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Abstract

In this paper, we exploretheuseof fixedpoint methodsto modelthebehavior of a largepopulation

of TCP flows traversinga network of routersimplementingactive queuemanagement(AQM) suchas

RED (randomearlydetection).BothAQM routersthatdropandthatmarkpacketsareconsideredalong

with infinite andfinite durationTCP flows. In the caseof finite durationflows, we restrictourselves

to networkscontainingonecongestedrouter. In all cases,we formulatea fixedpoint problemwith the

routeraveragequeuelengthsasunknowns. Oncetheaveragequeuelengthsareobtained,othermetrics

suchasrouter lossprobability, TCP flow throughput,TCP flow end-to-endloss rates,averageround

trip time, andaveragesessiondurationareeasilyobtained.Comparisonwith simulationfor a variety

of scenariosshows that the model is accuratein its predictions(meanerrorslessthan5%). Last, we

establishmonotonicitypropertiesexhibited by the solutionfor a singlecongestedrouter that explains

severalinterestingobservations,suchasthatTCPSACK suffershigherlossthanTCPReno.

1 Intr oduction

Networks and their workloadsincreasein size and complexity at an exponentialrate. Thus thereis an

increasingneedfor performanceevaluationmethodologiesthatcankeepup with this rapidratein network

size. In contrastit is interestingto notethatTCP, thepredominantInternetprotocol,haschangedlittle in

the last ten years. This suggeststhat it shouldbe possibleto develop an analyticallybasedmethodology

that can be usedto evaluatethe performanceof large networks (regardlessof technology)that support

largepopulationsof TCPflows. In this paperwe addressthis problemwhenthenetwork consistsof AQM

routers,i.e., thosethatimplementactivequeuemanagement(AQM) suchasRED(randomearlydetection).

We formulatea fixed point problemwith the averagequeuelengthsat the routersasunknown quantities.�
This work wassupportedin partby DARPA undercontractF30602-00-2-0554.
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e considerboth routersthat drop packets and thosethat mark packets. Oncetheseareobtained,other

performancemetricssuchasrouterloss/markingprobabilityandTCPflow throughputareeasilyobtained.

Comparisonwith simulationfor a singlerouter, tandemroutersandcyclic routersshow high accuracy for

all themetrics(meanerrorslessthan5%).

Themodelingmethodologyreportedherebuilds on theanalysesof Mahdavi andFloyd [17], Ott, et al.

[21], andPadhyeet al. [22] of an individual TCP flow operatingin a lossyenvironment. Theseanalyses

resultedin simpleexpressionsof throughputasa function of round trip time and lossprobability. They

differ from eachotherprimarily in that [22] accountsfor TCPtimeoutbehavior whereas[17], [21] do not.

Our fixedpoint approachcanbethoughtof asanextensionof theapproachpresentedin [18] from a single

routerto anetwork setting.Furthermore,thatpaperreliedon theuseof the“squareroot � ” formuladerived

in [21]. We will observe that relianceon the “squareroot � ” formula resultsin significantlylessaccurate

lossratepredictionsthanachieved throughrelianceon the formula in [22]. Oneof theconclusionsof our

studyis that the“squareroot � ” formulacanresultin significanterrorsevenwhenthelossrateis lessthan

5%. Someanalysishasbeendoneusingthe“squareroot � ” for a specific,constrained,multiple congested

routerscenarioin [6]

We provide a methodologythathandlesnetworks in which a subsetof routersdroppacketsaccording

to an AQM while anothersubsetof routersmark packets. The ability to modelroutersthatmark packets

is importantasthis allows oneto evaluatetheperformanceof heterogeneousnetworksthatsupportexplicit

congestionnotification(ECN) [25] which is expectedto becomedominantin thefuture Internet.We con-

siderthecasewhereTCPflows areinfinite aswell asfinite in duration.In thelattercase,however, we are

only ableto handlethecasewhenthenetwork includesonecongestedrouter.

A numberof papershavedealtwith relatedtopics.Closelyrelatedaretheworksof Misraetal. [18] and

Firoiu et al. [10]. Thework of Misra et al. considereda singlecongestedroutersupportinga setof infinite

durationflows. This work, however, is basedon the “squareroot � ” formula,which we will seecanlead

to inaccuratepredictionsin lossrateandaveragequeuelength. The work of Firoiu et al.1 presentsfixed

pointmodelsof packetdropREDnetworks.UnlikeFiroiu’smodel,ourshandlesnetworksthatincludeboth

packet droppingandpacket markingAQM routers. Furthermore,our modelsfor finite TCP flows don’t

assumetherearealwaysfixed numberof finite flows in network whereasthe model in [10] does. Last,

we studythesensitivity of the accuracy of the modelto theTCP throughputformulasused.Also closely

relatedaretheworksof Heyman,etal. [14], andCasetti,etal. [4], whichconsiderasinglecongestedrouter

supportinga homogeneoussetof finite durationflows. Unlike theselatterworks,we make no assumptions

regardingthehomogeneityof TCPflows.

Therehasbeenrelatedwork focusingon thedevelopmentandsolutionof asetof differentialequations

describingthetransientbehavior of TCPflows andqueuedynamics[20]. Our approachcomplementsthis
1This work wasdoneindependentlyof thework presentedin thispaper
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approach.The fixed point approachis muchmoreefficient computationallyasthe numberof unknowns

equalsthe numberof links in the network whereasthe DE approachrequiresthe solutionof a numberof

equationsequalto thenumberof routers+ numberof TCPflows. On theotherhand,theDE approachcan

be usedto studytransientbehavior. Last, thereis a considerablebody of literatureon the applicationof

fixedpoint methodsto estimatingblockingprobabilitiesin circuit switchednetworks,[26].

Thepaperis organizedasfollows. Section2 introducesthemodelandthefixedpointapproximationfor

a singlecongestedrouter. Section3 extendsthemodelto a network of multiple heterogeneouscongested

routers.Section4 describesthevalidationof theapproximationto ns2-basedsimulation. In thefollowing

section,we explain several interestingobservationsby establishingmonotonicitypropertiescharacterizing

thesolutionfor asinglecongestedrouter. Section6 concludesthepaper.

2 A singlecongestedrouter

In this section,wemodelthebehavior of a largepopulationof TCPflowssharingasinglecongestedrouter.

We assumethat the congestedrouter implementsactive queuemanagementwhich eitherdropsor marks

packetsfor thesake of congestioncontrol. We proposemodelsfor two scenarios,onein which TCPflows

areinfinite in durationandtheotherin whichTCPflows arefinite in duration.

Considera router � with transmissioncapacity �	� bits persecondandbuffer size 
�� bits. Associated

with router � is a probabilitydiscard/markingfunction ����
������ which takesasits argument��� , theaverage

queuelengthof router � . OnepopularAQM is RED [13]. The discard/markingfunction of the recently

recommended“gentle ” variantof RED (G-RED)[12] is

����
��������
����� ����
��� ���! ���#"%$'&	(*)�+-,-.�/103254,/ 07698, .�/ 0:2;4, ��&	< +� � � $=&>(?)�  ���  $'&	< +���&>< +� @ +-,A.�/103698,/ 036B8, 
9CEDF��&	< +� � �G� $=&>< +� "%���  IH $'&	< +�C � � $ &>< +� "%���  
J� (1)

where $ &>(?)� � $ &>< +� and � &	< +� areconfigurableG-RED parameters.We assumethat it is well engineeredso

that the probability of a packet arriving to a full queueis closeto zeroandthe probability that the router

is idle when � is congestedis alsocloseto zero. Guidelineson how to do this for several AQM policies,

includingRED canbefoundin [15].

2.1 Infinite TCP flows

Wefirst consideraworkloadof K infinite durationTCPflows,labelledLM�NC �POPOPOQ� K , thattraverserouter � .
We(andothers)have observedthroughmeasurementson theInternetandin numeroussimulationsthatR in theabsenceof a maximumrateconstraint,eachTCPflow traversesat leastonecongestedrouter

(hereacongestedrouteris onein whichaflow sufferspacket loss);
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R eachcongestedrouteris nearlyfully utilized;R eachTCP flow exhibits a throughputthat canbe expressedasa function of the end-to-endpacket

loss/markingrateandaveragepacket roundtrip time. Denotethis by ST
�U �WV � where U denotesthe

end-endloss/markingrateand
V

the roundtrip time. For simplicity we assumethat theTCP ACK

packetswill never bedropped.However our modelcanbeextendedto accountfor TCPACK packet

loss.

2.1.1 Packet dropping congestedrouter

In thissectionweconsiderthescenariowherethecongestedAQM routerdropspacketsaccordingto �7� . We

considerthefollowing two expressionsfor ST
�U �WV � thathave appearedin theliterature[21] [17] [22],

S ( 
 V ( � U ( �G� X C O;H�H 
9CJDYU ( �V (�Z U ( �
(2)

S ( 
 V ( � U ( �G� X 
9CED[U ( �\
9
9C�DYU ( �B]^U ( @`_ 
�U ( � @Ia 
�U ( � _ 
�U ( �9�=]b
9C�DYU ( �9�V ( 
 _ 
�U ( �B] H @ C^� @%a 
�U ( � _ 
�U ( �9�dce
�U ( ��Sgfh]b
9CiDYU ( � (3)

where X is thepacket sizemeasuredin bitsand

_ 
�Uj�k� H ]ml @ Hon 
9CEDYUj�=]b
plmUj� @ Ch]mq �a 
�U �Wr �s� teu1v3w�C � 
9C�D%
9CEDYUj�dx^�\
9C @ 
9CiDYUj�dx�
9CED`
9CEDYUj�py . xh�9�=]b
9CJD`
9CEDYUj�py>�9z �c!
�U��{� C @ U @ H Um| @~} Umx @`� U^� @ C-�mUm� @ l H Um� O
Here _ 
�Uj� is theexpectedwindow sizeat thetime of a lossevent; a 
�U �Wr � is theprobabilitythatapacket

lossis detectedby a timeout; S f is the latency of the first timeoutwithout back-off; ce
�Uj�=]b
9C#DIU�� is the

expectednumberof timesthat S:f is doubled. Henceforth,we refer to (2) and(3) asthe square root and

PFTK formularespectively.

Thesquarerootformula,(2), whichignorestheeffectsof timeouts,hasbeenderivedin [21]. Thesecond

expressionis theproductionof theTCPsendingratederivedin [22] andtheendto endsuccessprobability.

This TCP sendingrateexpressionwasshown to accuratelymodelthe effectsof timeouts.Expression(3)

differsfrom thethroughputexpressionderived in [23] for TCP-Renooperatingover a droptail queue.Our

simulationresultssuggestthat (3) is moreaccuratefor AQM mechanismssuchasRED. Note that TCP

formulas(2) and(3) areasymptoticallythesameas U�� �
.

We furthermake thefollowing assumptions:R All of theTCPflowstraversingthesinglecongestedrouterexperiencethesamelossprobabilitywhich

is introducedby theAQM routerdiscardfunction,i.e. U ( ���7��
������ � L��NC �POPOPOQ� K .
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R Theexpectedroundtrip timeof flow L , V ( canbeexpressedas
V ( ��� ( @ ���Q]��	� . Here � ( accountsfor

thetwo way propagationdelayandthetransmissiontimesat router � . Thesecondtermcorresponds

to theexpectedqueuedelaythroughthecongestedrouter � .
Note that, aswe have expressedU ( and

V ( in termsof ��� , we canwrite the throughputof flow L asS ( 
������ , LM��C �POPOPO K .

Wenow focuson determining� � . Wehave following equation,��
(���� S ( 
�� � ����� � O (4)

whichcanbesolvedto obtain ��� . Onceobtain ��� , wecanestimatethelossprobabilityof acongestedrouter

andthroughputof all TCPflows.

Theorem 1 There existsanuniquesolutionto equation(4) providedthat

1. �7��
������ is continuousandnon-decreasingin ��� .
2. �7��
 � ��� �
3. � �(���� S ( 
�
����	"��	�

Proof: Equations(2) and(3) coupledwith the assumptionthat �7��
������ is continuousandnon-decreasing

allows us to concludethat S ( 
������ is decreasingandcontinuousin ��� . Furthermore,�1u1t +-,�� f7S ( 
���������� .

Thesetwo propertiescoupledwith the assumptionthat � �(1��� S ( 
�
J����"��	� imply that thereis oneand

exactlyonesolutionto ��
(1��� S ( 
 V ( 
�� � � � U ( 
�� � �9����� � O (5)

2.1.2 Packet marking congestedrouter

Throughputexpressions(2) and(3) arevalid only undertheassumptionthatpacketsaredroppedandhave

to be modifiedin orderto modela packet markingrouter. Sincea TCP flow experiencesno losswhena

packet is marked,therearenotimeouteventsandthethroughputis thesameasthesendingrate.As (2) does

notaccountfor timeout,it cansimplybereplacedby thesendingrateexpression,

S ( 
 V ( � U ( �M��X C O;H�HV (pZ U ( � (6)
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modificationof (3) requiresthetimeoutprobabilityto besetto zero.Theresultis

S ( 
 V ( � U ( ����X 
9CEDYU ( �=]^U ( @`_ 
�U ( �V ( 
 _ 
�U ( �=] H @ C^� (7)

Wecannow determine��� by usingeither(6) or (7) coupledwith equation(4). TheoremC holdsalsofor the

casethatthecongestedroutermarkspacketsinsteadof droppingpackets.

2.2 Finite TCP flows

We considera scenariowherethereare K classesof finite durationTCP flows . TCP flows within the

sameclasshave thesamecharacteristics,thesameroundtrip time anddurationdistribution whereasTCP

flows within differentclasseshave differentcharacteristics.We assumethatall TCPflows traversea single

congestedrouter � , i.e.,
V ( 
�������� ( @ ���^]�� , L���C �POPOPOQ� K . TheTCPflows within classL � L���C �POPOPOQ� K ,

arrive accordingto a Poissonprocesswith rate   ( andthenumberof packetsto betransferredby this flow

is exponentiallydistributed with expectedvalue Ch]Q¡ ( . For now, assumethat a flow in class L achievesa

throughputS£¢ (?)( 
���� � Ch]Q¡ ( � .

Wedigressfor amomentandreview aprocessorsharingmodelthatwasstudiedin [5]. Considerasingle-

server processorsharingsystemwith K customerclasses.Assumethat theserver hasa processingrateof

one. Associatedwith theclassesareweights wA¤ ( z �(1��� . Let ¥ ( 
¦$§� denotethenumberof classL customersin

thesystemat time $ . Then,aclassL customerreceivesserviceat rate ¤ ( ]¨� �© ��� ¤ © ¥ © 
¦$§� at time $ .
Let ¥ ( ���1u1t /ª��« ¥ ( 
¦$§� . Fromtheanalysisin [5], whenthecustomerswithin eachclassarriveaccording

to a Poissonprocesswith rate   ( andrequirean amountof servicethat is exponentiallydistributed with

expectedvalue Ch]Q¡ ( , we have the following setof linear equationsdescribingthe expectedvaluesof ¥ ( ,¬®­ ¥ (°¯ ¬®­ ¥ © ¯  © ±² C�D ��³ ���   ³ ¤ ³¡ ³ ¤ ³ @ ¡ © ¤ ©�´µ D
��³ ���

¬¶­ ¥ ³ ¯ ¤ ³¡ ³ ¤ ³ @ ¡ © ¤ © � C¡ © (8)

We canapply theseresultsto our modelby simply notingthat, for any pair of TCPflows from classesL �d·
sharingacongestedrouter, ¤ ( ]-¤ ³ ��S£¢ (?)( 
�� � Ch]Q¡ ( �B]hS£¢ (?)³ 
�� � Ch]Q¡ ³ � . We thenrewrite (8) as

¬¶­ ¥ © ¯  © ±¸¸² CED ��³ ���   ³¡ ³ @ ¡ ©o¹:º 2;4»½¼ + ,P¾ �B¿=À »PÁ¹ º 254Â ¼ +-, ¾ �B¿=À Â Á
´*ÃÃµ D ��³ ���

¬®­ ¥ ³ ¯¡ ³ @ ¡ ©�¹3º 2;4»Ä¼ + ,-¾ �B¿=À »PÁ¹ º 2;4Â ¼ +-, ¾ �B¿=À Â Á �
C¡ © (9)

Weassumethatthelink is fully utilizedaslongasoneor moreTCPflows areactive. Wethenhave��
(1��� ¬¶­ ¥ ( ¯ SJ¢ (?)( 
���� � Ch]Q¡ ( ����X ��

(1���   ( ]Q¡ ( (10)
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Combining
Å

(9) and(10),wehave K @ C equationsand K @ C unknowns,
¬®­ ¥ ( ¯ � L �POPOPOQ� K , ��� .

Wenow determineS ¢ (*) 
=� in boththepacket droppingrouterandthepacket markingnetworks.

2.2.1 Packet dropping congestedrouter

In orderto modelfinite durationflows, we needto accountfor the TCP startupphase.To do so,we rely

on a modelproposedin [2] to computethe TCP latency for transferringÆ datapackets that accountsfor

this startupphase.Let Ç denotethetime requiredto completea TCPdatatransfer. Theexpecteddelayfor

transferringÆ datapacketsis,¬¶­ ÇÉÈ Æ ¯ � ¬¶­ ÇeÊ'Ê^È Æ ¯ @ ¬¶­ ÇÌËÎÍ Ê=Ê È Æ ¯ @ ¬®­ ÇÐÏ < È Æ ¯ @ ¬®­ ÇÐÑWÒBË < Ï © È Æ ¯ (11)

where
¬®­ Ç Ê=Ê È Æ ] is the expecteddurationof the slow start phaseobtainedfrom expression(15) in [2];¬®­ ÇÌË;Í Ê'Ê È Æ ¯ is the expecteddelaydue to any retransmissiontimeoutsor fast recovery that happensat the

endof the initial slow startphaseand is obtainedfrom expression(20) in [2];
¬¶­ Ç Ï < È Æ ¯ is the expected

timerequiredto sendremainingdataafterslow startandlossrecovery obtainedfrom expression(24) in [2];¬®­ ÇÐÑ\Ò=Ë < Ï © È Æ ¯ is theexpecteddelaydueto delayedacknowledgmentsandis determinedby implementation

details.Besidesthenumberof packets Æ , two otherparametersthataffectexpectedTCPlatency areaverage

roundtrip time
V

andend-to-endlossprobability U . AssumethatTCPflow L has Æ ( packetsto transferand

that its roundtrip
V ( andlossprobability U ( areknown. Let Ç ( be the transfertime for TCP flow L ; then¬®­ Ç ( È Æ ( ¯ canbe computedusing(11). The throughputexpressionfor finite TCP flow L canbe written asS ¢ (?)( 
 V ( � U ( � Æ ( ����Æ ( ] ¬®­ Ç ( È Æ ( ¯ . Sinceboth

V ( and U ( arefunctionsof ��� asshown earlier, the throughput

functionfor TCPflow L is expressedas S£¢ (?)( 
�� � � Æ ( � .
2.2.2 Packet marking congestedrouter

Wehavetomodifyexpression(11)tocomputetheexpecteddelayfor finiteTCPsessionswhenthecongested

routermarkspackets. The term
¬¶­ Ç Ê'Ê È Æ ¯ remainsthe sameexcept that we usethe marking probability

insteadof the loss probability as we apply expression(15) in [2]. The term
¬¶­ ÇÌËÎÍ Ê=Ê È Æ ¯ computingthe

expectedcostof thefirst lossdisappearsbecausethe routernever dropspackets.
¬®­ ÇÐÑWÒBË < Ï © È Æ ¯ is thesame

asin apacketdroppingnetwork whenpacketsaredropped.Thecomputationof
¬®­ Ç Ï < È Æ ¯ relieson theTCP

throughputfunctionderived in [23] for infinite TCP flows. To accountfor packet markingwe replacethe

infinite TCP throughputexpressionin expression(24), [2] with the infinite TCP throughputfunction (7)

derived earlierfor thepacket markingrouter. Oncetheexpecteddelayis available,the throughputcanbe

obtainedusingthetechniquewepresentedfor thepacket droppingrouter.
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2.2.3
Ó

GeneralTCP sessionsizes

Until now we have assumedthat thenumberof packetstransferredin a finite TCPsessionis exponentially

distributed.This is easilyextendedto thecasewherethenumberof packetsto betransferedis describedby

a hyperexponentialdistribution, i.e., a distribution representedby parallelexponentialstages.Assumethat

the transfersizeof a class
·

TCP sessionis describedby an Ô ³ stagehyperexponentialdistribution. With

probability Õ ³ ¾ © thesessionsizeis exponentiallydistributedwith meanCh]Q¡ ³ ¾ © . Notethat � �© ��� Õ ³ ¾ © ]Q¡ ³ ¾ © �Ch]Q¡ ³ and � �© ��� Õ ³ ¾ © �ÖC . We divide the TCP sessionsin class
·

into Ô ³ subclasses
· � �POPOPOQO · Ê Â where  ³ ¾ © �×Õ ³ ¾ ©   ³ . This resultsin � �³ ��� Ô ³ subclassesof TCPsessions.A sessionin subclass
 ·��§Ø � transfersa

numberof packetsthatis exponentiallydistributedwith mean Ch]Q¡ ³ ¾ © . Furthermore,sessionsfrom subclass
 ·��§Ø � arrive accordingto aPoissonprocesswith rate Õ ³ ¾ ©   ³ . Thusourearliermodelapplieshere.

This extensionis especiallyusefulasthereexist techniquesfor usinga hyperexponentialdistribution to

fit aheavy tailedtransferdistribution [8].

3 A network of multiple congestedheterogeneousrouters

In the previous section,we proposedmodelsfor a network containinga singlecongestedrouter for both

infinite andfinite durationTCP flows. In this sectionwe first extendmodelsfor infinite TCP flows to a

network of multiple congestedAQM routerswheresomeroutersdrop packets whereasthe other routers

markpacketsfor thesakeof congestioncontrol.How to modelthefinite TCPflows in anetwork containing

morethanonecongestedroutersis achallengingproblemthatwe have not solved.

Let Ù bea collectionof AQM routers.Let Ù�Ñ and Ù & denotethesetof packet droppingandthesetof

packet markingroutersrespectively. Wehave Ù�ÑMÚeÙ & ��Ù . Eachrouter �¶ÛÜÙ hasa transmissioncapacity

of �	� bitspersecond.In addition,router � canbuffer up to 
J� bits. Associatedwith eachrouter �!ÛÝÙ is a

probabilitydiscard/markfunction ����
������ whichtakesasits argument��� , theaveragequeuelengthof router� andis expressedin (1).

Let us considera workload of K infinite duration TCP flows labelled L`� C �POPOPO^� K . Let Ù ( �
 · ( ¾ � �d· ( ¾ | �POPOPOh�d· ( ¾ ) 2 � be the orderedsetof routers(i.e., route)taken by packetsof flow L , where
· ( ¾ & ÛÞÙ ,ß �àC �POPOPOh�Wá ( and

á ( is theroute’s length. Fromtheperspective of a link �ÜÛâÙ , it is usefulto introduceã � asthesetof TCPflows thattraverse� . In addition,let Ù ( 
�ä��å�æ
 · ( ¾ ç ¼ ( ¾ è Á �POPOPOQ�d· ( ¾ ) 2 � betheportionof the

pathfrom router ¤3
�L � ä�� , thenext routerafter ä on theflow L ’s path,to thereceiver, inclusive.

Let é denotethevectorof ��� , �®ÛÜÙ . Wemake following assumptionsR Theexpectedroundtrip timeof flow L , V ( 
�é�� canbeexpressedas

V ( 
�é������ ( @ ��Pê�ë 2 � � ]�� � (12)
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Here � ( accountsfor the two way propagationdelayandthesumof the transmissiontimesat all of

the routerson the routeof flow L . Thesecondtermcorrespondsto theaveragequeuedelaythrough

therouterson thepath.R Dropsandmarksoccursasindependentevents.If we let U Ñ( 
�é�� (resp. U^&( 
�é�� ) denotetheprobabilities

thataflow L packet is dropped(resp.marked)on its end-to-endpath,thenthey aregivenby

U Ñ( 
�é��k� C�D ì�-êmë 2°í ëAî 
9CEDF���m� (13)

U &( 
�é��k� 
9CED[U Ñ( 
�é��9�\
9C�D ì�Pê�ë 2ïí ë 0 
9CEDF���m�9� (14)

For simplicity, we alsoassumethatTCPACKsareneithermarkednordropped.

The expressionsfor TCP throughputin the literatureso far arefor eithera purepacket droppingnetwork

or a purepacket markingnetwork. In orderto completeour modelfor a network containingboth packet

droppingandpacketmarkingrouters,wehaveto first deriveTCPthroughputformulasthatcanbeexpressed

asfunctionsof the endto endpacket lossprobability, the endto endpacket markingprobability andthe

averageroundtrip time. TheseTCPthroughputformulasareobtainedby modifying either(2) or (3). Let

defineU ( �ðU^&( @ U Ñ( . SinceaTCPflow respondsbothto packet lossesandpacket marks,we modify (2) to

S ( 
 V ( � U Ñ( � U &( �{� X C O;H�H 
9C�D[U Ñ( �V (�Z U ( �
(15)

Equation(3) accountsfor timeouts.Sincetimeoutscanonly introducedby packet dropsandnot by packet

markingwemodify (3) to

S ( 
 V ( � U Ñ( � U &( �G� X 
9CED[U Ñ( �\
9
9C�DYU ( �=]^U ( @â_ 
�U ( � @`a 
�U Ñ( � _ 
�U ( �9�=]b
9CiDYU Ñ( �9�V ( 
 _ 
�U ( �=] H @ C^� @%a 
�U Ñ( � _ 
�U ( �9�dce
�U Ñ( ��Sgfh]b
9CiDYU Ñ( � (16)

Note that we canexpressU Ñ( , U^&( and
V ( in termsof é ; hencewe canwrite the throughputof flow L asS ( 
�é�� � L��NC �POPOPOh�Wá .

Wenow givethesetof equationsthatdescribethebehavior of é . Let
ã`ñ Ù denotethesetof congested

routers. Let S ³ ¾ ��
�é�� �d· Û ã � be the rateat which packetsfrom flow
·

leave congestedrouter � . We have� ³ êmò , S ³ ¾ ��
�é������	� from theassumptionthata congestedrouteris fully utilized. We canrelate S ³ ¾ ��
�é��
and S ³ 
�é�� asfollows. S ³ 
�é�� is the rateat which packets for flow

·
arrive at its receiver after traversing

the remainingrouterson its path, Ù ³ 
���� the fraction of packets belongingto flow
·

that leave � andare

droppedis ó è êmë Â ¼ � Á í ë î 
9C£DÜ� è 
�� è �9� . Thus, S ³ 
�é��i��S ³ ¾ ��
�é��bó è ê�ë Â ¼ � Á í ë î 
9CôD�� è 
�� è �9� . Therefore,We

have following setof equations,onefor eachcongestedrouter,�³ êmò , 
°S ³ 
�é��=] ìè êmë Â ¼ � Á í ë î 
9CEDõ� è 
�� è �9�9���ö�	� � �¶Û ã O (17)
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Otherwise
÷

�³ ê�ò , 
°S ³ 
�é��=] ìè êmë Â ¼ � Á í ë î 
9CEDõ� è 
�� è �9�9��"��	� and ���ô� ��� �¶ÛÜÙÞø ã O
where ST
=� is the throughputfunction in a network containingboth packet droppingandpacket marking

routerswhich takesexpressioneither(15)or (16).

This modelcanbeusedto modela purepacket droppingnetwork or a purepacket markingnetwork by

letting Ù�ÑJ��ù or Ù & ��ù respectively.

We currentlydo not have any goodresultsregardingtheexistenceof solutionexceptfor somespecial

cases.Howeverourexperimentshave alwaysproduced“reasonable”solutions.

Themodelin thissectioncanbeextendedto predictthebehavior of anetwork thatcontainsUDP flows

aswell asTCP flows. As UDP flows sharethe congestedrouterwith TCP, we subtractthe averageUDP

throughputfrom thecapacityof thecongestedrouterandassumethatTCPflows take therestof therouter

capacity. Thedetailedmodelandvalidationcanbefoundin [1].

4 Model Validation

In orderto understandthe accuracy of themodelsproposedin the earliersections,we performeda setof

simulationsunderavarietyof network conditionsusingthens2simulator[16]. WevariedtheTCPversion,

network topology, G-RED configuration,propagationdelay, traffic load, and traffic type. We simulated

G-RED wherethe packet dropping/markingprobability variesfrom �7&>< + to 1 as the averagequeuesize

variesfrom $ &	< + to twice $ &>< + by settingthe “gentle ” parameterto 1 asrecommendedin [12]. We also

settheRED parametersin sucha way that theaveragequeuesizelies between$=&>(?) and $=&>< + . We believe

awell engineeredroutershouldalwayshave thisproperty, althoughoursolutionalgorithmdoesnot rely on

this limitation. To obtainthe bestbehavior of RED, the RED routersin the simulationareall configured

accordingto [11]. WesimulatedTCPReno/SACK with apacket size ú ��� bytes.Wefirst validatethemodel

in thecaseof a singlecongestedrouterwhereofferedloadsconsistingof infinite andfinite TCPflows. We

thenevaluatethe model for tandemandcyclic networks containingmultiple congestedrouters. For each

testnetwork, we estimatethe network metricsusingthe modelsproposedin the precedingsections.We

focuson thefollowing metrics,averagequeueoccupancy anddropratewithin eachREDrouter, throughput

andend-to-endlossprobability asseenby eachTCP flow, andthe averagelatency to transferfinite TCP

sessions.

4.1 A singlecongestedrouter: Infinite TCP flows

In this setof simulations,therearea total of K TCPflows sharinga commonlink with capacity� (Figure

1). Link 0-1 is theonly congestedlink encounteredby any TCPflow. (i.e. packet dropping/markingonly

10



occurson link 0-1).

.

0

2

3

1
Congested link

N

N+1

Figure1: The
á

TCPflow shareasinglecongestedlink

4.1.1 Packet dropping router

We settheG-RED control parametersof router
�

to be � &>< +f � ��O C , $ &	(*)f �àl � , $ &>< +f ��q � , 
Jf!�ûC � � ,
and ��fT� } Mbps. SincetheG-REDcontrol function is fixed, theaveragequeueoccupancy anddroprate

at router
�

increaseasthe numberof TCP flows increase.We considera scenariowhereindividual TCP

flows exhibit differentroundtrip times.This is doneby varyingthepropagationdelay. For TCPflow L , we

let � ( ��
 H L @ Hm� � ß Ô , L���C �POPOPOh� K . We run thesimulationsfor Kk��C ���\Hm���POPOPOm� C Hm� . In orderto verify

ourmodelfor differentTCPversions,we runeachsimulationtwice,onewith TCPRenoandtheotherwith

TCPSACK.

Weonly presenttheresultsfor TCPSACK from boththemodelandthesimulationin Figure2 because

themodelpredictionsfor TCPRenoareonly slightly betterandTCPSACK is becomingmoreandmore

dominantin theInternet.Eachgraphis a scatter-plot of thedifferentmetrics,throughputof eachTCPflow,

averagequeueoccupancy and lossprobability within the G-RED routers. We plot the measuredmetrics

alongthex-axisandtheestimatedmetricsalongthey-axis. ThePFTK modelprovidesaccurateestimates

of all threemetrics. On the otherhand,the squareroot modelonly providesreasonableestimatesof the

throughputbut significantlyover-estimatestheaveragerouterqueuelengthandaveragerouterlossrate.The

error in the loss rateestimateincreasesas the loss rate increases.This is due to the fact that the square

rootTCPformuladoesn’t accountfor timeoutsandthetimeouteventsbecomemorefrequentasthelossrate

increases.In orderto verify this laststatement,wemeasuredthetheprobabilitythatapacket lossis detected

by a timeoutin our simulationandplot it asa functionof measuredlossratefor bothTCPRenoandTCP

SACK in Figure3. Weobserve thatevenwhenthepacket lossis aslow as }jü , theprobabilitythatapacket

lossdetectedby a timeoutis about
H ú ü for TCPRenoand C ��ü for TCPSACK. It is alsoobservedthatthe

timeoutprobabilityof TCPSACK is lessthanthatof TCPRenoundersamepacket lossrate.

We find from our simulationsthat the TCP SACK flows sufferedhighera veragequeuelatenciesand

lossratesthanTCPRenoflows . Wewill returnto this in Section5.
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Wehaveexaminedtheaccuracy of themodelpredictionsasweincreasethenumberof TCPflowsbut fix

theG-REDparameters.Wealsoperformedasetof simulationsonthesametopologybut scaledtheG-RED

parameterof an AQM routerwith the numberof TCP flows sharingthe router. Assumetherearea total

of K TCP flows, theG-RED control parameterof thecongestedrouterareconfiguredto be ��&>< +f � ��O C ,$ &>(?) �×lmK!] H , $ &>< +f �×qmK!] H , 
£fJ�ýqmK , ��fJ�ýK!]bC � Mbps. Theconclusionfrom this setof simulationsis

thatthemodelpredictionsbecomemoreaccurateasthenetwork scalesup.
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Figure2: Estimatevs. Simulation:summarizedresultsfor thesinglecongestedpacket droppingrouter

0 0.02 0.04 0.06 0.08 0.1 0.12
0

0.1

0.2

0.3

0.4

0.5

Measured router loss

P
ro

ba
bi

lit
y 

of
 lo

ss
 d

et
ec

te
d 

by
 ti

m
eo

ut

TCP Reno
TCP Sack

Figure3: Thesignificanceof timeout

4.1.2 Packet marking router

Weranthesamesetof simulationsasfor thepacket droppingrouterexceptthattheG-REDroutersto mark

packetswhenthey experiencecongestionandenableTCPto respondto themarkedpackets. We alsoonly

simulateTCPSACK asit is recommendedastheproperTCPversionto couplewith packetmarkingrouters.

Figure4 depictsthe resultsof theseexperiments.Eachgraphis a scatter-plot of thedifferentmetrics,

throughputof eachTCP flow, averagequeueoccupancy and lossprobability within the G-RED routers.

Weplot themeasuredmetricsalongthex-axisandtheestimatedmetricsalongthey-axis.Theresultsfrom

squarerootandPFTKmodelareveryclosefor predictingpacketmarkingnetwork andbothof themprovide

12



goodestimatesof all metrics.

Wealsofind from simulationsthatthepacket markingrouteris characterizedby ahigheraveragequeue

lengththanthepacket droppingrouter. We’ll addressthis in section5
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Figure4: Estimatevs. Simulation:summarizedresultsfor singlepacket markingcongestedrouter.

4.2 A singlecongestedrouter: Finite TCP flows

In orderto evaluatethemodelfor finite TCPflows,we simulatedthenetwork shown in Figure1 whensup-

portingseveralclassesof TCPflows. TCPflowswithin eachclassarriveaccordingto aPoissonprocess.We

first simulateascenariowherethenumberof packetsto betransferedby aflow is exponentiallydistributed.

Wethensimulatethescenariowherethenumberof packetsto betransferedby TCPflowswithin eachclass

is describedby ahyperexponentialdistribution.

4.2.1 Exponentially distributed finite TCP sessionssize

We simulate ú TCPclassessharinga singlecongestedrouterasin Figure1. TCP flows within eachclass

arrive accordingto a Poissonprocessandthenumberof packetsto transferis exponentiallydistributed. In

thesimulation,   ( ��C � flows/sec,for L	��C �POPOPOh� ú . Theaveragenumberof packetsto transferis 19. (i.e.,Ch]Q¡ ( �kC-q , Le�þC �POPOPOQ� ú ). The two way propagationdelay for a class L flow is 
 Hm� @ C � LB� ß Ô . Router

0 is configuredwith ��&>< +f � ��O C , $=&>(?)f �½C-ú packets, $=&>< +f �ûl^$'&	(*)f packets, 
 f � H $=&>< +f packetsand��fi� } Mbps.Wefirst configurethecongestedrouterto droppacketsaccordingto thediscardfunctionand

simulateTCPRenoandTCPSACK. We thensetthecongestedrouterto markpacketsandsimulateTCP

SACK. Finally weevaluatethemodelsweproposedearlierfor bothapacketdroppingandapacketmarking

congestedrouter. The averagelatency for eachTCP classfrom both modelsandsimulationsareplotted

in Figure5 andtheaveragequeuelengthandrouterlossprobabilityarerecordedin Table1. In Figure5,

we plot the averagelatency for eachTCP classasa function of their two way propagationdelay. Table

1 recordsthe loss/markprobability andaveragequeueoccupancy from the simulationsandfrom models.

We observe that thesimulatedfinite TCPRenoandTCPSACK flows in thepacket droppingroutershows
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Metric Packetdroppingrouter Packet markingrouter
Model SACK Reno Model SACK

Loss/Mark 0.029 0.034 0.034 0.043 0.04
Queue 23.6 24.7 25 28 26

Table1: Estimatesvs. Simulationsfor finite TCP:Loss(marking)probabilityandaveragequeueoccupancy

slightly differentbehavior andboth of themagreewith the model reasonablywell. The accuracy of the

modelfor apacket markingrouteris slightly betterthanthatof themodelfor a packet droppingrouter.
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Figure5: AverageTCPlatency: exponentiallydistributedTCPsessionsize

4.2.2 Hyperexponentially distributed finite TCP sessionssize

We now evaluatethequality of our modelin predictingperformancewhenTCPsessionsizescomefrom a

hyperexponentialdistribution. Thescenariois thesameasthatusedin theprecedingsectionexceptfor the

changein theTCPsessionsize.Weconsiderflowsoperatingwith TCPSACK overapacketdroppingrouter.

Eachfinite TCPflow draws its sessionsizefrom anexponentialdistribution having eithermean
H } packets

or meanC } packetswith equalprobabilities.Weplot theaveragelatency for eachTCPclassaspredictedby

our modelandasmeasuredfrom thesimulationin Figure6 andobserve goodagreement.In addition,the

averagequeuelengthwasestimatedto be
H l O � packetsfrom themodeland

H ú packetsfrom thesimulation.

Thelossprobabilityis estimatedto be
��OÎ��H q from themodeland

��OÎ� l H from thesimulation.

4.3 A network of multiple congestedrouters

In orderto understandhow well the modelspredictbehavior in a multiple bottlenecknetwork, we setup

a network composedof a core tandemnetwork and someexterior nodes(Figure 7). We denotethe set

of routerswithin the core network as
ã �Gw�C �POPOPO^� X�z . The network is configuredin sucha way that

all routersin
ã

arecongested.The G-RED control parametersarechosenas follows, $'&	(?)( is uniformly
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Figure6: AverageTCPlatency: hyperexponentiallydistributedTCPsessionsize

distributedin
­ l ��� q � ¯ packets,and $'&	< +( �ÿl^$=&>(?)( , 
 ( � H $'&	< +( , � ( is uniformly distributedin

­ Hb� � ¯ Mbps,L �þC �POPOPOh� X . The propagationdelaysof all the links alongthe corenetwork areuniformly distributed

in
­ ú � C � ¯ ß Ô . By varying X from ú to C � andrandomizingthe G-RED control parameters,we created�

coretandemnetworks. For eachof thesewe generatetwo simulationinstancesby addingdifferentTCP

flows to eachcoretandemnetwork. All theTCPflows startfrom anexterior nodeandendat a nodein the

coretandemnetwork. For eachrouter L , we attach
¬ ( exterior nodesä ( ³ �d· ��C �POPOPOh� ¬ ( to it.

¬ ( is chosen

uniformly from therange
­ l � � ¯ . Thelink propagationdelaysarerandomlychosenfrom therange

­ ú � C � ¯ ß Ô .
For eachnode ä ( ³ , a TCP flow

� ( ³ startsfrom ä ( ³ andtraverses¥ ( ³ congestedroutersvia router L . ¥ ( ³ is

chosenuniformly from
­ Hb� ú ¯ . If

� ( ³ reachesthe endof tandemnetwork beforeit traverse ¥ ( ³ congested

links, it stopsat thatend. In orderto make router L � L�� C �POPOPOh� X congested,for eachL , we setup C to }
TCPflows thattraverseonly router L in

ã
. For aTCPflow

·
, � ³ is in therangeof

­ Hm��� C Hm� ¯ ß Ô . For eachof

the � corenetwork createdearlier, we first generatetwo groupsof TCPflows usingdifferentrandomseeds.

We thushave C-� scenarios.

1 2 3 M-1 M 

Core tandem network

Exterior Nodes

Figure7: A tandemnetwork with exteriornodes

We configurethecongestedRED routersto droppackets. In orderto evaluatethemodelsfor different

versionsof TCP, we raneachof C-� scenariostwice, onewith TCPReno,theotherwith TCPSACK. The

modelprovidesmoreaccuratepredictionsof TCPRenoperformancethanTCPSACK performanceandwe

only presenttheresultsfor TCPSACK. Figure8 depictsthe resultsof theseexperiments.Eachgraphis a

scatter-plot of thedifferentmetrics,throughputandend-to-endlossrateof eachTCPflow, averagequeue
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occupancy andlossprobabilitywithin theG-REDrouters.We plot themeasuredmetricsalongthex-axis

andthe estimatedmetricsalongthe y-axis. As we canobserve from Figure8, the PFTK modelprovides

accurateestimatesof all metrics,whereasthe squareroot model canonly predict throughputwell. The

squareroot modeloverestimatesbothrouterlossandTCPflows endto endlossmoreandmoreastheloss

probability increasesbecauseit doesn’t accountfor timeoutsandtimeoutsbecomemoresignificantasthe

lossincrease.To summarize,we computethemeanpercentageerrorsin thepredictionmadeby thePFTK

model for router lossrate,flow end-to-endloss,flow throughput,androuteraveragequeuelength. They

were C O q ü ,
H ü , } O C ü and l O ú ü andwenever saw errorsgreaterthan ��ü , ��ü , C H ü and C � ü respectively.

Wealsoobservedfrom ourexperimentsthatTCPSACK produceshigheraveragequeuelengths,router

lossratesandendto endlossthanTCPReno.Wewill addressthis in thenext section.

All simulationsperformedso far areon feed forward networks. We also simulatedcyclic networks

obtainedby connectingtwo endsof thecoretandemnetworks. Theresultsfrom simulationsarepresented

in [1]. Themodelaccuracy for cyclic networksis closeto thatfor tandemnetworks.

We performeda similar validationfor packet markingnetworks. Thepredictionsfrom thesquareroot

modelandthePFTK modelarequitecloseandbothmodelsprovide accurateestimatesof all themetrics.

Thesimulationsresultscanbefoundin [1].

4.4 A discussionof the modeland the simulation results

The simulationshave demonstratedthat our modelsprovide fairly accuratepredictionsfor both TCP and

routermetrics.But we alsoobserve theexistenceof minor divergencebetweenour modelsandsimulation.

We conjecturethat thepredictionerrorof theTCPthroughputformulacouldcontribute to this divergence.

Our methodis basedon combininganalysesof individual TCP flows with a network model. The PFTK

andsquareroot TCPthroughputexpressionsarebothderived for a varietyof simplifiedassumptions.We

alreadyknow thatsquareroot ignoresthetimeouteventswhicharesignificantevenwhenthelossrateis less

than ú ü . The PFTK formula providesbetterpredictionsthanthe squareroot formula dueto the fact that

it accountsfor timeouts.But it is alsopointedout in [24] that thereis predictionerror in PFTK formula in

somecases.Sinceourmodelsincludetwo components,it is straightforwardto replacethePFTKandsquare

root expressionswith moreaccurateexpressionsasthey areproduced.In addition,expressionsbasedon

measuredthroughput/loss/RTT profilescanbeusedaswell.

5 Somemonotonicity propertiesand applications

During the processof validatingthe fixed point methodology, we observed that an infinite durationTCP

SACK sessionincurshigherlossrateandaverageroundtrip timethananinfinite durationTCPRenosession

whentraversinga singlecongestedrouter. andthata markingrouterexhibitsa higheraveragequeuelength

thanarouterthatdropspacketswhenofferedafixednumberof infinite durationTCPSACK (or TCPReno)
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Figure8: Estimatevs. Simulation:summarizedresultsfor tandempacket droppingnetwork

sessions.Theseobservationsareeasilyexplainedby animportantandfundamentalmonotonicityproperty

exhibitedby congestedAQM routersasstatednext.

Considertwo classesof flows, L���C �\H , whosethroughput,S£�Q
*� �WV � and S | 
*� �WV � arefunctionsof loss

probability, � , androundtrip time,
V

. Wehave thefollowing resultfor asinglecongestedrouter.

Theorem 2 Let ��( denotetheaverage queuelengthof a congestedAQM routersupportingK classL flows,L � C �\H where S£�Q
*� �WV ����S | 
*� �WV ����� �WV . If ��
=� is continuousand non-decreasing, then �:���Ä� | .
Furthermore, if S£�Q
*� �WV ���âS | 
*� �WV �	�j� �WV , then �3�
�%� | .
Proof. Let ��( denotetheaveragequeuelengthincurredby asetof K infinite durationclassL flows passing

throughthecongestedrouter. We canexpressthethroughputof the
·
-th flow as S (³ 
��g� , · ��C �POPOPOh� K��WL��C �\H . By thestatementof thetheorem,S �³ 
��g���IS |³ 
��g� , �:� Let theAQM routerhave capacity� . It follows

thenthat ��
(1��� S �( 
�� � ���

��
(1��� S |( 
�� | ����� O (18)

Sinceboththeroundtrip time andlossrateareincreasingfunctionsof averagequeuelength,it follows that

thesolutionsto theabove equationsmustsatisfy �3�
�I� | . If S£�³ 
��g���âS |³ 
������ ·�� � , then �3�
�I� | .
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This canbeusedto explain thedifferencebetweenTCPRenoandTCPSACK thathasbeenobserved

in simulation.Let S
� Ò ) Í 
*� �WV � and S ò������ 
*� �WV � denotethethroughputof aTCPRenosessionandaTCP

SACK sessionrespectively. The simulationstudy in [7] suggeststhat a TCP SACK sessioncanachieve

a higher throughputthan a TCP Renosessionfor a given end-to-endloss rate and round trip time, i.e.,S � Ò ) Í 
*� �WV �#"ýS ò������ 
*� �WV � . Applicationof Theorem2 predictsthat � ò������ ��� � Ò ) Í and,asa conse-

quence,U ò������( �ðU�� Ò ) Í( , Lå� C �POPOPOh� K . AlthoughTCPSACK suffersa higherlossratethanTCPReno,it

maystill exhibit a higherapplication-level throughput.This is becauseTCP/SACK is moreefficient in its

retransmissionsthanTCP/Reno,i.e., it is lesslikely to retransmitapacket thathasbeenalreadysuccessfully

receivedby thereceiver.

Theorem2 canalsobeusedto explainwhy thesamesetof TCPflowsseeahigheraveragequeuelength

if they shareapacket markingcongestedrouterinsteadof a packet droppingcongestedrouter.

Moregenerally, Theorem2 statesaninvariancethatmustbeheededby aprotocoldesigner. It is easyto

designa protocolthatprovideshigherthroughputfor a givenpacket lossratethanTCP, i.e., Si) Ò y 
*� �WV ���S / Ï�� 
*� �WV � . However, accordingto Theorem2 thisprotocolnecessarilygenerateshigheraveragedelaysand

lossratesthanTCPwhenpassedthroughtwo identicallyconfiguredAQM droprouters.

Ourmodelalsocanbeusedto establishasecondmonotonicitypropertywhichwe statewithout proof.

Theorem 3 ConsiderK infiniteduration TCPsessionscharacterizedby throughputfunction S ( 
*� �WV � , LM�C �POPOPOh� K , that traverse a singleAQM router with link capacity � . Let � 
d�Ð� denotethe average queue

lengthof the router as a functionof � . Under the assumptionthat the probability discard function ��
��g�
is continuousand nondecreasing, the lossprobability incurred by the L -th TCP session,U ( 
d�Ð� , is a non-

increasingfunctionof thelink capacity.

Thispropertyhasthefollowing interestingimplication.Supposethatwe addpacket-level forwarderror

correction(FEC) to a TCPprotocolssuchasTCP/SACK. This will have theeffect of reducingthepacket

lossrateseenby the receiver in a TCPsession(aftercorrectingfor losses).At first glance,this appearsto

bebeneficialasthethroughputof aninfinite durationTCPsessionincreasesastheend-to-endlossratede-

creases.Supposethatall of theTCPsessionstraversingacongestedrouterintroduceFEC.This necessarily

hastheeffect of reducingtheeffective capacityof thelink assomeof thecapacitywill beusedto transmit

unnecessaryparity packets.Thus,accordingto theprecedingtheorem,theneteffect will beto increasethe

packet lossrateseenby thesessionafterit correctsfor lossesoverthepacket lossrateseenby asessionwhen

no FECis used.Consequently, FECcannotbeeffectively usedby long-livedflows to dealwith congestion.

Last, we conjecturethat thesepropertieshold in a moregeneralnetwork setting. This conjectureis

supportedby thesimulationsreportedin theprecedingsection.

18



6
�

Conclusion

We have developedandstudieda fixed point methodfor analyzingthe behavior of a large populationof

TCPflows traversinga network of routerswith active queuemanagement.Weconsideredbothroutersthat

drop andmark packetsservinginfinite durationflows aswell asfinite durationflows. We alsodeveloped

algorithmsfor a singlecongestedroutersupportingfinite durationTCPflows. Last,we consideredmodels

thataccountfor timeoutsaswell asmodelsthatdo not. Ourexperienceindicatesthatthesemethodscanbe

extremelyaccuratein predictingmetricssuchasaveragequeuelength,lossprobability, andthroughput.

Last,we presentedsomeusefulmonotonicitypropertiesthatexplaincertaintypesof behavior observed

in simulations,e.g.,thatTCPSACK produceshigherlossprobabilitiesthanTCPReno.

Wearecurrentlypursuingthefollowing topics:R morethoroughvalidationof themethodology,R establishmentof existenceanduniquenesspropertiesfor themethods,R relaxationof theneedfor feedbackto bereliableandtimely,R extensionof thefinite durationflow modelto thenetwork setting.
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