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Abstract— The innovative techniquesof TCP Vegashave beenthe sub-
ject of much debatein recentyears. Severalstudieshavereportedthat TCP
Vegasprovides better performance than TCP Reno. However, the ques-
tion which of the new techniquesare responsiblefor the impressiveper-
formance gainsremainsunanswesed sofar. This paper presentsa detailed
performanceevaluationof TCP Vegas.By decomposingl CP Vegasinto the
various novelmechanismsproposedand assessinghe effectof eachof these
mechanismson performance,we showthat the reported performancegains
are achievedprimarily by TCP Vegassnew techniquesfor slow-start and
congestionrecovery TCP Vegassinnovative congestionavoidancemecha-
nism is shownto have only a minor influenceon thr oughput. Furthermor e,
we find that the congestionavoidance mechanismexhibits fairness prob-
lems evenif all competing connectionsoperate with the sameround trip
time.
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|. INTRODUCTION

TCP Vegasis a new designfor TCP that was introduced
by Brakmoet al. [6][8]. TCP Vegasincludesa modified re-
transmissiorstratgy (comparedo TCP Reno)thatis basedn
fine-grainedneasurementsf theround-triptime (RTT) aswell
asnew mechanismgor congestiordetectionduring slow-start
andcongestioravoidance.The innovative techniquegproposed
in [6][8], aswell astheimpressie performancgains(compared
to TCPReno)reported6][1], have beenthesubjeciof muchde-
batein recentyears.This papertakesa freshlook atthe design
of TCP Vegasandattemptdo shedlight ontheadwantagegand
disadantagespf theinnovationsintroducedby TCP Vegas.

TCP Renos congestiondetectionand control mechanisms
usethe lossof sggmentsasa signalthat thereis congestionin
thenetwork[17]. TCP Renohasthereforeno mechanisnto de-
tectthe incipient stagesof congestiorbeforelossesoccurand
hencecannotprevent suchlosses.Thus, TCP Renois reactive
asit needdo creatdossedo find the availablebandwidthof the
connection.On the contrary TCP Vegass congestiordetection
mechanisnis proactive thatis, it triesto sensencipientconges-
tion by observingchangeén thethroughputate. SinceTCP Ve-
gasinfersthe congestiorwindow adjustmenpolicy from such
throughputmeasurementd, may be ableto reducethe sending
ratebeforethe connectiorexperiencesosses.
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SinceTCP Vegasis essentiallya combinationof several dif-
ferenttechniqueseachevoking considerableontrosersyonits
own, muchof previouswork eitherconcentrate@n discussing
and evaluatinga particularmechanisnin isolation or tried to
characterizeéhe overall behaior of TCP Vegas. The question,
however, which of the techniquedncorporatedn TCP Vegas
areresponsibldor the performancegainsreportedin [6][8][1],
remainsunansweredofar. To answetthis questionwe decom-
poseTCP Vegasinto its individual algorithmsand assesshe
effect of eachof thesealgorithmson performance.

Thepapetis organizedasfollows: Sectionll presentshevar
iousenhancementsf TCP Vegas. Relatedwork is reviewedin
Sectionlll. SectionlV describeghe simulationernvironment
usedfor our experiments.SectionV providesthe basisfor our
detailedevaluationby quantifyingthespeedumchievedby TCP
Vegas(over TCP Reno). The techniquesncorporatedoy TCP
Vegasarelistedin SectionVIl, andsomeproblemsin their im-
plementatiorarediscussedh SectionVIl. SectionVIIl presents
the detailedresultson how the variousalgorithmsaffect overall
performanceFinally, SectionlX discusseshefairnessof TCP
Vegass congestioravoidancemechanism.

Il. TCPVEGAS

According to the publishedpapersthat describeTCP Ve-
gas[6][8], TCP Vegasdiffersfrom TCP Renoasfollows:
Newretransmissionmechanism: TCPVegasintroduceghree
changeghat affect TCP’s (fast) retransmissiorstratgy. First,
TCPVegasmeasuretheRTT for every sggmentsent. Themea-
surementsare basedon fine-grainedclock values. Using the
fine-grainedRTT measurements,timeoutperiodfor eachsey-
mentis computed.Whena duplicateacknavliedgement{ACK)
is receved, TCP Vegascheckswhetherthe timeoutperiodhas
expired. If so,the sgmentis retransmittel Secondwhena
non-duplicateACK thatis thefirst or secondaftera fastretrans-
missionis receved, TCP Vegasagainchecksfor the expiration
of thetimerandmayretransmitanotherseggment.Third, in case
of multiple sggmentlossandmorethanonefastretransmission,
the congestiorwindow is reducedonly for thefirst fastretrans-
mission.

Congestionavoidancemechanism: TCP Vegasdoesnot con-
tinually increasethe congestionwindow during congestion
avoidance. Instead,it tries to detectincipient congestionby
comparingthe measuredhroughputto its notion of expected

1SinceTCPVegasnaytriggerafastretransmissionn thefirst duplicateACK
(TCP Renowaits for threeduplicateACKs), we will—merely for the sakeof
brevity—referto this particularalgorithmin TCPVegasasthe“more aggressie
retransmissiostrategy”.



throughput. The congestiorwindow is increasednly if these
two valuesareclose,thatis, if thereis enoughnetworkcapac-
ity so that the expectedthroughputcan actually be achieved.

The congestiorwindow is reducedf the measuredhroughput
is considerablyower thanthe expectedthroughputihis condi-

tion is takenasa signfor incipientcongestion.

Modified slow-start mechanism: A similar congestiordetec-
tion mechanisms appliedduring slow-startto decidewhento

changeto the congestioravoidancephase.To have valid com-

parisonsof the expectedandthe actualthroughputthe conges-
tion window is allowedto grow only every otherRTT.

In [8], anadditionalalgorithmis presentedwhichtriesto in-
fer available bandwidthduring slow-startfrom ACK spacing.
However, this algorithmwas markedexperimental,andit was
not usedin the evaluationof TCP Vegas. (Hence,we alsoex-
cludedit from ourevaluation.)

Both[6] and[8] reportbetweerB7 and71%betterthroughput
for TCP Vegason the Internet,with one-fifthto one-halfof the
losses Simulationonfirmthesaneasurementshey alsoshav
thatVegasdoesnotadwerselyaffect TCPRenosthroughputand
that TCPVegasis notlessfair thanTCP Reno.

I1l. RELATED WORK

TCP Vegass new techniquedor congestioravoidance their
effect on TCP performanceand TCP Vegass behaior in the
presencef competingT CP Renoconnection$iave beeninves-
tigatedby previousresearchersWe now give a shortovervien
of this earlierwork.

Ahn etal. [1] performedsomelive Internetexperimentswith
TCPVegas.They report4—20%speedup$or transferdo a TCP
Renorecever and300%speedup$or transfergo a TCP Tahoe
recever. For bothscenariosTCP Vegasis foundto retransmit
fewer sggmentsandto have lower RTT averageand variance.
Experimentsn a WAN emulatorwith varying degreesof either
TCPRenoor TCPVegasbackgroundraffic revealthatTCP Ve-
gasachieres higherthroughputdor high congestionwhereas
TCP RenooutperformsTCP Vegasin the caseof low conges-
tion.

With a fluid modelandsimulations Mo et al. [21] shav that
TCP Vegas,asopposedo TCP Reno,is hot biasedagainstcon-
nectionswith long delays,andthat TCP Vegasdoesnot receve
a fair shareof bandwidthin the presencesf a TCP Renocon-
nection.

Hasgawva et al. [14] usean analyticalmodelto derive that
TCP Vegass congestionavoidancemechanisnis more stable
thanthe oneof TCP Reno,thatis, the congestiorwindow of a
TCPVegasconnectiormaycorvergeto afixedvalue.However,
they alsofind that the mechanismsometimedails to achieve
fairnessamong several connectionswith different round-trip
times.

With the help of a WAN emulatorsimulatinga satellitelink,
Zhanget al. [22] study the performanceof various TCP ver
sionsover long-delaylinks. TCP Vegasachievesonly half the
throughpuof TCP Tahoeor TCP Reno.However, it retransmits
muchlessthanotherTCPvariants.

Ahn etal. [2] introducea new techniqueto speedupsimula-
tion of high-speedwide-aregpacketnetworks. The evaluation
sectionpresentghe resultsof runninga “stripped-davn” ver

sionof TCP Vegas,whichincludesonly its congestiordetection
andwindow adjustmenschemegpver a gigabitnetwork. In the
experiments,TCP Vegasachievesonly half of thethroughpubf
TCPReno.

Sucha restrictedversionof TCP Vegasis alsoevaluatedby
Bolliger et al. [5]; severalvariantsof TCP areimplementedas
userlevel protocolsandevaluatedin the Internet. TCP Vegas
is shawvn to causefewer timeoutsdueto multiple segmentloss
than TCP Reno. On the otherhand, TCP Vegassuffers more
“non-trigger” timeoutsthan TCP Reno. Non-triggertimeouts
reflectmissedopportunitesto enterrecavery. In thisstudy TCP
Vegass throughputs slightly worsethanTCP Renos.

Danzigetal. [10] evaluatea pre-releasgersionof TCPVegas
whichdid notincludeVegass new congestioravoidancemech-
anism. Sincethe authorscannotreproducethe claims made
in [6], they concludethatit is indeed TCP Vegass newv con-
gestionavoidancemechanisnthatis responsibldor the perfor
mancemprovementaotedin [6].

Thelastthreereportsarecontradictory;[2][5] mayleadto the
conclusionthat TCP Vegass new behaior during congestion
avoidancehasa nggative influenceon throughputwhereag10]
suggestshatit hasa positiveinfluence.Unfortunatelyresearch
shaving throughpuimprovementgor TCP Vegashasfailed to
shav which of TCP Vegass new algorithmsis responsiblgo
what degreefor the reportedspeedups.This papertries to ad-
dressthis issuebasedon simulations. Beforeturningto a de-
tailedevaluationof the effectsof individualmechanismgresent
in TCP Vegas, the following sectionsintroducethe simulation
ervironmentand presentan initial performanceevaluation of
TCP Reno and TCP Vegas which validatesthe experimental
setup.

IV. SIMULATION ENVIRONMENT

This sectiondescribeshesimulationervironmentusedto 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 ervironment,actualx-kernelpro-
tocol implementationsun on a simulatednetwork. Our choice
of x-sim is basedon the following two obsenations: First, the
evaluationdn theoriginalpaperghatdescribel CPVegas|6][8]
arealsoperformedvith x-sim. Thisfactgivesusconfidencehat
ourresultsarenot biasedoy usinga differentimplementatiorof
TCP Vegas. Secondwe wantto evaluateanimplementatiorof
TCP Vegashbasedn productioncode. This requirements ful-
filled by x-sim sinceits implementatiorof TCP Renois directly
derivedfrom the BSD implementatiorof TCP Reno.

Wemadetwo changeso theoriginalimplementationsf TCP
Renoand TCP Vegasprovided in the x-kernel. Both of these
changeswere proposedn a paperfrom the inventorsof TCP
Vegas[7] andhave alsobeenappliedto the currentTCP Reno
releasesf FreeBSDandNetBSD.Thechangesncludea modi-
ficationto thealgorithmfor computingtheretransmissiotime-
outvalue(seediscussiorbelow) andafix of thecheckto reduce
thecongestiorwindow uponleaving fastrecovery.



H1 H3
m 200Kbytes/secm
BV soms\ B2
H2 H4
Ethernet Ethernet
Fig. 1. Networktopologyfor simulations.
B. Topology

For our experiments we emulatethe topology presentedn
Figurel. To ensurehattheresultsof our experimentsaarecom-
parableto thoseof previous work, we choseexactly the same
topologyasin the original Vegaspaper[6]. For the samerea-
son,thesggmentsizeuseds 1.4KB, therouterqueuesizeis ten
segments,andthe routerqueuingdisciplineis FIFO. However,
to preventary non-congestion-relatadfluencen theconges-
tion window, we choselarger senderandrecever buffer sizes
(i.e., 128KB insteadof 50KB) for the TCP hosts. The TCP
receversdo not employdelayedacknavledgmentssince TCP
Vegass congestioretectiormechanismeactdo changedn the
RTT, delayedacknavledgmentscould affect the performance
severely asshavnin [1].

We validatedboththe simulatorandthe networktopologyby
repeatingsomeof the experimentsfrom [6][8]. Our versionof
TCP Reno performsslightly worsethan the original version;
this differenceis dueto the more conserative computationof
the timeoutvalue (RTO), thatis, the RTO is computedas the
smoothedRTT plus four timesthe RTT variation (asproposed
in [17]) insteadof only plus two timesthe RTT variation (as
proposedn anearlierversionof [17])2.

V. PERFORMANCE EVALUATION

To gain someinsight on the performanceof TCP Vegas,we
simulatea transferof 1MB of datafrom hostH1 to hostH3
for varying degreesandtypesof backgroundraffic. Theback-
groundtraffic, which flows from hostH2 to hostH4, is gener
atedby TRAFFIC,anx-kernelprotocolwhich simulatednternet
traffic andwhichis basedntcplib [9]. Eachtypeof experiment
is run fifty times. Tablesl andll presentheresultsfrom these
experiments.n the caseof low backgroundraffic, TRAFFIC’s
connectioninter-arrival time is 0.1s,for high backgroundraf-
fic, it is 0.03s. With regardto throughput, TCP Vegasoutper
forms TCP Renoin eachof the four scenarioswith improve-
mentsrangingfrom 40% up to 120%. Moreover, TCP Vegas
retransmitdetweer6% and65%lessdatathanTCP Reno.

Theseresultsconfirmotherresearchhatreportspartially im-
pressie improvementsand fewer retransmissionfor TCP Ve-
gas.Tablesl andll sene asstartingpoint for our moredetailed

’NotethatTCP Vegassfine-grainedimeoutvaluesarecomputedvith theal-
gorithmproposedn theearlierversionof [17]. Also notethat TCP Vegasstarts
theretransmissiotimer for a segmenassoonasit is sent,whereasT CP Reno
startsthe timer for a segmenbnly whenthe segmenprecedingt is acknawl-
edged.

TABLE |
AVERAGE THROUGHPUT [KB/S] PER CONNECTION.

Backgroundraffic
low high
Reno| Vegas | Reno| Vegas
Reno 734 724\ 16.1| 13.3
Vegas || 105.5| 101.4| 35.1| 29.2
TABLE i

AVERAGE RETRANSMISSIONS[KB] PER CONNECTION.

Backgroundraffic

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 the performancemplicationsof the individual al-
gorithmsincorporatedn TCP Vegas.

VI. ALGORITHMSIN TCP VEGAS

For the evaluationof the algorithms we takethe approachof
a 2K factorial designwith replications[19]. This methodology
allows usto determingheeffect of k factors,eachof themhav-
ing two levels. In the caseof TCP Vegas,thesefactorsarethe
differentalgorithms aspresentedh Sectionll. Thefactorlevels
are“on” and“off”; they indicatewhetherthe TCP Vegasalgo-
rithmis used(“on”) or whetherthealgorithmis turned“off”, so
thatthedefaultTCP Renobehaior is used.

A 2 factorial designrequiresthat eachof the factors(algo-
rithms) can be independentljturnedon or off. Therefore,we
first hadto modify the TCP Vegassourcecodeto separatehe
variousalgorithmsfrom eachotherandto allow eachof the al-
gorithmsto be selectabléndividually. Thesechangesequireda
closeinspectionof the sourcecode. This inspectionrevealed
that TCP Vegas containssomemore changesabove the ones
mentionedin [6][8]. The completelist of algorithmsthat are
new in TCP Vegasis presentedn the following. Algorithms
and changeqA)—(E) arediscussedn [6][8] and have already
beendescribedn Sectionll, whereaschangeqF)—(J)are not
mentionedn [6][8].

. Congestiordetectionduring slow-start;

. Congestiordetectionduringcongestioravoidance;

. More aggressie fastretransmitmechanism;

. Additional retransmissionor non-duplicateéACKs;

E. Preventionof multiple reductionof the congestiorwindow
in caseof multiple sgmentloss;

F. Reductionof the congestiorwindow by only 1/4 afterare-
covery (insteadof halvingit asin the caseof TCPReno¥;

G. A congestiorwindow sizeof two segmentsat initialization
and after a timeout (TCP Renosetsthe size of the congestion
window to onesggmentin thesesituation$);

A
B
C
D

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

4For TCP Reno,an initial congestiorwindow size of two segment$hasre-
centlybeenallowed[4].



H. Burstavoidancelimits the numberof sggmentsthatcanbe
sentat once(thatis, back-to-back}o threesegments;
I. The congestiorwindow is not increasedf the sendetis not
ableto keepup, thatis, the differencebetweenthe size of the
congestiorwindow andtheamountof outstandinglatais larger
thantwo maximum-sizedgegments;
J. Spikesuppressiotimits the outputrateto at mosttwice the
currentrate.(This algorithmis turnedoff by default.)
Whenseparatinghe algorithmsfrom eachother we keptthe
necessargodechangego a minimumto avoid ary behaioral
differencedetweertheoriginalandourimplementatiorof TCP
Vegas. We validatedour implementatiorby making surethat
our versionof TCP Vegaswith all algorithmsturned off pro-
ducesthe sameresultsasthe TCP Renoimplementation.Sim-
ilarly, we checkedhatour versionof TCP Vegaswith all algo-
rithmsturnedon andtheoriginal implementatiorof TCP Vegas
achieve identicalthroughputs.

VIl. DEVIATIONS FROM SPECIFICATION

SectionVI listed somechangedo TCP Renothat were not
identifiedbefore. In addition,our inspectionof the sourcecode
of TCP Vegasandits evaluationalso revealedsomescenarios
in which the TCP Vegasimplementatiordoesnot quite achieve
whatwasintendedand/ordescribedby the authorsin the origi-
nal paperd6][8].

A. Timeoutbehavior

In slow-startand congestionavoidance, TCP Vegas checks
onceevery RTT whetherit mustmodify its stratgy for updat-
ing the congestiorwindow. In slow-start,it checkswhetherit
mustgive up theexponentialopeningof the congestiorwindow
and switchto congestioravoidance. In congestioravoidance,
it checkswhetherthecongestiorwindow mustbeincreasedin-
early mustbe held constanduringthe next RTT, or whetherit
mustimmediatelybereducedy onesegment.In caseof atime-
out during congestioravoidance,the releasedversionof TCP
Vegasfails to immediatelyfall backto exponentialopening(as
would be appropriatefor a slow-start), insteadthe window is
openeddnly linearly. In theworstcasethis conserative open-
ing prevails until all the datasentbeforethe timeoutis finally
acknavledged,that is, possiblyfor several RTTs. We altered
TCP Vegasto immediatelychangeits stratgy for updatingthe
congestiorwindow in caseof atimeout.

B. ResebfbaseRT

Whenexecutingthe checkmentionedabove, TCP Vegasre-
setsbaseRTTif only onesgmenthasbeentransmittecduring
the last RTT. With the help of this reset, TCP Vegas may be
ableto copewith routingchangesvhich increasgéhe minimum
RTT. Since TCP Vegas employsa minimum size of two seg-
mentsfor the congestionwindow, this resetis triggeredonly
whenthe sendetis not ableto keepup or hasno datato send.

In rarecasesthisresetcanresultin settingbaseRTTo avery
smallvaluethatis unrelatedo the currentnetworkconditions.
Sincethereareno routing changesn our simulationandsince

SpaseRTTs usedor computingheexpectedhroughput Accordingto [6][8],
baseRTTdenoteghe RTT of a segmentvhenthe connectioris not congested.
In practice baseRTTeflectsthe minimumof all measuredRTTs.

TABLE llI
SCENARIO FOR VIOLATED INVARIANTS.

Event Eq.3 | Eq.4 | beg_seq| sndnxt | snduna
5 10 5
timeout 5 5 5
send5&6 5 7 5
9is acked -2 2 7 10 10
send10-12 7 13 10
10is acked 3 6 13 13 11

our senderalwayshassomedatato send,we disabledhe piece
of coderesettingpaseRTTor our evaluations.

C. Molation of invariant

In congestioravoidance, TCP Vegass congestiordetection
schemechecksevery RTT whethernetwork conditions have
changeanougho evokeachangen thecongestiorwindow ad-
justmentpolicy. To decidewhetherandhow the sizeof thecon-
gestionwindow shouldbe adjusted,TCP Vegas compareghe
expectedthroughputto the measuredctualthroughput{6][8].
The expectedthroughputis computedas

windowsSize

expeded= baseRT '’

1)
wherewindowSizds the numberof bytescurrentlyin transit.

Theactualthroughpuis computedas

rttLen
acual = ,
rtt

(2)

whererttLenreflectsthe numberof bytestransmittecdduringthe
last RTT andrtt is the averageRTT of the sggmentsacknavl-
edgedduringthelastRTT.
In the releasedl CP VegasimplementationwindowSizethe
numeratoof Eq.(1),is computedas
snd.nxt — snd.una+ min(maxsg — acked 0), 6

3)

wheremaxsg is the maximumsegmentsize,andadced is the
numberof bytesacknavledgedby thelastACK. rttLen, the nu-
meratorof Eq.(2),is determinedn thefollowing way:

sndnxt — beg_seq (4)

where beg_seq is the value of sndnxt during the previous

computationof actual and expected An acknavledgmentfor

beay_seqtriggerscomputatiorof actualandexpected
Accordingto [6][8], thefollowing invariantmusthold:

expeded > adual. (5)
Tablelll shavs how this invariantcanbe violatedin caseof
atimeoutdueto asingleloss. Thetablegivesatime sequence
of eventsthatleadto two violationsof the invariant. For each
event,thevaluesof sndnxt, snduna andbeg_segaredisplayed
afterthateventhasbeenprocessedrheorderingof thecolumns

6sndnxt and snduna designatevariablesfrom the BSD implementationof
TCPandindicatethe nextsegmento be sentresp.to beacknavledged.



(from left to right) is identicalto theorderin whichthevariables
areupdatedesp.in whichtheequationsarecomputedThetwo
ACKsarriving afterthetimeoutbothtriggertherecalculatiorof
actualandexpectedandin both caseghe invariantis violated,
thatis, expecteds smallerthanactual (assumingoaseRT =
rtt).

Thefirst violation is the consequencef a “large ACK” that
acknavledgesmorethanonesegment.To remedythis problem,
we omittedthe lastterm of Eq.(3)in the TCP Vegasimplemen-
tation usedfor our study The secondviolation is causedby
computingthe actualbandwidthover datasentmore thanone
RTT ago. We fixedthis problemby resettingoeg_seqin caseof
anACK acknavledgingdatasentbeforeatimeout.In this way,
the computationof the actualbandwidthwill not include data
sentbeforethetimeout.

D. Discussion

How do thesefixes affect the performanceof TCP Vegas?
First, the fix mentionedn SectionVII-A may effect a change
to betterperformancebecausé allows the congestiorwindow
to openappropriatelyfastin slow-start, that is, fasterthan if
the sendemwould erroneouslycontinueto adjustthe congestion
window sizeaccordingo the congestioravoidancestrateyy.

Second,in congestionavoidance,the following condition
musthold if the congestiorwindow is to be opened(a is posi-
tiveandusuallysetto 1):

(expeded—adual) x baseRT < a (6)
If theinvariantof TCP Vegasis violated,thedifferencebetween
expectedandactualis negative, thatis, inequation6) holdsand
thecongestiorwindow sizemayerroneoushpeincreasedThis
actionmayresultin amoreaggressie window openingthanin-
tended.Thereforepy fixing the problemof a violatedinvariant,
we expectTCP Vegasto becomdessaggressie.

TableslV andV repeatthe resultsfrom Tablesl andll, and
additionally shav the resultsfor the TCP Vegas versionthat
incorporateghe fixes mentioned(called TCP Vegas’). Note
that for the TCP Renoand TCP Vegas’ experiments(first and
third row of TableslV andV), we usedTCP Vegas’ asback-
groundtraffic. (Thisis the reasonwhy the resultsfor the TCP
Reno experimentsdiffer slightly from thosepresentedn Ta-
blesl andll.) For the TCP Vegasexperimentg(secondrow of
TableslV andV), the unmodifiedTCP Vegaswasusedbothas
foregroundandasbackgroundraffic.

Thefixesresultin slightly lowerthroughpuftfor all four cases
andin slightly moreretransmissioni threeof the four cases.
Overall, TCP Vegas’ achieves similar performancevhencom-
paredto theoriginal version.For therestof this papertheterm
TCP Vegasis usedto referto TCPVegas'.

VIII. INFLUENCE OF VARIOUS ALGORITHMS
A. Reductiorof compleity

As summarizedn SectionVI, TCPVegasemploystenaddi-
tional algorithmsover TCP Reno. A complete2Xr factorial de-
signrequireghateachpossiblecombinatiorof thek = 10algo-
rithmsis choserandthatthe experimentdescribedn SectionV
is runr timesfor a specificsetup19]. This methodologywould

TABLE IV
AVERAGE THROUGHPUT [KB/S] PER CONNECTION.

Backgroundraffic
low high
Reno| Vegas(’) | Reno| Vegas()
Reno 73.4 718| 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 RETRANSMISSIONS[KB] PER CONNECTION.

Backgroundraffic
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 quantifythe effect of eachindividual algorithmand
the effects of all possibleinteractionsof the algorithms. For
k = 10 algorithms the experimentwould resultin 21°— 1 pos-
sible effects,mostof thembeingprobablyrathersmall’. To re-
ducecompleity andincreasehe“expressveness’of ourexper
iments,we clusteredhealgorithmsinto threegroupsaccording
to the phasethey affect (i.e., slow-start,congestioravoidance,
andrecovery), andsetup a 2¢r factorial designwith thek = 3
phasesachrepresenting factor The factor levels “on” and
“off” meanthat eitherall the algorithmsaffecting a particular
phaseareturnedon or thatall of themareturnedoff. This de-
sign reduceghe possiblefactorsandthe interactionof factors
affecting the performanceio 22 — 1 = 7. The algorithmshave
beenclusteredasfollows:

Slow-start: Congestiondetection(algorithm (A) presentedn
SectionVI), andcongestiorwindow sizeof two sggmentyG).
Congestionavoidance: CongestiordetectionB).
Congestionrecovery: More aggressie fast retransmission
stratgy (C), retransmissionponACK for new data(D), reduc-
tion of congestiomindow by 1/4 (F), andavoidanceof multiple
reductionf congestiorwindow (E).
(Thealgorithms‘burstavoidance”(H), “no congestiorwindow
increases’(l), and “spike suppression’{J) are alwaysturned
off.)

Eachof the 23 experimentds repeated = 50 times. We de-
terminedthe effect of the algorithmsin the threephasesn the
throughpuif TCPVegasandon the numberof retransmissions
by applyingthe methodologydescribedn [19].

B. Resultdor throughput

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

Y = Omeant Oss' Xss+ Oca* Xca+ Orec: Xrec+

“We conducteduchanexperimenandfoundthattheinfluenceof mostcom-
binationswasindeedsmallerthan1%.



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

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

TCPReno TCPVegas TCPReno TCPVegas
Effect | Percentage|| Effect | Percentage Effect | Percentage|| Effect | Percentage

q of variation q of variation q of variation q of variation
mean 86.64 8390 mean 26.31 2097
SS 7.14 27.71 5.57 1938 SS 0.0 0.00 0.07@ 0.00
ca 2.06 2.30 2.25 3.17 ca -0.77 0.41 | -0.69 0.42
rec 6.64 2398 6.68 2791 rec 9.65 65.22 7.96 55.78
ssca 0178 0.02 0.46° 0.13 ssca 0.52 0.19 0.90 0.72
ssrec 1.09 0.65 0.95 0.56 ssrec —0.96 0.64 || —0.79 0.55
carec 0.64 0.22 0.4 0.10 carec -0.53 0.19 || —0.342 0.10
sscarec || —0.68 0.25 | -061 0.24 sscarec 0.33* 0.07 0.372 0.12
error 44.88 4850 error 3327 4230
90% 0.59 0.57 90% 0.45 0.45

2Not significant.

Ossca' Xss* Xcat---+

Oss.ca_rec Xss* Xca * Xrec,

wherey; is 1 if all the algorithmsin phase areturnedon and
—1if they areturnedoff (ss slow-start,ca congestioravoid-
ance,rec recorery), g; is the effect of the algorithmsin phase
i, gi_j indicatesthe effect of the interactionsbetweerthe algo-
rithmsin phases andj (similarfor ¢_j i), andgmeanis themean
throughpuf all experiments.

TableVI presentghe resultsfor low TCP Renobackground
traffic andfor low TCP Vegasbackgroundraffic. Thetablere-
ports the meanthroughputfor all 2“r = 400 experimentsand
the effectsq of all factorsandtheir interactionson the (mean)
throughput.We cancomputethe averagethroughputy, for ex-
ample,for the configurationwhereall the algorithmsin slow-
startand congestioravoidanceare turnedon andall the algo-
rithms in recovery are turned off, and TCP Renois usedfor
backgroundraffic asfollows:

y = 8664+7.14-1+206-1+6.64-—1+
017-1-1+1.09-1-—1+0.64-1.—1+
—0.68-1-1.—1

= 8832KB/s

The columns*“percentageof variation”in TableVI indicates
how muchof thevariationof thethroughputy canbe explained
by effect g andis thereforea measurdor the “importance”of
a factor Sincethe measurementare repeated = 50 times,
the percentageof the total variation that can be attributedto
experimentalerrors can be determined. The row “error” re-
ports this variation. Moreover, the value given in the “90%”
row allows computationof the 90% confidenceintervals for
the meanthroughputand eacheffect (e.g.,in the caseof TCP
Renobackgroundraffic, the 90% confidencenterval for gss is
7.14+ 0.59). ConfidencentervalsthatincludeO indicatethat
the particularfactor (or factor combination)is not statistically
significant.

From Table VI, we concludethat for low TCP Renoback-
groundtraffic, TCP Vegass new algorithmsin slow-starthave

2Not significant.

thelargesteffect onthroughputfollowedby the changesluring
recovery. TCPVegass congestiordetectionmechanisnduring
congestioravoidanceis responsibléor only 2% of thevariation.
Theinteractiondetweerthe phasediave only a smalleffecton
throughputor arenot statisticallysignificant.45% of the varia-
tion in throughpuis dueto experimentalerrors.

For low TCP Vegasbackgroundraffic, 28% of the variation
canbe explainedwith the modifiedalgorithmsduring recovery,
followedby the changesiuring slow-start. 3% of the variation
canbeexplainedwith thechangesluringcongestioravoidance.
Theinteractiondetweerthedifferentphasesreagainsmallor
not statisticallysignificant.Nearly half of thevariationis dueto
experimentakerror.

The datafor the high backgroundraffic scenariods given
in TableVIl. In the caseof TCP Renobackgroundraffic, the
dominanteffect is the changedbehaior during recosery. All
other effects have only small influenceand/orare statistically
not significant. Note that TCP Vegass new congestioravoid-
ancemechanismhasa (small) nggative effect on performance.
Experimentakrrorsaccountor 1/3 of thetotal variation.

The resultsfor the high TCP Vegasbackgroundraffic sce-
nario look similar to thosefor the TCP Renoscenariothatis,
the changegluring recorery explain mostof the variationseen
in the experiments.Again, the effect of the modified behaior
during congestioravoidanceis negative.

C. Resultdor retransmissions

Table VIl presentsthe influence of the three phaseson
the amountof retransmitteddata for low backgroundtraffic.
Both for TCP Renoandfor TCP Vegasbackgroundraffic, the
changesn slow-startdominatefollowedby thechangesn con-
gestionavoidance.Note that the modificationsin recorery and
the interactionsbetweenthe modificationsin slow-startandin
congestioravoidancencreaseéheamountof retransmittediata.

In the caseof high backgroundraffic, asshavn in TablelX,
the experimentakerror explainsabout90%of thevariationboth
for TCPRenoandfor TCPVegasbackgroundraffic. Compared
to theexperimentakrror, the effectsof theindividual phase®n



TABLE Vi
RETRANSMISSIONS[KB] (LOW BACKGROUND TRAFFIC).

TABLE IX
RETRANSMISSIONS[KB] (HIGH BACKGROUND TRAFFIC).

TCPReno TCPVegas TCPReno TCPVegas
Effect | Percentage| Effect | Percentage Effect | Percentage|| Effect | Percentage

q of variation q of variation q of variation q of variation
mean 29.02 3275 mean 12084 14402
Ss -10.74 4312 || —1243 5491 SS 2.55 1.09 5.58 3.45
ca —8.65 27.97 —6.38 14.48 ca -2.21 081 | -—-1.84 0.37
rec 3.08 3.56 3.05 3.31 rec —-4.79 383 | —-6.31 4.41
ssca 5.42 10.96 2.41 2.06 ssca 1.412 0.33 1452 0.23
ssrec 0.322 0.04 0.402 0.06 ssrec —-3.24 1.75 || -3.22 1.14
carec —-1.98 1.47 —-153 0.83 carec 0.252 0.01 || —0.242 0.01
sscarec 0.43 0.07 0.252 0.02 sscarec 0.972 0.16 || —0.262 0.01
error 12.82 24.34 error 92.02 90.39
90% 0.38 0.54 90% 1.52 1.85
2Not significant. 2Not significant.

TABLE X

thenumberof retransmissionarenggligible. Thisis notsurpris-
ing as TCP Vegas(thatis, the conglomeratef all algorithms)
doesnot seemto be not particularly successfuin reducingthe
numberof retransmissionecomparedo TCP Reno)in thecase
of highbackgroundraffic in thefirst place(TableV).

D. Conclusions
D.1 Slow-start

Forthelow backgroundraffic scenariosthechangesn slow-
startareimportant,especiallyif the backgroundraffic is TCP
Reno. An inspectionof the packettracesrevealsthat TCP Ve-
gass congestion-sensite window updatestrat@y is successful
in avoiding timeoutsin theinitial slow-start. TCP Renosfaster
and unresponsie exponentialopeningof the congestiorwin-
dow in thisphasemayresultin overshootinghe availableband-
width andloosingmultiple sgments.Suchdamagecanthenbe
overcomeonly with atimeout. Sincebackgroundraffic is low,
transfersare short (on the orderof a few seconds).Therefore,
atimeoutaffectsthroughputsererely By sensinghe incipient
(self-induced)congestionin slow-start, TCP Vegas can avoid
suchtimeoutsand thus perform considerablybetterthan TCP
Reno. The evaluationof a moredetailed2’ experiment,where
eachof algorithms(A)-(G) representsi factor, shavs thatcon-
gestiondetectionin slow-startin fact hasthelargestpositive ef-
fect on throughputof all the algorithms(it explainsabout25%
of thevariation),whereagheinfluenceof the secondchangen
slow-start (initial window of two segments(G)) is negligible.
The problemof overshootingheavailablebandwidthin theini-
tial slow-starthasalsobeerrecognizedy otherresearchergnd
sincethe releaseof TCP Vegas,a numberof papersaddressing
this problemhave beenpublished15][3]. By reducingthelike-
lihood of timeoutsin slow-start,congestiordetectionalsosuc-
ceedsto reducethe numberof retransmissionsThe 27 exper
imentshaws that nearly50% of the variationcanbe explained
with it. Interestingly algorithm (G), which is responsibleor
3% of the variation, increaseghe numberof retransmissions.
Thereforejnitializing the sizeof the congestiorwindow to two
s@mentsmaybetoo aggressie.

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

Backgroundraffic
Reno | Vegas
Reno 15.2 14.7
Vegas || 18.6 16.4

In the high backgroundraffic scenariothe changesn slow-
starthavevirtually noeffect. Thediscrepang betweertheeffec-
tivenesof thesechangedor the low andthe high background
traffic scenariods surprisingandwarrantsa closerinspection.
For this purposewe repeatecur simulationsfor a WAN sce-
nario. The topologyfor the WAN scenariois identicalto the
onedescribedn SectionlV-B; the delay of the bottleneckink
is 400ms,its bandwidthis 1.5Mbit/s,andthe size of the router
gueuesis 50 sgments. We simulatehigh backgroundraffic
(with a connectioninter-arrival time of 0.03s). Table X showvs
the throughputachieved by TCP Renoand TCP Vegasin the
WAN scenario We notethatthe performancemprovementsy
TCP Vegasarelesspronounced10-20%)thanfor the original
topology Table Xl lists the influenceof the threephasesand
their interactionson TCP Vegass throughput. It is interesting
to notethatthe changesn slow-startnegatively affect through-
put. Thisobsenationimpliesthatin casesvith highbackground
traffic, TCPVegass sensingf incipientcongestiorin slow-start
and switchingto congestioravoidanceis too conserative and
that the performancemprovements(comparedo TCP Reno)
mustall be attributedto the changesn recovery (seebelow).
Whenexaminingtheamountof retransmittedalatafor the WAN
scenariowe find thatthe slow-startchangesio not help to de-
creasedhenumberof retransmission®ither

D.2 Recwery

Thechangesn recavery have thelargesteffect onthroughput
(exceptfor thecaseof low TCPRenobackgroundraffic, where
the slow-startchangesare slightly more effective). One may
suspecthat TCP Vegass more aggressie 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 1231 || —1.54 4.61
ca —-0.199 0.05 || —0.63 0.78
rec 4.80 34.29 3.25 2053
ssca 0.39 0.22 0.05° 0.00
ssrec —-1.74 452 || —0.90 159
carec 0.307 0.13 0.162 0.05
sscarec 0.012 0.00 || —0.2¢7 0.08
error 4848 72.36
90% 0.37 0.40

2Not significant.

policy (C) is mainly responsibl€for the gain in performance.
However, the evaluationof the 2’ experimentrevealsthatin the
high backgroundraffic case,reducingthe congestiorwindow
by only 1/4 (F) hasthe largesteffect (about28%for TCP Reno
backgroundraffic andabout7% for Vegasbackgroundraffic),
followedby theretransmissionsiggeredoy ACKsfor new data
(D; Reno:9%, Vegas: 2%). Theinfluenceof the moreaggres-
sive fastretransmissiopolicy (C) is even smaller(Reno: 3%,
Vegas:2%). Algorithm (E), which avoidsmultiple reductionof
thecongestiorwindow in recorery, hasno effectonthroughput.

Therearetwo reasonsvhy algorithm (F) improves TCP Ve-
gass performanceFirst, shrinkingthe congestiorwindow by
only 1/4 (insteadof halving it) resultsin a larger congestion
window afterrecorery. Secondalgorithm(F) alterstherecos-
ery behaior8. By halving the congestionwindow, TCP Reno
mustwait for abouthalf an RTT until enoughduplicateACKs
have arrived to let the congestionwindow becomelarger than
the amountof datacurrently outstanding.On the other hand,
TCPVegasmustwait only for aboutl/4 of anRTT. Eventhough
algorithm(F) resultsin considerabléhroughputmprovements,
it may do so at the costof otherconnectionsFor example,we
notethat (F) explains28% of the variationin caseof high TCP
Renobackgroundbut only 7%in caseof high TCP Vegasback-
ground. This resultseemgo indicatethat algorithm(F) allows
Vegasto graba larger shareof the bottleneckbandwidth. This
reasonings supportedby the obsenationthat TCP Renogen-
erally achieves lower throughputwhenrunningon TCP Vegas
backgroundraffic (Tablel). Wefind thatTCPRenoindeedsuf-
fers when competingwith TCP Vegasbackgroundraffic and
that TCP Vegasis ableto “steal” bandwidthfrom TCP Reno.
Sincethechangesn congestiorrecovery (andamongthose al-
gorithm(F)) have thelargesteffect, they aremainly responsible
for thisasymmetry(or unfairness).

Algorithm (D) helpsto avoid timeoutsdue to multiple seg-
mentloss.As shavnin [5], the majority of thetimeoutsin TCP

8After thefastretransmissiorthecongestiowindow is setto half of its previ-
oussizeplusthreesegmentsit is increasedy onesegmentor every duplicate
acknavledgment.New datacanbe sentassoonasthe size of the congestion
window is largerthantheamountof outstandinglata.

Renoare causedby multiple sggmentloss, therefore,changes
which help to reducethe numberof suchtimeoutsprove very
helpful. The resultsfor TCP Vegass fast retransmissiorpol-
icy (C) supportlacobsorsagumentatiorj18] who claimedthat
the new policy mostlikely resultsin only a nggligible perfor
mancegain. Thefact thatalgorithm(E) hasvirtually no effect
onthroughpuindicateghatthemultiple sgmentlosssituations
thatcannotberemediedy algorithm(D) canhardlybesurvived
withoutincurringatimeout,mostlikely becauséhe congestion
window is simply too smallto allow for furtherfastretransmis-
sionsto betriggered(in scenariosvith highbackgroundraffic).
In summaryTCP Vegasstechniquedor congestiorrecovery
(in particularalgorithm (D) that addresseproblemsrelatedto
multiple segmentloss)prove to bevery effective andmainly re-
sponsiblgor theimpressie performanceainsover TCPReno
obsened. Although effective, algorithm (F) may be problem-
atic in termsof fairness.We notethat TCP Renos deficiencies
in dealingwith multiple sgmentlosshave alsobeenpointedout
by otherresearcherée.g.,[12][15]), andin recentyearsa num-
ber of solutionshave beenproposedhat enhancel CP Renos
dataandcongestiomecorery mechanism#o remedytheseprob-
lems(e.g.,.SACK TCP[20], or “NewReno"TCP[13], etc.).

D.3 Congestioravoidance

Our experimentsshow thatthe probablymostinnovative fea-
tureof TCPVegas,i.e.,its congestiordetectiormechanisndur-
ing congestioravoidance,actually hasthe leastinfluence. Its
influenceis even neggative in the high TCP Renobackground
traffic scenario.TableXIl summarizeshesefindings. It repeats
the resultsfrom Table IV andin addition shaws the through-
put achieved by a versionof TCP Vegas (Vegasw/o ca) that
excludesthe congestiondetectionmechanismsn congestion
avoidancé. Thesenumberssuggesthatthe congestioravoid-
ancemechanisnof TCP Vegasis only rathermoderatelyeffec-
tive. Furthermoregconsideringa versionof TCP Vegaswhich
meely includesthe novel congestionavoidancemechanisms
(Vegasonly ca), we seeonly a minor improvementover TCP
Renofor low backgroundraffic loadsandeven lower through-
putsin situationswith high backgroundoad.

Onewould expect TCP Vegasto performbetter (than TCP
Reno)becausef its congestioravoidancemechanisnfor the
following reason: TCP Vegascan proactizely reducethe con-
gestionwindow by smallamountqa single sggmentat a time)
to avoid packetloss. A packetlosswouldresultin a congestion
window reductionby alargeamount.So,the expectationis that
(anumberof) smallratereductionsaffectsthroughputessthan
therate-halvingsafter packetloss. However, we obserein this
paper(andotherresearclsupportgheseresults[2] [5]) thatthis
hopeis in vain. Thus,theempiricalevidenceindicateghat TCP
Vegass congestioravoidancemechanisnis too conserative.

As far as the impact on the amountof retransmitteddata
is concernedwe find that TCP Vegass congestiondetection
mechanisnis quite successfulHowever, we alsonotethatboth
for low and high backgroundtraffic, other factors contritute
moreto thereductionthanthis particularmechanism.

9Recall that TCP Vegastrefersto the correctedversion describedin Sec-
tion VII.



TABLE XIl
AVERAGE THROUGHPUT [KB/S] PER CONNECTION.

Backgroundraffic
low high
Reno| Vegas | Reno| Vegas
Reno 73.4| 718| 16.1| 13.0
Vegas 105.5| 101.4| 35.1| 29.2
Vegasw/o ca 99.3| 946| 355| 280
Vegasonly ca 745| 73.4| 153| 11.3

IX. PROBLEMS OF CONGESTION AVOIDANCE

As shavnin SectionVlll, theinfluenceof TCPVegass novel
congestioravoidancemechanismsnthroughpuis atbestmod-
erate.This sectionshavs thatthis mechanisnmay even exhibit
fairnessproblems.

A. Unfair treatmenbf “old” connections

In congestioravoidance, TCP Vegasbegins to decreas¢he
congestionwindow whenthe following conditionis met (B is
positive andusuallysetto 3; seeSectionVII-C for a definition
of terms):

rtt;en) x baseRT > 3.

windowsSize
baseRT

AssuminghatwindowSizés equalto rttLen, thatis, thenumber
of sgmentsin transitcorrespondso the numberof seggments
sentduring the last RTT (this assumptionis valid when TCP
Vegasreachegquilibrium),the above conditionis truefor

B

baseRT *
1- rtt

windowSize>

Considerthe scenariowhen a TCP Vegas connectionis initi-
atedin an uncongesteaetwork. This connection$ baseRT
is thusfairly closeto theminimal RTT possible.If the network
becomegongestedater on, the measuredRTT (rtt;) increases
andthusthe term baseRT; /rtt; decreases(For our simula-
tion topology, we obsered factorssmallerthan0.5.) Now, as-
sumethat a secondconnectionis started. Sincethe network
is congestedthe secondconnections estimateof baseRT is
bigger than baseRT;, so baseRTy,/rtt, is also bigger than
baseRT/rtt; (assuminghatrtt; = rtty). Thisimpliesthatthe
critical valueof windowSizewhichwouldtriggerareductionof
thecongestiorwindow size,is biggerfor thesecondconnection
thanfor thefirst connection.Therefore the secondconnection
canachieve higherbandwidthghanthe first (“older”) connec-
tion.

Figure2 illustratesthis fairnesgproblemof TCP Vegass con-
gestionavoidancemechanismThe graphshovs the congestion
window sizesof five staggeredconnections. The connections
shareabottleneckandarestartedn onesecondntervals®. The
first connectiorreactsthe mostto the congestiorcausedy the
other connectionsand in equilibrium, its congestionwindow

10Theconnectionsun overthetopologyshavnin SectionlV-B; oneachside,
threehostsareaddedthe sizeof therouterqueuesaresetto 25 segments.
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Fig.2. Connectionsharingbottleneck.

is the smallest. On the other hand,the connectionstartedlast
achievesthelargestcongestiorwindow andthusgetsthelargest
shareof the bottleneckbandwidth.(The size of the congestion
window of the secondconnections identicalto the oneof the
first connectionin equilibrium.) Note that the size of the con-
gestionwindow of thefirst connectioratt = 3s correspondso
the sizeof the congestiorwindow of thelastconnectiorduring
equilibrium. However, whereaghefirst connectioris forcedto
reducdts congestiorwindow att = 3s, later, thelastconnection
doesnot have to adjustits window size.

Thealgorithmthattriggerstheincreasef thecongestiomin-
dow suffersfrom a similar problem. The congestiorwindow is
increasedvhenthe following conditionholds (a is usuallyset
to1):

windowSize<

baseRT *
1- rtt

Sincethetermontheright sideis biggerfor aconnectiorA, ini-
tiatedin ancongestedietwork,thanfor aconnectiorB, initiated
while thenetworkwasuncongestedheconditionis morelikely
to be fulfilled for type A connectionghanfor type B connec-
tions. Again, this meanghatconnectionf type A canobtain
anunfair shareof thelink bandwidth.

Notethat TCP Renos congestioravoidancestratgy maynot
guarantedairnessgither However, sinceevery connectiorsuf-
fers somelossesfrom time to time (dueto self-inducedpacket
loss), thereis at leasta chancefor other connectiongo catch
up. This may not be the casefor TCP Vegas,sinceTCP Vegas
specificallytriesto preventthe self-inducedosses.

B. Persistenttongestion

In additionto the problemdiscussedn SectionIX-A, there
are concernsaaboutTCP Vegasbehaior in situationswith per
sistentcongestior{11]. In sucha situation,a TCP Vegascon-
nectionoverestimatedaseRTTand althoughit believesthatit
hasbetweena and 3 sggmentsin transit, in fact, it hasmary
moresegmentsin transit. A detaileddescriptionof the problem
is givenin [21].

C. Discussion

There have beensuggestiongo overcomethe problemde-
scribedin SectionsX-B by settingbaseRTTo a biggervalue



in caseof persistenttongestion(e.g., [21]). The problemin

SectionlX-A may be overcomein asimilarway. Althoughre-

settingbaseRTTmaybeanadequateneasuren caseof routing

changeswherethe minimum RTT indeedmay becomelarger,

it is not an adequatenork-aroundfor the two problemcases
describedsincebaseRTTis by definition “the RTT of a seg-

mentwhenthe connectioris not congested[6][8]. So, setting
baseRTTo abiggervaluethantheminimummeasuredRTT vi-

olatesthis definitionandcompromiseshecongestioravoidance
mechanisns theoreticafoundation.

X. CONCLUSIONS

Our evaluationof TCP Vegasconfirmedthe resultsreported
by previous work [6][1] which shaved that TCP Vegas can
achieve significantlyhigherthroughputgshanTCP Reno.In ad-
dition to previouswork, our in-depthanalysisof TCP Vegasal-
lows us to determinethe effect of the variousalgorithmsand
mechanismproposedy theinventorsof TCP Vegason perfor
mance.

Our experiment shavs that TCP Vegass techniquesfor
slow-startand congestiorrecovery have the mostinfluenceon
throughputasthey are ableto avoid timeoutsdue to multiple

segmentloss. Therefore TCP Vegasseemdo be quitesuccess- |

ful in overcominga well-known problemof TCP Reno. How-
ever, TCPVegass mostinnovativefeaturethatis, its congestion
detectiommechanisntduringcongestioravoidance hasonly mi-
nor or even negative effect on throughput.Moreover, we found
thatthe congestioravoidancemechanismmayexhibit problems
relatedto fairnessamongcompetingconnections.As a conse-
guencefor a conclusve comparatre evaluationof TCP Vegas
and TCP Reno,one mustcomparethe effectivenesof Vegass
techniquedor slow-startand congestiorrecovery to the effec-
tivenesof similar enhancement® TCP Reno. We limited the
discussiorto a scenaridhathasbeeninvestigatedy the devel-
opersof TCPVegas;differentscenariosnaystill desere further
investigations.

Transportprotocolssuch as TCP incorporatea numberof
comple algorithms(e.g.,for congestiorcontrol,datarecovery,
etc.) whoseeffects on performanceandwhoseinteractionsare
often not clearly understood.Our approactof a factor analy-
sisallowedusto shedsomelight on the effectivenesf various
algorithmsof sucha protocolandon the interactionsof these
algorithms.We wantto encouragéuture protocoldevelopergo
decomposealesignand implementatiorearly on to allow such
performancanalysisandexperimentation.
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