. In addition,evenlocal synchronizationdisappearsafteraddingrandomprocessingtime.

5.2.4 AggregateThr oughput & Goodput

Adding randomprocessingtime haslittle effect in theoverall throughputandgoodputasshown in Figure19andFigure20.

5.2.5 LossProbability

For a small numberof connections,addingrandomprocessingtime makesthe lossprobability grow mostly linearly asthe

numberof connectionsincreases.This is evidentfrom Figure21,whichcomparesthelossprobabilitycurvesbeforeandafter

addingrandomprocessingtime.

For the large numberof connections,addingrandomprocessingtime doesnot changethe generalshapeof the loss

probabilitycurve: asbefore,thegrowth of lossprobabilitywith respectto thenumberof connectionsmatchesimpressively

well with hyperboliccurves,asshown in Figure22. On the otherhand,for the sameconfiguration(the samenumberof

connectionsandbuffer size),thelossprobabilitybecomeslargerafteraddingtherandomprocessingtime. Sotheparameters
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Figure17: Addingrandomprocessingtime in smallpipecase: 300concurrentconnectionscompetefor T1 link with one-waypropagation

delayof 50msandbuffer sizeof 60 (or 160)packets( ¦�§-¨»¦�ª2«4¬(­�®�¯%°±°�²�³ =100or 200packets).Thebuffer occupancy is quitestable,

andtheconsistentdiscriminationis notassevereaswithout addingrandomprocessingtime.
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Figure18: Adding randomprocessingtime in mediumpipecase: 100concurrentconnectionscompetefor T1 link with one-waypropa-

gationdelayof 50 msandbuffer sizeof 160packets( ¦�§I¨©¦�ª2«4¬%­�®"¯Z°±°�²,³�¨�µ.·3· packets).Thebuffer occupancy is quitestable.In

contrastto without randomprocessingtime, thereis no local synchronization.
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Figure19: Throughputafteraddingrandomprocessingtimeof up to ¼&·¾½À¿:ÁIÂMÂ atTCPsource:varyingnumberof connectionscompete

for thebottlenecklink of T1 link with propagationdelayof either200msor 50ms
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Figure20: Goodputafteraddingrandomprocessingtime of up to ¼.·±½Ã¿bÁIÂMÂ at TCPsource:varyingnumberof connectionscompete

for thebottlenecklink of eitherISDN or T1. In bothcases,theonewaypropagationdelay=50ms.

0

0.01

0.02

0.03

0.04

0.05

0.06

0 2 4 6 8 10 12 14 16 18 20

Lo
ss

 p
ro

ba
bi

lit
y

Total connections

Loss probability: T1 link with oneway propagation delay of 50 ms,  buffer size=60

Wc=100, within10%*RTT
Wc=100, w/o overhead

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

0.045

0.05

0 5 10 15 20 25 30 35 40 45 50

Lo
ss

 p
ro

ba
bi

lit
y

Total connections

Loss probability: T1 link with oneway propagation delay of 50 ms, with buffer size=260 

Wc=300, within 10%*RTT overhead
Wc=300, w/o overhead

Figure21: Lossprobability for smallnumberof connectionsafteraddingrandomprocessingtime of up to ¼.·¾½´¿bÁIÂMÂ at TCPsource:

varyingnumberof connectionscompetefor thebottlenecklink of T1 link with oneway propagationdelayof 50 ms. The lossprobability

grows linearly whenthenumberof connectionsis small.

of hyperboliccurvesaredifferentasshown in Table5.

5.3 TCP behavior with different RTT

It is well-known thatTCPhasbiasagainstlong roundtriptime connections.We areinterestedin quantifyingthis discrimina-

tion throughsimulations.Oursimulationtopologyis similar to Figure5 (in Section4), exceptthatwechangethepropagation

delayof the links. More specifically, we divide all theconnectionsinto two equal-sizegroups,whereonegroupof connec-

tionshasfixedpropagationdelayon the largebandwidthlinks, andtheothergroupof connectionshasvaryingpropagation

delayon thelargebandwidthlinks. As suggestedin [4], we adda randompacket-processingtime in thesourcenodesthat

rangesfrom zeroto thebottleneckservicetime to removesystematicdiscrimination.Our goalis to studyhow thethroughput

ratioof two groupschangeswith respectto their
KML�L

’s.

Our simulationresultsaresummarizedin Figure23, which plots the throughputratio vs their RTT ratio both in log2
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Figure22: Lossprobabilityfor largenumberof connectionsafteraddingupto ¼&·¾½¥¿3ÁxÂ$Â atTCPsource:varyingnumberof connections

competefor thebottlenecklink of eitherISDN or T1. In bothcases,theoneway propagationdelay= 50 ms. The lossprobabilitycurves

matchvery well with hyperboliccurveswhenthenumberof connectionsis large,wheretheparametersof thehyperboliccurvesaregiven

in Table5

ISDN T1

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: Parametersfor thehyperboliccurvesusedfor fitting lossprobabilityasshown in Figure22

scale. As shown in Figure23, thethroughputratio is boundedby two curves.More specifically, when
KML�L 	"Ä K6L�L � ,

;
K6L�L �K6L�L 	 >

� Ä
L }
�(��!(��}
�/!(� 	L }
�(��!(��}
�/!(� � ÄÃXlw";

KML�L �KML�L 	 >
� Å ; P >

where
K6L�L 	 and

K6L�L � aretheaverageRTT theconnectionsin group1 andgroup2 experiencerespectively. Sincewe can

swapthelabelsfor groups1 and2, sothethroughputratio is symmetricasshown in Figure23(a).

Now let’s try to explain therelationship(A1). For easeof discussion,we aggregateall theconnectionsin onegroupasa

big connection.Soin thefollowing we just considertwo connectionscompetewith eachother. Moreover, dueto symmetry,

weonly needto considerthecasewhen
K6L�L 	¤Ä K6L�L � .

Figure24depictsroughlyhow thecongestionwindowsevolveduringcongestionfor two connectionswith differentRTT.

As shown in the figure, duringevery epochthe yh|��6i of connection� grows from E 5 to E 5£wIX . So the averagelengthof

epoch,denotedas ^D5 , is roughlyequalto
KML�L w E 5 . Therefore

L }*����!(��}
�/!(�45£? Vlw E �5X wÆP^x� ?
Vlw E 5Xlw KML�L 5 ; Å X�>

.
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Figure23: Two groupsof TCPconnectionscompetefor T1 link with onewaypropagationdelayof 50ms

Now let c denoteÇ �Ç � . Using(A2), wehave

L }*����!(��}
�/!(��	L }*����!(��}
�/!(�&� ?�;
KML�L �K6L�L 	 >

� w¸c
�

Applying the equalityof
Å ; P > , we obtain P ÄÈc�ÄÉX . This meansthe averageepochlengthof connection1 is usuallyno

larger thantwice theepochlengthof connection2. That is, for every two lossesin connection2, on averagethereis usually

at leastonelossin connection1. This impliesthereis no consistentdiscriminationagainstany particularconnection,which

is likely to bethecaseafteraddingrandomprocessingtime [4].

Time

cwnd

W2

W1

Figure24: Window evolution graphfor two connectionswith differentRTT’s

The roundtrip time bias in TCP/IPnetworks hasreceived lots of attention. Therehave beena numberof studieson

analyzingsuchbias. [8] givesanalyticalexplanationfor this, andconcludestheratio of thethroughputof two connections

(i.e. Ê
Ë3Ì t4Í3Î Ë R Í uhÏÊ
Ë3Ì t4Í3Î Ë R Í u�Ð ) is proportionalto ; + Ê
Ê Ð+ Ê(Ê Ï >
� . Theanalysisis basedonTCP-Tahoewindow evolution. As pointedout in [8],

sincein TCP-Renothenumberof timesthewindow is halvedat theonsetof congestionequalsthenumberof lostpackets,and

sincephaseeffectscancauseoneconnectionto systematicallylosea largenumberof packets,it is possiblethataconnection

getsalmostcompletelyshutoff. Thereforethe throughputratio of two connectionsusingTCP-Renois unpredictable:the

connectionwith smallerpropagationdelay can sometimesget lower throughputdue to systematicaldiscrimination. Our

simulationstudyshowsthat thoughthe throughputratio of two connectionsmayfluctuatea lot, the aggregatethroughput

ratio of two groupsof connectionsis relativelystablewhenthe group sizeis reasonablylarge. Furthermore,the analysis

in [8] is basedon the assumptionthat two connectionswith differentRTT’s aresynchronized.This doesnot alwayshold.
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Thereforethethroughputratios Ê(Ë3Ì t.Í3Î Ë R Í u �Ê(Ë3Ì t.Í3Î Ë R Í u �
do not matchvery well with thecurve ; + Ê
Ê �+ Ê
Ê � >

� asshown in Figure23. Instead

our resultsindicatethethroughputratio is clusteredwithin a bandcloseto ; + Ê
Ê �+ Ê(Ê � >
� , andthewidthof thebandis usuallyone

unit in log2 scale.

As part of our futurework, we will investigatehow TCPbehaveswhenthenumberof differentRTT groupsincreases.

Also we are interestedin examining how the performanceis affectedwhen the numberof connectionsin eachgroup is

unequal.

6 RelatedWork

Largescaleperformanceanalysishasbeenanactiveresearcharearecently. Many researchesarecurrentlyfocusedonbuilding

scalablesimulators,suchas [1, 6, 16].

Analyzing simulationresultsto estimateTCP performance,asdonein this project, is a very differentapproachfrom

building a scalablesimulator. Thestrategy takenby [10] is theclosestto ours. It studieshow TCPthroughput,lossrates,

andfairnessareaffectedby changingthe numberof flows. Their work differs from oursin thatwe have createda generic

abstractmodelof Internetconnection,andfocusedonstudyinghow TCPperformancechangesby varyingparametersof the

model,whereasthey focuson studyinghow theTCPbehavesasoneof theparameters- thenumberof flowschanges,while

keepingall the otherparametersto be somethingreasonable.Furthermorethey studyTCP tahoeassumingRED dropping

policy at the routers,whereaswe studyTCPrenousingdrop-tail, sincethey aremorewidely deployed in today’s Internet.

RED droppingpolicy is not sensitive to instantaneousqueueoccupancy, so it is relatively easyto obtain the steadystate

performance.A numberof analyticalmodelshavebeendevelopedfor studyingthesteadystateTCPthroughputwhenrouters

useRED droppingpolicy [9, 17]. Howevermodelingmultiple connectionssharinga bottlenecklink with drop-tailpolicy is

muchmorechallenging,sincesuchpolicy is verysensitiveto theinstantaneousqueueoccupancy, andlossis non-randomized.

Simulationapproach,asemployedin thispaper, provesto beaneffectiveapproachfor studyingTCPperformanceunderdrop

tail policy.

7 Conclusionand Futur eWork

In this paper, we have investigatedthe individual and aggregateTCP performance. We first develop a genericnetwork

modelthatcapturestheessenceof wide areaInternetconnections.Basedon theabstractmodel,we studythebehavior of a

singleTCPconnectionunderothercompetingTCPflowsby evaluatingtheTCPanalyticalmodelproposedin [13]. We also

examinetheaggregatebehavior of many concurrentTCPflows. Throughextensivesimulations,we haveidentifiedhow TCP

performanceis affectedwith changingparametersin the network model. Theseresultsgive us valuableinsightsinto how

TCPbehavesin diverseInternet.

Therearea numberof directionsfor futurework. First,we haveshown thelossprobabilitycurvescanbeapproximated

quitewell with simpleanalyticalfunctions.As partof our futurework, we will investigatehow to quantitatively determine

theparametersin the functions. Second,we plan to further exploreTCPperformanceunderdifferentRTT’s. In particular,

we want to considerthe following two extensions:(i) whenthe two differentRTT groupsarenot equalsize;and(ii) with

differentnumberof RTT groups.Finally, weplanto useInternetexperimentsto verify someof theresultsin thepaper.

24



References

[1] J.Ahn andP. B. Danzig.Speedupvs.SimulationGranularity. [unpublished]

[2] N. Cardwell,S.Savage,andT. Anderson.ModelingthePerformanceof ShortTCPConnections.TechicalReport.

[3] S. Floyd. Connectionswith Multiple CongestedGatewaysin Packet-SwitchedNetworksPart 1: One-way Traffic. Com-

puterCommunicationReview, Vol.21,No.5,October1991,p. 30-47.

[4] S.Floyd andV. Jacobson.On Traffic PhaseEffectsin Packet-SwitchedGateways.Internetworking: ResearchandExpe-

rience,V.3 N.3,September1992,p.115-156.

[5] S. Floyd andV. Jacobson.RandomEarly DetectionGatewaysfor CongestionAvoidance.IEEE/ACM Transactionson

Networking,V.1 N.4,August1993,p. 397-413.

[6] P. Huang,D. Estrin,andJ. Heidemann.EnablingLarge-scaleSimulations:Selective AbstractionApproachto theStudy

of MulticastProtocols.USC-CSTechnicalReport98-667,January1998.

[7] S.Keshav. An EngineeringApproachto ComputerNetworking,Addison-Wesley, 1997.

[8] T. V. LakshmanandU. Madhow. PerformanceAnalysisof Window-basedFlow Control usingTCP/IP:Effect of High

Bandwidth-DelayProductsandRandomLoss.In Proc. IFIP TC6/WG6.4Fifth InternationalConferenceon High Perfor-

manceNetworking, June1994.

[9] M. Mathis, J. Semke, J. Mahdavi, and T. Ott. MacroscopicBehavior of the TCP CongestionAvoidanceAlgorithm.

ComputerCommunicationReview, July1997.

[10] R.Morris. TCPBehavior with Many Flows.In Proc.IEEEInternationalConferenceonNetworkProtocols’97, October

1997.

[11] UCB/LBNLVINT Network Simulator- ns(version2). http://www-mash.cs.berkeley.edu/ns,1997.

[12] V. Paxson.AutomatedPacketTraceAnalysisof TCPImplementations.In ACM SIGCOMM’97, 1997.

[13] J.Padhye,V. Firoiu, D. Towsley, andJ.Kurose,ModelingTCPThroughput:A SimpleModelandIts EmpiricalValida-

tion. In Proc.ACM SIGCOMM’98, 1998.

[14] S.Keshav. REAL 5.0Overview. http://www.cs.cornell.edu/skeshav/real/overview.html

[15] S.Shenker, L. Zhang,andD. D. Clark.SomeObservationson theDynamicsof aCongestionControlAlgorithm. ACM

ComputerCommunicationReview pp.30-39,1990.

[16] VINT. http://netweb.usc.edu/vint.

[17] X. Yang.A Model for Window BasedFlow Controlin Packet-SwitchedNetworks.In IEEE INFOCOM’99, 1999.

[18] E. W. Zegura, K. L. Calvert, and M. J. Donahoo.A Quantitative Comparisonof Graph-BasedModels for Internet

Topology. IEEE/ACM TransactionsonNetworking,December1997.

25


