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Abstract— The innovative techniquesof TCP Vegashave beenthe sub-
ject of much debatein recentyears.Severalstudieshavereported that TCP
Vegasprovides better performance than TCP Reno. However, the ques-
tion which of the new techniquesare responsiblefor the impressiveper-
formancegainsremainsunanswered sofar. This paper presentsa detailed
performanceevaluationof TCP Vegas.By decomposingTCP Vegasinto the
variousnovelmechanismsproposedand assessingthe effectof eachof these
mechanismson performance,weshowthat the reportedperformancegains
are achievedprimarily by TCP Vegas’snew techniquesfor slow-start and
congestionrecovery. TCP Vegas’s innovative congestionavoidancemecha-
nism is shownto have only a minor influenceon throughput. Furthermor e,
we find that the congestionavoidancemechanismexhibits fairness prob-
lems evenif all competing connectionsoperate with the sameround trip
time.
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I . INTRODUCTION

TCP Vegas is a new designfor TCP that was introduced
by Brakmo et al. [6][8]. TCP Vegas includesa modified re-
transmissionstrategy (comparedto TCPReno)that is basedon
fine-grainedmeasurementsof theround-triptime(RTT) aswell
asnew mechanismsfor congestiondetectionduring slow-start
andcongestionavoidance.Theinnovative techniquesproposed
in [6][8], aswell astheimpressiveperformancegains(compared
to TCPReno)reported[6][1], havebeenthesubjectof muchde-
batein recentyears.This papertakesa freshlook at thedesign
of TCPVegasandattemptsto shedlight on theadvantages(and
disadvantages)of theinnovationsintroducedby TCPVegas.

TCP Reno’s congestiondetectionand control mechanisms
usethe lossof segmentsasa signalthat thereis congestionin
thenetwork[17]. TCPRenohasthereforenomechanismto de-
tect the incipient stagesof congestionbeforelossesoccurand
hencecannotpreventsuchlosses.Thus,TCPRenois reactive,
asit needsto createlossesto find theavailablebandwidthof the
connection.On thecontrary, TCPVegas’s congestiondetection
mechanismis proactive, thatis, it triesto senseincipientconges-
tion by observingchangesin thethroughputrate.SinceTCPVe-
gasinfers thecongestionwindow adjustmentpolicy from such
throughputmeasurements,it maybeableto reducethesending
ratebeforetheconnectionexperienceslosses.
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SinceTCPVegasis essentiallya combinationof severaldif-
ferenttechniques,eachevoking considerablecontroversyon its
own, muchof previouswork eitherconcentratedon discussing
and evaluatinga particularmechanismin isolationor tried to
characterizetheoverall behavior of TCPVegas. Thequestion,
however, which of the techniquesincorporatedin TCP Vegas
areresponsiblefor theperformancegainsreportedin [6][8][1],
remainsunansweredsofar. To answerthisquestion,wedecom-
poseTCP Vegas into its individual algorithmsand assessthe
effect of eachof thesealgorithmsonperformance.

Thepaperis organizedasfollows:SectionII presentsthevar-
iousenhancementsof TCPVegas.Relatedwork is reviewedin
SectionIII. SectionIV describesthe simulationenvironment
usedfor our experiments.SectionV providesthebasisfor our
detailedevaluationby quantifyingthespeedupachievedby TCP
Vegas(over TCP Reno). The techniquesincorporatedby TCP
Vegasarelisted in SectionVI, andsomeproblemsin their im-
plementationarediscussedin SectionVII. SectionVIII presents
thedetailedresultsonhow thevariousalgorithmsaffect overall
performance.Finally, SectionIX discussesthefairnessof TCP
Vegas’s congestionavoidancemechanism.

I I . TCP VEGAS

According to the publishedpapersthat describeTCP Ve-
gas[6][8], TCPVegasdiffersfrom TCPRenoasfollows:
Newretransmissionmechanism: TCPVegasintroducesthree
changesthat affect TCP’s (fast) retransmissionstrategy. First,
TCPVegasmeasurestheRTT for everysegmentsent.Themea-
surementsare basedon fine-grainedclock values. Using the
fine-grainedRTT measurements,a timeoutperiodfor eachseg-
mentis computed.Whena duplicateacknowledgement(ACK)
is received, TCPVegascheckswhetherthe timeoutperiodhas
expired. If so, the segmentis retransmitted1. Second,whena
non-duplicateACK thatis thefirst or secondaftera fastretrans-
missionis received,TCPVegasagainchecksfor theexpiration
of thetimerandmayretransmitanothersegment.Third, in case
of multiplesegmentlossandmorethanonefastretransmission,
thecongestionwindow is reducedonly for thefirst fastretrans-
mission.
Congestionavoidancemechanism: TCPVegasdoesnot con-
tinually increasethe congestionwindow during congestion
avoidance. Instead,it tries to detectincipient congestionby
comparingthe measuredthroughputto its notion of expected

1SinceTCPVegasmaytriggerafastretransmissiononthefirst duplicateACK
(TCP Renowaits for threeduplicateACKs), we will—merely for the sakeof
brevity—referto thisparticularalgorithmin TCPVegasasthe“moreaggressive
retransmissionstrategy”.



throughput.The congestionwindow is increasedonly if these
two valuesareclose,that is, if thereis enoughnetworkcapac-
ity so that the expectedthroughputcan actually be achieved.
Thecongestionwindow is reducedif themeasuredthroughput
is considerablylower thantheexpectedthroughput;this condi-
tion is takenasa signfor incipientcongestion.
Modified slow-start mechanism: A similar congestiondetec-
tion mechanismis appliedduringslow-startto decidewhento
changeto thecongestionavoidancephase.To have valid com-
parisonsof theexpectedandtheactualthroughput,theconges-
tion window is allowedto grow only every otherRTT.

In [8], anadditionalalgorithmis presented,which triesto in-
fer available bandwidthduring slow-start from ACK spacing.
However, this algorithmwasmarkedexperimental,andit was
not usedin the evaluationof TCPVegas. (Hence,we alsoex-
cludedit from ourevaluation.)

Both[6] and[8] reportbetween37and71%betterthroughput
for TCPVegason the Internet,with one-fifthto one-halfof the
losses.Simulationsconfirmthesemeasurements;they alsoshow
thatVegasdoesnotadverselyaffectTCPReno’sthroughputand
thatTCPVegasis not lessfair thanTCPReno.

I I I . RELATED WORK

TCPVegas’s new techniquesfor congestionavoidance,their
effect on TCP performance,andTCP Vegas’s behavior in the
presenceof competingTCPRenoconnectionshave beeninves-
tigatedby previousresearchers.We now give a shortoverview
of thisearlierwork.

Ahn et al. [1] performedsomelive Internetexperimentswith
TCPVegas.They report4–20%speedupsfor transfersto aTCP
Renoreceiver and300%speedupsfor transfersto a TCPTahoe
receiver. For both scenarios,TCPVegasis foundto retransmit
fewer segmentsand to have lower RTT averageandvariance.
Experimentsin a WAN emulatorwith varyingdegreesof either
TCPRenoor TCPVegasbackgroundtraffic revealthatTCPVe-
gasachieves higher throughputsfor high congestion,whereas
TCP RenooutperformsTCPVegasin the caseof low conges-
tion.

With a fluid modelandsimulations,Mo et al. [21] show that
TCPVegas,asopposedto TCPReno,is not biasedagainstcon-
nectionswith long delays,andthatTCPVegasdoesnot receive
a fair shareof bandwidthin the presenceof a TCPRenocon-
nection.

Hasegawa et al. [14] usean analyticalmodel to derive that
TCP Vegas’s congestionavoidancemechanismis more stable
thantheoneof TCPReno,that is, thecongestionwindow of a
TCPVegasconnectionmayconvergeto afixedvalue.However,
they also find that the mechanismsometimesfails to achieve
fairnessamongseveral connectionswith different round-trip
times.

With thehelpof a WAN emulatorsimulatinga satellitelink,
Zhanget al. [22] study the performanceof variousTCP ver-
sionsover long-delaylinks. TCPVegasachievesonly half the
throughputof TCPTahoeor TCPReno.However, it retransmits
muchlessthanotherTCPvariants.

Ahn et al. [2] introducea new techniqueto speedupsimula-
tion of high-speed,wide-areapacketnetworks.Theevaluation
sectionpresentsthe resultsof runninga “stripped-down” ver-

sionof TCPVegas,whichincludesonly its congestiondetection
andwindow adjustmentscheme,over a gigabitnetwork. In the
experiments,TCPVegasachievesonly half of thethroughputof
TCPReno.

Sucha restrictedversionof TCP Vegasis alsoevaluatedby
Bolliger et al. [5]; several variantsof TCPareimplementedas
user-level protocolsandevaluatedin the Internet. TCP Vegas
is shown to causefewer timeoutsdueto multiple segmentloss
thanTCP Reno. On the otherhand,TCP Vegassuffers more
“non-trigger” timeoutsthanTCP Reno. Non-triggertimeouts
reflectmissedopportunitiesto enterrecovery. In thisstudy, TCP
Vegas’s throughputis slightly worsethanTCPReno’s.

Danzigetal. [10] evaluateapre-releaseversionof TCPVegas
whichdid not includeVegas’s new congestionavoidancemech-
anism. Sincethe authorscannotreproducethe claims made
in [6], they concludethat it is indeedTCP Vegas’s new con-
gestionavoidancemechanismthatis responsiblefor theperfor-
manceimprovementsnotedin [6].

Thelastthreereportsarecontradictory;[2][5] mayleadto the
conclusionthat TCP Vegas’s new behavior during congestion
avoidancehasa negative influenceon throughput,whereas[10]
suggeststhatit hasa positiveinfluence.Unfortunately, research
showing throughputimprovementsfor TCPVegashasfailed to
show which of TCP Vegas’s new algorithmsis responsibleto
what degreefor the reportedspeedups.This papertries to ad-
dressthis issuebasedon simulations. Beforeturning to a de-
tailedevaluationof theeffectsof individualmechanismspresent
in TCP Vegas,the following sectionsintroducethe simulation
environmentand presentan initial performanceevaluationof
TCP Reno and TCP Vegas which validatesthe experimental
setup.

IV. SIMULATION ENVIRONMENT

Thissectiondescribesthesimulationenvironmentusedto in-
vestigatethe influenceof the variousnew algorithmsin TCP
Vegas.

A. Simulator

We run our simulationon x-sim, a networksimulatorbased
on the x-kernel [16]. In this environment,actualx-kernelpro-
tocol implementationsrun on a simulatednetwork. Our choice
of x-sim is basedon the following two observations: First, the
evaluationsin theoriginalpapersthatdescribeTCPVegas[6][8]
arealsoperformedwith x-sim. Thisfactgivesusconfidencethat
our resultsarenotbiasedby usingadifferentimplementationof
TCPVegas.Second,we wantto evaluateanimplementationof
TCPVegasbasedon productioncode.This requirementis ful-
filled by x-simsinceits implementationof TCPRenois directly
derivedfrom theBSD implementationof TCPReno.

Wemadetwochangesto theoriginalimplementationsof TCP
RenoandTCP Vegasprovided in the x-kernel. Both of these
changeswereproposedin a paperfrom the inventorsof TCP
Vegas[7] andhave alsobeenappliedto the currentTCPReno
releasesof FreeBSDandNetBSD.Thechangesincludeamodi-
ficationto thealgorithmfor computingtheretransmissiontime-
outvalue(seediscussionbelow) andafix of thecheckto reduce
thecongestionwindow uponleaving fastrecovery.
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Fig. 1. Networktopologyfor simulations.

B. Topology

For our experiments,we emulatethe topologypresentedin
Figure1. To ensurethattheresultsof ourexperimentsarecom-
parableto thoseof previous work, we choseexactly the same
topologyasin the original Vegaspaper[6]. For the samerea-
son,thesegmentsizeusedis 1.4KB, therouterqueuesizeis ten
segments,andtherouterqueuingdisciplineis FIFO.However,
to preventany non-congestion-relatedinfluenceson theconges-
tion window, we choselarger senderandreceiver buffer sizes
(i.e., 128KB insteadof 50KB) for the TCP hosts. The TCP
receiversdo not employdelayedacknowledgments;sinceTCP
Vegas’scongestiondetectionmechanismreactstochangesin the
RTT, delayedacknowledgmentscould affect the performance
severely, asshown in [1].

Wevalidatedboththesimulatorandthenetworktopologyby
repeatingsomeof theexperimentsfrom [6][8]. Our versionof
TCP Renoperformsslightly worsethan the original version;
this differenceis dueto the moreconservative computationof
the timeoutvalue(RTO), that is, the RTO is computedas the
smoothedRTT plus four timesthe RTT variation(asproposed
in [17]) insteadof only plus two times the RTT variation (as
proposedin anearlierversionof [17])2.

V. PERFORMANCE EVALUATION

To gain someinsighton theperformanceof TCPVegas,we
simulatea transferof 1MB of datafrom host H1 to host H3
for varyingdegreesandtypesof backgroundtraffic. Theback-
groundtraffic, which flows from hostH2 to hostH4, is gener-
atedby TRAFFIC,anx-kernelprotocolwhichsimulatesInternet
traffic andwhichis basedon tcplib [9]. Eachtypeof experiment
is run fifty times. TablesI andII presenttheresultsfrom these
experiments.In thecaseof low backgroundtraffic, TRAFFIC’s
connectioninter-arrival time is 0.1s,for high backgroundtraf-
fic, it is 0.03s. With regardto throughput,TCP Vegasoutper-
forms TCP Renoin eachof the four scenarios,with improve-
mentsrangingfrom 40% up to 120%. Moreover, TCP Vegas
retransmitsbetween6%and65%lessdatathanTCPReno.

Theseresultsconfirmotherresearchthatreportspartially im-
pressive improvementsandfewer retransmissionsfor TCPVe-
gas.TablesI andII serve asstartingpoint for ourmoredetailed

2NotethatTCPVegas’sfine-grainedtimeoutvaluesarecomputedwith theal-
gorithmproposedin theearlierversionof [17]. Also notethatTCPVegasstarts
theretransmissiontimer for a segmentassoonasit is sent,whereasTCPReno
startsthe timer for a segmentonly whenthe segmentprecedingit is acknowl-
edged.

TABLE I

AVERAGE THROUGHPUT [KB/S] PER CONNECTION.

Backgroundtraffic
low high

Reno Vegas Reno Vegas

Reno 73.4 72.4 16.1 13.3
Vegas 105.5 101.4 35.1 29.2

TABLE II

AVERAGE RETRANSM ISSIONS [KB] PER CONNECTION.

Backgroundtraffic
low high

Reno Vegas Reno Vegas

Reno 48.6 49.3 122.7 140.5
Vegas 16.8 18.8 113.0 131.9

evaluationof theperformanceimplicationsof theindividualal-
gorithmsincorporatedin TCPVegas.

VI . ALGORITHMS IN TCP VEGAS

For theevaluationof thealgorithms,we taketheapproachof
a 2k factorialdesignwith replications[19]. This methodology
allowsusto determinetheeffect of k factors,eachof themhav-
ing two levels. In the caseof TCPVegas,thesefactorsarethe
differentalgorithms,aspresentedin SectionII. Thefactorlevels
are“on” and“off ”; they indicatewhethertheTCPVegasalgo-
rithm is used(“on”) or whetherthealgorithmis turned“off ”, so
thatthedefaultTCPRenobehavior is used.

A 2k factorialdesignrequiresthateachof the factors(algo-
rithms) can be independentlyturnedon or off. Therefore,we
first hadto modify the TCP Vegassourcecodeto separatethe
variousalgorithmsfrom eachotherandto allow eachof theal-
gorithmsto beselectableindividually. Thesechangesrequireda
closeinspectionof the sourcecode. This inspectionrevealed
that TCP Vegas containssomemore changesabove the ones
mentionedin [6][8]. The completelist of algorithmsthat are
new in TCP Vegas is presentedin the following. Algorithms
andchanges(A)–(E) arediscussedin [6][8] andhave already
beendescribedin SectionII, whereaschanges(F)–(J)arenot
mentionedin [6][8].
A. Congestiondetectionduringslow-start;
B. Congestiondetectionduringcongestionavoidance;
C. Moreaggressive fastretransmitmechanism;
D. Additional retransmissionsfor non-duplicateACKs;
E. Preventionof multiple reductionsof thecongestionwindow
in caseof multiplesegmentloss;
F. Reductionof thecongestionwindow by only 1/4 aftera re-
covery (insteadof halvingit asin thecaseof TCPReno)3;
G. A congestionwindow sizeof two segmentsat initialization
andafter a timeout(TCP Renosetsthe sizeof the congestion
window to onesegmentin thesesituations4);

3This algorithmhasalreadybeenidentifiedby Ahn et al. [1] aspartof TCP
Vegas.

4For TCP Reno,an initial congestionwindow sizeof two segmentshasre-
centlybeenallowed[4].



H. Burstavoidancelimits thenumberof segmentsthatcanbe
sentat once(thatis, back-to-back)to threesegments;
I. The congestionwindow is not increasedif the senderis not
ableto keepup, that is, the differencebetweenthe sizeof the
congestionwindow andtheamountof outstandingdatais larger
thantwo maximum-sizedsegments;
J. Spikesuppressionlimits theoutputrateto at mosttwice the
currentrate.(Thisalgorithmis turnedoff by default.)

Whenseparatingthealgorithmsfrom eachother, wekeptthe
necessarycodechangesto a minimumto avoid any behavioral
differencesbetweentheoriginalandourimplementationof TCP
Vegas. We validatedour implementationby makingsurethat
our versionof TCP Vegaswith all algorithmsturnedoff pro-
ducesthesameresultsastheTCPRenoimplementation.Sim-
ilarly, we checkedthatourversionof TCPVegaswith all algo-
rithmsturnedonandtheoriginal implementationof TCPVegas
achieve identicalthroughputs.

VI I . DEVIATIONS FROM SPECIFICATION

SectionVI listed somechangesto TCP Renothat werenot
identifiedbefore.In addition,our inspectionof thesourcecode
of TCP Vegasand its evaluationalso revealedsomescenarios
in which theTCPVegasimplementationdoesnot quiteachieve
whatwasintendedand/ordescribedby theauthorsin theorigi-
nalpapers[6][8].

A. Timeoutbehavior

In slow-start and congestionavoidance,TCP Vegas checks
onceevery RTT whetherit mustmodify its strategy for updat-
ing the congestionwindow. In slow-start,it checkswhetherit
mustgiveup theexponentialopeningof thecongestionwindow
andswitch to congestionavoidance. In congestionavoidance,
it checkswhetherthecongestionwindow mustbeincreasedlin-
early, mustbeheldconstantduring thenext RTT, or whetherit
mustimmediatelybereducedby onesegment.In caseof atime-
out during congestionavoidance,the releasedversionof TCP
Vegasfails to immediatelyfall backto exponentialopening(as
would be appropriatefor a slow-start), insteadthe window is
openedonly linearly. In theworstcase,this conservative open-
ing prevails until all the datasentbeforethe timeout is finally
acknowledged,that is, possiblyfor several RTTs. We altered
TCPVegasto immediatelychangeits strategy for updatingthe
congestionwindow in caseof a timeout.

B. Resetof baseRTT

Whenexecutingthecheckmentionedabove, TCPVegasre-
setsbaseRTT5 if only onesegmenthasbeentransmittedduring
the last RTT. With the help of this reset,TCP Vegasmay be
ableto copewith routingchangeswhich increasetheminimum
RTT. SinceTCP Vegasemploysa minimum size of two seg-
mentsfor the congestionwindow, this resetis triggeredonly
whenthesenderis not ableto keepupor hasnodatato send.

In rarecases,thisresetcanresultin settingbaseRTTto avery
small valuethat is unrelatedto the currentnetworkconditions.
Sincethereareno routingchangesin our simulationandsince

5baseRTTis usedfor computingtheexpectedthroughput.Accordingto [6][8],
baseRTTdenotesthe RTT of a segmentwhentheconnectionis not congested.
In practice,baseRTTreflectstheminimumof all measuredRTTs.

TABLE III

SCENARIO FOR VIOLATED INVARIANTS.

Event Eq.3 Eq.4 beg seq snd nxt snduna
5 10 5

timeout 5 5 5
send5&6 5 7 5
9 is acked � 2 2 7 10 10
send10-12 7 13 10
10 is acked 3 6 13 13 11

oursenderalwayshassomedatato send,we disabledthepiece
of coderesettingbaseRTTfor ourevaluations.

C. Violation of invariant

In congestionavoidance,TCP Vegas’s congestiondetection
schemechecksevery RTT whethernetwork conditionshave
changedenoughtoevokeachangein thecongestionwindow ad-
justmentpolicy. To decidewhetherandhow thesizeof thecon-
gestionwindow shouldbe adjusted,TCP Vegascomparesthe
expectedthroughputto the measuredactualthroughput[6][8].
Theexpectedthroughputis computedas

expected � windowSize
baseRTT � (1)

wherewindowSizeis the numberof bytescurrently in transit.
Theactualthroughputis computedas

actual � rt tLen
rt t � (2)

whererttLen reflectsthenumberof bytestransmittedduringthe
last RTT andrtt is the averageRTT of the segmentsacknowl-
edgedduringthelastRTT.

In the releasedTCPVegasimplementation,windowSize, the
numeratorof Eq.(1),is computedas

snd nxt � snd una 	 min
 maxseg � acked� 0� � 6 (3)

wheremaxseg is the maximumsegmentsize,andacked is the
numberof bytesacknowledgedby thelastACK. rttLen, thenu-
meratorof Eq.(2),is determinedin thefollowing way:

snd nxt � beg seq� (4)

where beg seq is the value of snd nxt during the previous
computationof actual andexpected. An acknowledgmentfor
beg seqtriggerscomputationof actualandexpected.

Accordingto [6][8], thefollowing invariantmusthold:

expected � actual 
 (5)

TableIII shows how this invariantcanbeviolatedin caseof
a timeoutdueto a singleloss. Thetablegivesa time sequence
of eventsthat leadto two violationsof the invariant. For each
event,thevaluesof snd nxt, snduna, andbeg seqaredisplayed
afterthateventhasbeenprocessed.Theorderingof thecolumns

6sndnxt andsnduna designatevariablesfrom the BSD implementationof
TCPandindicatethenextsegmentto besentresp.to beacknowledged.



(from left to right) is identicalto theorderin whichthevariables
areupdatedresp.in whichtheequationsarecomputed.Thetwo
ACKsarriving afterthetimeoutbothtriggertherecalculationof
actualandexpected, andin bothcasesthe invariantis violated,
that is, expectedis smallerthanactual (assumingbaseRTT �
rt t).

Thefirst violation is theconsequenceof a “largeACK” that
acknowledgesmorethanonesegment.To remedythisproblem,
weomittedthelasttermof Eq.(3)in theTCPVegasimplemen-
tation usedfor our study. The secondviolation is causedby
computingthe actualbandwidthover datasentmore thanone
RTT ago.We fixedthis problemby resettingbeg seqin caseof
anACK acknowledgingdatasentbeforea timeout.In this way,
the computationof the actualbandwidthwill not includedata
sentbeforethetimeout.

D. Discussion

How do thesefixes affect the performanceof TCP Vegas?
First, the fix mentionedin SectionVII-A may effect a change
to betterperformance,becauseit allowsthecongestionwindow
to openappropriatelyfast in slow-start, that is, fasterthan if
thesenderwould erroneouslycontinueto adjustthecongestion
window sizeaccordingto thecongestionavoidancestrategy.

Second,in congestionavoidance, the following condition
musthold if thecongestionwindow is to beopened(α is posi-
tiveandusuallysetto 1):
 expected � actual ��� baseRTT � α (6)

If theinvariantof TCPVegasis violated,thedifferencebetween
expectedandactual is negative, thatis, inequation(6) holdsand
thecongestionwindow sizemayerroneouslybeincreased.This
actionmayresultin amoreaggressivewindow openingthanin-
tended.Therefore,by fixing theproblemof a violatedinvariant,
weexpectTCPVegasto becomelessaggressive.

TablesIV andV repeattheresultsfrom TablesI andII, and
additionally show the resultsfor the TCP Vegas version that
incorporatesthe fixes mentioned(called TCP Vegas’). Note
that for the TCP RenoandTCP Vegas’ experiments(first and
third row of TablesIV andV), we usedTCP Vegas’ asback-
groundtraffic. (This is the reasonwhy the resultsfor theTCP
Renoexperimentsdiffer slightly from thosepresentedin Ta-
blesI andII.) For the TCPVegasexperiments(secondrow of
TablesIV andV), theunmodifiedTCPVegaswasusedbothas
foregroundandasbackgroundtraffic.

Thefixesresultin slightly lowerthroughputfor all four cases
andin slightly moreretransmissionsin threeof the four cases.
Overall, TCPVegas’ achievessimilar performancewhencom-
paredto theoriginal version.For therestof this paper, theterm
TCPVegasis usedto referto TCPVegas’.

VI I I . INFLUENCE OF VARIOUS ALGORITHMS

A. Reductionof complexity

As summarizedin SectionVI, TCPVegasemploystenaddi-
tional algorithmsover TCPReno.A complete2kr factorialde-
signrequiresthateachpossiblecombinationof thek � 10algo-
rithmsis chosenandthattheexperimentdescribedin SectionV
is run r timesfor aspecificsetup[19]. Thismethodologywould

TABLE IV

AVERAGE THROUGHPUT [KB/S] PER CONNECTION.

Backgroundtraffic
low high

Reno Vegas(’) Reno Vegas(’)

Reno 73.4 71.8 16.1 13.0
Vegas 105.5 101.4 35.1 29.2
Vegas’ 103.7 99.6 34.6 28.4

TABLE V

AVERAGE RETRANSM ISSIONS [KB] PER CONNECTION.

Backgroundtraffic
low high

Reno Vegas(’) Reno Vegas(’)

Reno 48.6 49.5 122.7 144.8
Vegas 16.8 18.8 113.0 131.9
Vegas’ 16.9 18.5 115.8 139.2

allow usto quantifytheeffect of eachindividualalgorithmand
the effects of all possibleinteractionsof the algorithms. For
k � 10 algorithms,theexperimentwould resultin 210 � 1 pos-
sibleeffects,mostof thembeingprobablyrathersmall7. To re-
ducecomplexity andincreasethe“expressiveness”of ourexper-
iments,weclusteredthealgorithmsinto threegroupsaccording
to the phasethey affect (i.e., slow-start,congestionavoidance,
andrecovery), andsetup a 2kr factorialdesignwith the k � 3
phaseseachrepresentinga factor. The factor levels “on” and
“off ” meanthat eitherall the algorithmsaffecting a particular
phaseareturnedon or thatall of themareturnedoff. This de-
sign reducesthe possiblefactorsandthe interactionof factors
affecting the performanceto 23 � 1 � 7. The algorithmshave
beenclusteredasfollows:
Slow-start: Congestiondetection(algorithm(A) presentedin
SectionVI), andcongestionwindow sizeof two segments(G).
Congestionavoidance: Congestiondetection(B).
Congestionrecovery: More aggressive fast retransmission
strategy (C), retransmissionuponACK for new data(D), reduc-
tion of congestionwindow by1� 4 (F),andavoidanceof multiple
reductionsof congestionwindow (E).
(Thealgorithms“burstavoidance”(H), “no congestionwindow
increases”(I), and “spike suppression”(J) are alwaysturned
off.)

Eachof the23 experimentsis repeatedr � 50 times. We de-
terminedtheeffect of thealgorithmsin thethreephaseson the
throughputof TCPVegasandon thenumberof retransmissions
by applyingthemethodologydescribedin [19].

B. Resultsfor throughput

The 23 factorial designallows us to computethe through-
put y for a specificcombinationof algorithmsin the following
way[19]:

y � qmean	 qss � xss 	 qca � xca 	 qrec � xrec 	
7We conductedsuchanexperimentandfoundthattheinfluenceof mostcom-

binationswasindeedsmallerthan1%.



TABLE VI

THROUGHPUT [KB/S] (LOW BACKGROUND TRAFFIC).

TCPReno TCPVegas
Effect Percentage Effect Percentage

q of variation q of variation

mean 86
 64 83
 90
ss 7 
 14 27
 71 5 
 57 19
 38
ca 2 
 06 2 
 30 2 
 25 3 
 17
rec 6 
 64 23
 98 6 
 68 27
 91
ss ca 0 
 17a 0 
 02 0 
 46a 0 
 13
ss rec 1 
 09 0 
 65 0 
 95 0 
 56
ca rec 0 
 64 0 
 22 0 
 40a 0 
 10
ss ca rec � 0 
 68 0 
 25 � 0 
 61 0 
 24
error 44
 88 48
 50
90% 0 
 59 0 
 57

aNot significant.

qss ca � xss � xca 	�
�
�
�	
qss ca rec � xss � xca � xrec �

wherexi is 1 if all the algorithmsin phasei areturnedon and� 1 if they areturnedoff (ss: slow-start,ca: congestionavoid-
ance,rec: recovery), qi is the effect of the algorithmsin phase
i, qi j indicatesthe effect of the interactionsbetweenthealgo-
rithmsin phasesi andj (similarfor qi j k), andqmeanis themean
throughputof all experiments.

TableVI presentsthe resultsfor low TCPRenobackground
traffic andfor low TCPVegasbackgroundtraffic. Thetablere-
ports the meanthroughputfor all 2kr � 400 experimentsand
the effectsq of all factorsandtheir interactionson the (mean)
throughput.We cancomputetheaveragethroughputy, for ex-
ample,for the configurationwhereall the algorithmsin slow-
startandcongestionavoidanceareturnedon andall the algo-
rithms in recovery are turnedoff, and TCP Renois usedfor
backgroundtraffic asfollows:

y � 86
 64 	 7 
 14 � 1 	 2 
 06 � 1 	 6 
 64 � � 1 	
0 
 17 � 1 � 1 	 1 
 09 � 1 � � 1 	 0 
 64 � 1 � � 1 	� 0 
 68 � 1 � 1 � � 1� 88
 32� KB� s�

Thecolumns“percentageof variation” in TableVI indicates
how muchof thevariationof thethroughputy canbeexplained
by effect q andis thereforea measurefor the “importance”of
a factor. Sincethe measurementsare repeatedr � 50 times,
the percentageof the total variation that can be attributed to
experimentalerrorscan be determined. The row “error” re-
ports this variation. Moreover, the value given in the “90%”
row allows computationof the 90% confidenceintervals for
the meanthroughputandeacheffect (e.g., in the caseof TCP
Renobackgroundtraffic, the90%confidenceinterval for qss is
7.14 � 0.59). Confidenceintervals that include0 indicatethat
the particularfactor (or factor combination)is not statistically
significant.

From TableVI, we concludethat for low TCP Renoback-
groundtraffic, TCP Vegas’s new algorithmsin slow-starthave

TABLE VII

THROUGHPUT [KB/S] (HIGH BACKGROUND TRAFFIC).

TCPReno TCPVegas
Effect Percentage Effect Percentage

q of variation q of variation

mean 26
 31 20
 97
ss 0 
 02a 0 
 00 0 
 07a 0 
 00
ca � 0 
 77 0 
 41 � 0 
 69 0 
 42
rec 9 
 65 65
 22 7 
 96 55
 78
ss ca 0 
 52 0 
 19 0 
 90 0 
 72
ss rec � 0 
 96 0 
 64 � 0 
 79 0 
 55
ca rec � 0 
 53 0 
 19 � 0 
 34a 0 
 10
ss ca rec 0 
 33a 0 
 07 0 
 37a 0 
 12
error 33
 27 42
 30
90% 0 
 45 0 
 45

aNot significant.

thelargesteffectonthroughput,followedby thechangesduring
recovery. TCPVegas’s congestiondetectionmechanismduring
congestionavoidanceis responsiblefor only2%of thevariation.
Theinteractionsbetweenthephaseshave only a smalleffect on
throughputor arenot statisticallysignificant.45%of thevaria-
tion in throughputis dueto experimentalerrors.

For low TCPVegasbackgroundtraffic, 28%of thevariation
canbeexplainedwith themodifiedalgorithmsduringrecovery,
followedby thechangesduringslow-start. 3% of thevariation
canbeexplainedwith thechangesduringcongestionavoidance.
Theinteractionsbetweenthedifferentphasesareagainsmallor
notstatisticallysignificant.Nearlyhalf of thevariationis dueto
experimentalerror.

The datafor the high backgroundtraffic scenariosis given
in TableVII. In the caseof TCP Renobackgroundtraffic, the
dominanteffect is the changedbehavior during recovery. All
other effects have only small influenceand/orarestatistically
not significant. Note that TCP Vegas’s new congestionavoid-
ancemechanismhasa (small) negative effect on performance.
Experimentalerrorsaccountfor 1� 3 of thetotalvariation.

The resultsfor the high TCP Vegasbackgroundtraffic sce-
nario look similar to thosefor the TCPRenoscenario,that is,
thechangesduringrecovery explain mostof thevariationseen
in theexperiments.Again, the effect of the modifiedbehavior
duringcongestionavoidanceis negative.

C. Resultsfor retransmissions

Table VIII presentsthe influence of the three phaseson
the amountof retransmitteddata for low backgroundtraffic.
Both for TCPRenoandfor TCPVegasbackgroundtraffic, the
changesin slow-startdominate,followedby thechangesin con-
gestionavoidance.Note that themodificationsin recovery and
the interactionsbetweenthe modificationsin slow-startandin
congestionavoidanceincreasetheamountof retransmitteddata.

In thecaseof high backgroundtraffic, asshown in TableIX,
theexperimentalerrorexplainsabout90%of thevariationboth
for TCPRenoandfor TCPVegasbackgroundtraffic. Compared
to theexperimentalerror, theeffectsof theindividualphaseson



TABLE VIII

R
�

ETRANSM ISSIONS [KB] (LOW BACKGROUND TRAFFIC).

TCPReno TCPVegas
Effect Percentage Effect Percentage

q of variation q of variation

mean 29
 02 32
 75
ss � 10
 74 43
 12 � 12
 43 54
 91
ca � 8 
 65 27
 97 � 6 
 38 14
 48
rec 3 
 08 3 
 56 3 
 05 3 
 31
ssca 5 
 42 10
 96 2 
 41 2 
 06
ss rec 0 
 32a 0 
 04 0 
 40a 0 
 06
ca rec � 1 
 98 1 
 47 � 1 
 53 0 
 83
ssca rec 0 
 43 0 
 07 0 
 25a 0 
 02
error 12
 82 24
 34
90% 0 
 38 0 
 54

aNot significant.

thenumberof retransmissionsarenegligible. Thisis notsurpris-
ing asTCPVegas(that is, the conglomerateof all algorithms)
doesnot seemto benot particularlysuccessfulin reducingthe
numberof retransmissions(comparedto TCPReno)in thecase
of highbackgroundtraffic in thefirst place(TableV).

D. Conclusions

D.1 Slow-start

For thelow backgroundtraffic scenarios,thechangesin slow-
startareimportant,especiallyif the backgroundtraffic is TCP
Reno. An inspectionof the packettracesrevealsthatTCPVe-
gas’s congestion-sensitivewindow updatestrategy is successful
in avoiding timeoutsin theinitial slow-start.TCPReno’s faster
and unresponsive exponentialopeningof the congestionwin-
dow in thisphasemayresultin overshootingtheavailableband-
width andloosingmultiplesegments.Suchdamagecanthenbe
overcomeonly with a timeout.Sincebackgroundtraffic is low,
transfersareshort (on the orderof a few seconds).Therefore,
a timeoutaffectsthroughputseverely. By sensingthe incipient
(self-induced)congestionin slow-start, TCP Vegas can avoid
suchtimeoutsand thusperformconsiderablybetterthanTCP
Reno. Theevaluationof a moredetailed27 experiment,where
eachof algorithms(A)-(G) representsa factor, shows thatcon-
gestiondetectionin slow-startin facthasthelargestpositiveef-
fect on throughputof all thealgorithms(it explainsabout25%
of thevariation),whereastheinfluenceof thesecondchangein
slow-start (initial window of two segments(G)) is negligible.
Theproblemof overshootingtheavailablebandwidthin theini-
tial slow-starthasalsobeenrecognizedbyotherresearchers,and
sincethereleaseof TCPVegas,a numberof papersaddressing
thisproblemhave beenpublished[15][3]. By reducingthelike-
lihood of timeoutsin slow-start,congestiondetectionalsosuc-
ceedsto reducethe numberof retransmissions.The 27 exper-
imentshows thatnearly50%of thevariationcanbeexplained
with it. Interestingly, algorithm(G), which is responsiblefor
3% of the variation, increasesthe numberof retransmissions.
Therefore,initializing thesizeof thecongestionwindow to two
segmentsmaybetooaggressive.

TABLE IX

RETRANSM ISSIONS [KB] (HIGH BACKGROUND TRAFFIC).

TCPReno TCPVegas
Effect Percentage Effect Percentage

q of variation q of variation

mean 120
 84 144
 02
ss 2 
 55 1 
 09 5 
 58 3 
 45
ca � 2 
 21 0 
 81 � 1 
 84a 0 
 37
rec � 4 
 79 3 
 83 � 6 
 31 4 
 41
ssca 1 
 41a 0 
 33 1 
 45a 0 
 23
ss rec � 3 
 24 1 
 75 � 3 
 22 1 
 14
ca rec 0 
 25a 0 
 01 � 0 
 24a 0 
 01
ssca rec 0 
 97a 0 
 16 � 0 
 26a 0 
 01
error 92
 02 90
 39
90% 1 
 52 1 
 85

aNot significant.

TABLE X

AVERAGE THROUGHPUT [KB/S] (WAN SCENARIO).

Backgroundtraffic
Reno Vegas

Reno 15.2 14.7
Vegas 18.6 16.4

In thehigh backgroundtraffic scenario,thechangesin slow-
starthavevirtually noeffect. Thediscrepancy betweentheeffec-
tivenessof thesechangesfor the low andthe high background
traffic scenariosis surprisingandwarrantsa closerinspection.
For this purpose,we repeatedour simulationsfor a WAN sce-
nario. The topologyfor the WAN scenariois identical to the
onedescribedin SectionIV-B; thedelayof thebottlenecklink
is 400ms,its bandwidthis 1.5Mbit/s,andthesizeof therouter
queuesis 50 segments. We simulatehigh backgroundtraffic
(with a connectioninter-arrival time of 0.03s). TableX shows
the throughputachieved by TCP Renoand TCP Vegas in the
WAN scenario.We notethattheperformanceimprovementsby
TCPVegasarelesspronounced(10–20%)thanfor theoriginal
topology. TableXI lists the influenceof the threephasesand
their interactionson TCP Vegas’s throughput. It is interesting
to notethat thechangesin slow-startnegatively affect through-
put. Thisobservationimpliesthatin caseswith highbackground
traffic, TCPVegas’ssensingof incipientcongestionin slow-start
andswitchingto congestionavoidanceis too conservative and
that the performanceimprovements(comparedto TCP Reno)
mustall be attributedto the changesin recovery (seebelow).
Whenexaminingtheamountof retransmitteddatafor theWAN
scenario,we find that theslow-startchangesdo not help to de-
creasethenumberof retransmissions,either.

D.2 Recovery

Thechangesin recoveryhave thelargesteffectonthroughput
(exceptfor thecaseof low TCPRenobackgroundtraffic, where
the slow-startchangesare slightly more effective). One may
suspectthat TCP Vegas’s more aggressive fast retransmission



TABLE XI

THROUGHPUT [KB/S] (WAN SCENARIO).

TCPReno TCPVegas
Effect Percentage Effect Percentage

q of variation q of variation

mean 17
 96 16
 26
ss � 2 
 87 12
 31 � 1 
 54 4 
 61
ca � 0 
 19a 0 
 05 � 0 
 63 0 
 78
rec 4 
 80 34
 29 3 
 25 20
 53
ss ca 0 
 39 0 
 22 0 
 05a 0 
 00
ss rec � 1 
 74 4 
 52 � 0 
 90 1 
 59
ca rec 0 
 30a 0 
 13 0 
 16a 0 
 05
ss ca rec 0 
 01a 0 
 00 � 0 
 20a 0 
 08
error 48
 48 72
 36
90% 0 
 37 0 
 40

aNot significant.

policy (C) is mainly responsiblefor the gain in performance.
However, theevaluationof the27 experimentrevealsthatin the
high backgroundtraffic case,reducingthe congestionwindow
by only 1/4 (F) hasthelargesteffect (about28%for TCPReno
backgroundtraffic andabout7% for Vegasbackgroundtraffic),
followedby theretransmissionstriggeredby ACKsfor new data
(D; Reno:9%, Vegas:2%). The influenceof themoreaggres-
sive fast retransmissionpolicy (C) is even smaller(Reno: 3%,
Vegas:2%). Algorithm (E),whichavoidsmultiplereductionsof
thecongestionwindow in recovery, hasnoeffectonthroughput.

Therearetwo reasonswhy algorithm(F) improvesTCPVe-
gas’s performance:First, shrinkingthe congestionwindow by
only 1/4 (insteadof halving it) resultsin a larger congestion
window after recovery. Second,algorithm(F) alterstherecov-
ery behavior8. By halving the congestionwindow, TCP Reno
mustwait for abouthalf anRTT until enoughduplicateACKs
have arrived to let the congestionwindow becomelarger than
the amountof datacurrentlyoutstanding.On the other hand,
TCPVegasmustwait only for about1/4of anRTT. Eventhough
algorithm(F) resultsin considerablethroughputimprovements,
it maydo soat thecostof otherconnections.For example,we
notethat(F) explains28%of thevariationin caseof high TCP
Renobackground,but only 7%in caseof highTCPVegasback-
ground.This resultseemsto indicatethatalgorithm(F) allows
Vegasto graba largershareof thebottleneckbandwidth.This
reasoningis supportedby the observation that TCPRenogen-
erally achieves lower throughputwhenrunningon TCP Vegas
backgroundtraffic (TableI). Wefind thatTCPRenoindeedsuf-
fers when competingwith TCP Vegasbackgroundtraffic and
that TCP Vegasis ableto “steal” bandwidthfrom TCP Reno.
Sincethechangesin congestionrecovery (andamongthose,al-
gorithm(F)) have thelargesteffect, they aremainlyresponsible
for thisasymmetry(or unfairness).

Algorithm (D) helpsto avoid timeoutsdue to multiple seg-
mentloss.As shown in [5], themajorityof thetimeoutsin TCP

8After thefastretransmission,thecongestionwindow is setto halfof its previ-
oussizeplusthreesegments.It is increasedby onesegmentfor everyduplicate
acknowledgment.New datacanbe sentassoonasthe sizeof the congestion
window is largerthantheamountof outstandingdata.

Renoarecausedby multiple segmentloss, therefore,changes
which help to reducethe numberof suchtimeoutsprove very
helpful. The resultsfor TCP Vegas’s fast retransmissionpol-
icy (C) supportJacobson’sargumentation[18] whoclaimedthat
the new policy most likely resultsin only a negligible perfor-
mancegain. The fact thatalgorithm(E) hasvirtually no effect
onthroughputindicatesthatthemultiplesegmentlosssituations
thatcannotberemediedby algorithm(D) canhardlybesurvived
without incurringa timeout,mostlikely becausethecongestion
window is simply too small to allow for furtherfastretransmis-
sionsto betriggered(in scenarioswith highbackgroundtraffic).

In summary, TCPVegas’s techniquesfor congestionrecovery
(in particularalgorithm(D) that addressesproblemsrelatedto
multiplesegmentloss)proveto bevery effectiveandmainlyre-
sponsiblefor theimpressive performancegainsover TCPReno
observed. Although effective, algorithm(F) may be problem-
atic in termsof fairness.We notethatTCPReno’s deficiencies
in dealingwith multiplesegmentlosshavealsobeenpointedout
by otherresearchers(e.g.,[12][15]), andin recentyearsa num-
ber of solutionshave beenproposedthat enhanceTCPReno’s
dataandcongestionrecoverymechanismsto remedytheseprob-
lems(e.g.,SACK TCP[20], or “NewReno”TCP[13], etc.).

D.3 Congestionavoidance

Ourexperimentsshow thattheprobablymostinnovativefea-
tureof TCPVegas,i.e.,its congestiondetectionmechanismdur-
ing congestionavoidance,actuallyhasthe leastinfluence. Its
influenceis even negative in the high TCP Renobackground
traffic scenario.TableXII summarizesthesefindings.It repeats
the resultsfrom Table IV and in addition shows the through-
put achieved by a versionof TCP Vegas(Vegas w/o ca) that
excludesthe congestiondetectionmechanismsin congestion
avoidance9. Thesenumberssuggestthat thecongestionavoid-
ancemechanismof TCPVegasis only rathermoderatelyeffec-
tive. Furthermore,consideringa versionof TCP Vegaswhich
merely includes the novel congestionavoidancemechanisms
(Vegasonly ca), we seeonly a minor improvementover TCP
Renofor low backgroundtraffic loadsandevenlower through-
putsin situationswith highbackgroundload.

Onewould expect TCP Vegasto performbetter(thanTCP
Reno)becauseof its congestionavoidancemechanismfor the
following reason:TCP Vegascanproactively reducethe con-
gestionwindow by small amounts(a singlesegmentat a time)
to avoid packetloss.A packetlosswould resultin a congestion
window reductionby a largeamount.So,theexpectationis that
(a numberof) smallratereductionsaffectsthroughputlessthan
therate-halvingsafterpacketloss.However, we observe in this
paper(andotherresearchsupportstheseresults[2] [5]) thatthis
hopeis in vain. Thus,theempiricalevidenceindicatesthatTCP
Vegas’s congestionavoidancemechanismis too conservative.

As far as the impact on the amountof retransmitteddata
is concerned,we find that TCP Vegas’s congestiondetection
mechanismis quitesuccessful.However, wealsonotethatboth
for low and high backgroundtraffic, other factorscontribute
moreto thereductionthanthis particularmechanism.

9Recall that TCP Vegasrefers to the correctedversiondescribedin Sec-
tion VII.



TABLE XII

AVERAGE THROUGHPUT [KB/S] PER CONNECTION.

Backgroundtraffic
low high

Reno Vegas Reno Vegas

Reno 73.4 71.8 16.1 13.0
Vegas 105.5 101.4 35.1 29.2
Vegasw/o ca 99.3 94.6 35.5 28.0
Vegasonly ca 74.5 73.4 15.3 11.3

IX. PROBLEMS OF CONGESTION AVOIDANCE

As shown in SectionVIII, theinfluenceof TCPVegas’s novel
congestionavoidancemechanismsonthroughputis atbestmod-
erate.This sectionshowsthatthismechanismmayevenexhibit
fairnessproblems.

A. Unfair treatmentof “old” connections

In congestionavoidance,TCP Vegasbegins to decreasethe
congestionwindow when the following conditionis met (β is
positive andusuallysetto 3; seeSectionVII-C for a definition
of terms): �

windowSize
baseRTT

� rt tLen
rt t � � baseRTT � β 


AssumingthatwindowSizeis equalto rttLen, thatis, thenumber
of segmentsin transit correspondsto the numberof segments
sentduring the last RTT (this assumptionis valid whenTCP
Vegasreachesequilibrium),theabove conditionis truefor

windowSize� β
1 � baseRTT

rt t



Considerthe scenariowhen a TCP Vegasconnectionis initi-
atedin an uncongestednetwork. This connection’s baseRTT1

is thusfairly closeto theminimalRTT possible.If thenetwork
becomescongestedlateron, themeasuredRTT (rt t1) increases
and thus the term baseRTT1 � rt t1 decreases.(For our simula-
tion topology, we observedfactorssmallerthan0.5.) Now, as-
sumethat a secondconnectionis started. Sincethe network
is congested,the secondconnection’s estimateof baseRTT2 is
bigger than baseRTT1, so baseRTT2 � rt t2 is also bigger than
baseRTT1 � rt t1 (assumingthatrt t1 � rt t2). This impliesthatthe
critical valueof windowSize, whichwouldtriggerareductionof
thecongestionwindow size,is biggerfor thesecondconnection
thanfor thefirst connection.Therefore,thesecondconnection
canachieve higherbandwidthsthanthe first (“older”) connec-
tion.

Figure2 illustratesthis fairnessproblemof TCPVegas’s con-
gestionavoidancemechanism.Thegraphshowsthecongestion
window sizesof five staggeredconnections.The connections
shareabottleneckandarestartedin onesecondintervals10. The
first connectionreactsthemostto thecongestioncausedby the
other connections,and in equilibrium, its congestionwindow

10Theconnectionsrunoverthetopologyshown in SectionIV-B; oneachside,
threehostsareadded;thesizeof therouterqueuesaresetto 25 segments.

Fig.2. Connectionssharingbottleneck.

is the smallest.On the otherhand,the connectionstartedlast
achievesthelargestcongestionwindow andthusgetsthelargest
shareof thebottleneckbandwidth.(Thesizeof thecongestion
window of the secondconnectionis identicalto theoneof the
first connectionin equilibrium.) Note that the sizeof the con-
gestionwindow of thefirst connectionat t � 3s correspondsto
thesizeof thecongestionwindow of thelastconnectionduring
equilibrium. However, whereasthefirst connectionis forcedto
reduceits congestionwindow att � 3s, later, thelastconnection
doesnot have to adjustits window size.

Thealgorithmthattriggerstheincreaseof thecongestionwin-
dow suffersfrom a similarproblem.Thecongestionwindow is
increasedwhenthe following conditionholds(α is usuallyset
to 1):

windowSize� α
1 � baseRTT

rt t



Sincethetermontheright sideis biggerfor aconnectionA, ini-
tiatedin ancongestednetwork,thanfor aconnectionB, initiated
while thenetworkwasuncongested,theconditionis morelikely
to be fulfilled for type A connectionsthanfor type B connec-
tions. Again, this meansthatconnectionsof typeA canobtain
anunfairshareof thelink bandwidth.

NotethatTCPReno’scongestionavoidancestrategy maynot
guaranteefairness,either. However, sinceevery connectionsuf-
ferssomelossesfrom time to time (dueto self-inducedpacket
loss), thereis at leasta chancefor otherconnectionsto catch
up. This maynot bethecasefor TCPVegas,sinceTCPVegas
specificallytriesto preventtheself-inducedlosses.

B. Persistentcongestion

In additionto the problemdiscussedin SectionIX-A, there
areconcernsaboutTCPVegasbehavior in situationswith per-
sistentcongestion[11]. In sucha situation,a TCPVegascon-
nectionoverestimatesbaseRTTandalthoughit believesthat it
hasbetweenα andβ segmentsin transit, in fact, it hasmany
moresegmentsin transit.A detaileddescriptionof theproblem
is givenin [21].

C. Discussion

Therehave beensuggestionsto overcomethe problemde-
scribedin SectionsIX-B by settingbaseRTTto a biggervalue



in caseof persistentcongestion(e.g., [21]). The problemin
SectionIX-A maybeovercomein a similar way. Althoughre-
settingbaseRTTmaybeanadequatemeasurein caseof routing
changes,wherethe minimum RTT indeedmaybecomelarger,
it is not an adequatework-aroundfor the two problemcases
described,sincebaseRTTis by definition “the RTT of a seg-
mentwhentheconnectionis not congested”[6][8]. So,setting
baseRTTto abiggervaluethantheminimummeasuredRTT vi-
olatesthisdefinitionandcompromisesthecongestionavoidance
mechanism’s theoreticalfoundation.

X. CONCLUSIONS

Our evaluationof TCPVegasconfirmedthe resultsreported
by previous work [6][1] which showed that TCP Vegas can
achieve significantlyhigherthroughputsthanTCPReno.In ad-
dition to previouswork, our in-depthanalysisof TCPVegasal-
lows us to determinethe effect of the variousalgorithmsand
mechanismsproposedby theinventorsof TCPVegasonperfor-
mance.

Our experiment shows that TCP Vegas’s techniquesfor
slow-startandcongestionrecovery have the mostinfluenceon
throughputas they areable to avoid timeoutsdue to multiple
segmentloss.Therefore,TCPVegasseemsto bequitesuccess-
ful in overcominga well-known problemof TCPReno. How-
ever, TCPVegas’smostinnovativefeature,thatis, its congestion
detectionmechanismduringcongestionavoidance,hasonly mi-
nor or evennegative effect on throughput.Moreover, we found
thatthecongestionavoidancemechanismmayexhibit problems
relatedto fairnessamongcompetingconnections.As a conse-
quence,for a conclusive comparative evaluationof TCPVegas
andTCPReno,onemustcomparetheeffectivenessof Vegas’s
techniquesfor slow-startandcongestionrecovery to the effec-
tivenessof similar enhancementsto TCPReno.We limited the
discussionto a scenariothathasbeeninvestigatedby thedevel-
opersof TCPVegas;differentscenariosmaystill deservefurther
investigations.

Transportprotocolssuch as TCP incorporatea numberof
complex algorithms(e.g.,for congestioncontrol,datarecovery,
etc.) whoseeffectson performanceandwhoseinteractionsare
often not clearly understood.Our approachof a factor analy-
sisallowedusto shedsomelight on theeffectivenessof various
algorithmsof sucha protocolandon the interactionsof these
algorithms.Wewantto encouragefutureprotocoldevelopersto
decomposedesignand implementationearly on to allow such
performanceanalysisandexperimentation.
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