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Abstract

The paperdiscussetiow Explicit CongestiorNotification (ECN) canbe usedto devise an Internetcongestiorcontrolmecha-
nismthatis morerapidly reactive andallows best-efort flows to rapidly adjustto fluctuationsn availablecapacity Our ECN-mod
protocolinvolvessimple modificationsto TCP behaior andleveragesmore aggressie marking-basedouterfeedback.Simula-
tions shav that ECN-modis betterthan TCP NewRenofor both persistensourcesand Web-styleintermittenttraffic sourcesand
malkesthe link utilization significantlylesssensitve to the variationin the numberof active flows. Simulationsalsoshow that,
while ECN-modflows obtaina larger portion of the available capacitythancorventionalbest-efort traffic, they do not stane or

significantlypenalizesuchTCP-basedlows.

. INTRODUCTION

Theadwantage®f usingExplicit CongestiorNotification(ECN)[1], [2] to provide unambiguousongestiorieedback
to adaptve (TCP) Internettraffic arewell documentedn literature.We, however, believe thatthefull benefitof ECN-
capableroutershasnot beeneffectively realized:a muchmore powerful andresponsie congestiorcontrol framework
canbedevelopedif TCPis modifiedto differentiatebetweerpaclet markingandpaclet losses.

Sucharapidly responsie congestiorcontrolframavork hasbecomeespeciallydesirablewvith theadoptionof explicit

servicedifferentiationandwork-conservingchedulingooliciesin Internetrouters.Sincebest-efort traffic flowsin such



ervironmentsobtainary ‘residual’ bandwidth(left unuseddy higherpriority traffic), andsincethetraffic loadfor higher
priority classedluctuatescontinuouslybest-efort flows mustnow maximizetheutilization of a rapidly varyingamount
of availablelink capacity*

To supportthis rapid reactvity, a congestiorcontrolprotocolmustpossesswo conflicting characteristics:

« During congestionthe adaptve flows mustbacloff rapidly to preventcongestioncollapse
« Wheneer additionalbandwidthbecomesavailable, flows shouldrapidly increasetheir transmissiorrate to avoid
underutilization of availablecapacity

The preliminarydesignof suchan ECN-avare TCP-like protocolfor rapid adaptatiorto variablecapacitywaspre-
sentedn [3], which suggestedhat modificationsto TCP behaior mustbe designedn tandemwith markingbehaior
in routers. The protocolmodificationsexploit the factthat paclet markingprobabilitiescanbe madeashigh as100%
without causingary undesirabléoehaior (asopposedo paclet dropping probabilitieswhich needto be restrictedto
~ 10 — 15%.) In this paper we first provide a brief recapof our suggestedECN-mod’ window adaptatioralgorithm,
placingit in the context of a generalizedlassof ‘polynomial’ [4] window adaptatioralgorithms.We alsoexplain the
varioustradeofs involved in the choiceof coeficientsin a polynomialadaptatioralgorithm. We thenuseextensve
simulation-baseg@erformancestudiesto analyzethe performancef our suggestealgorithm.In particular we demon-
stratehow network utilization by besteffort traffic may be improved by a) substitutingcorventional TCP traffic with
‘ECN-mod’ controlledflows andb) makingthe routermarkingbehaior moreaggressie. We alsostudythe natureof
bandwidthsharingbetweerE CN-modandcorventional TCP flows.

To studythe behaior of the ECN-modalgorithm,we useboth persistensourcegwherethe senderis constrained
solely by the dynamicsof the TCP or ECN-modprotocol)andbursty “Web-like” sourcegwherethe sendettransmits
sporadicburstsof finite-sizedfiles). Like our earlier preliminary studies[5] basedon persistensourceswe seethat
ECN-modflows achiere betterlink utilization than corventional ECN-enabledlT CP NewRenoflows evenfor Web-
like traffic. Due to the transmissiorconstraintamposedby Web sourcesthe performancegainswith ECN-modare,

however, moredramaticwith persistentraffic sourcesUsingafurthersetof simulationstudieswe shav thatthe‘ECN-

1n the currentbest-efort Internet,on the otherhand,wherethe availablelink capacityis essentiallyfixed, we can ensurereasonablyhigh

utilization for well-behaedtraffic by appropriatesizing of network buffers.



mod’ protocoloffersafar moreimportantbenefithansimply increasingutilization—it makesthe network performance
muchlesssensitve to variationsin the actualtraffic loads.ECN-modflows (unlike corventionalTCPflows) areableto
operatewnell evenwhenthe markingratesareashighas~ 80 — 90%; previousresearch6], [7] hasclearlydocumented
why suchaggressie markingratesmaybe neededor satishctoryrandomizedtongestiorfeedbaclkunderheavy traffic
loads.

We alsostudythe ‘TCP-friendliness’of our ECN-modprotocol by observingthe potentialunfairnessin resource-
sharingbetweenconventional TCP andECN-modflows. We performsimulationstudieswith both conventionalECN-
unawae TCPflows andECN-awae TCP NewRenoflows. Our simulationresultsindicatethatour ECN-modprotocol
is promising,asit doeswell in consumingoandwidththatmight otherwisebe wasted yet doesnot significantlyreduce
the throughputof corventional TCP flows. The main goal of our currentwork is to demonstratehat appropriate
modificationsto currentlysuggestednechanismsor respondingo ECN markingcanresultin significantperformance
improvements At this point, we do not claimthatour currentECN-modadaptatioralgorithmis the ‘bestpossible’one.

Therestof the paperis organizedasfollows. In sectionll, we presenta brief descriptionof the ECN-modalgorithm
and explain how it can be consideredo be a specialinstanceof a genericclassof windov adaptationalgorithms.
Sectionlll presentdetailsof the simulationtopologiesand explains the rationalebehindthe appropriatechoice of
parameteralues.While sectionlV thenstudiesthe performanceémprovementsobtainedwith ‘ECN-mod’, sectionV

studieghesharingbehaior betweerECN-modandcorventional TCP flows. Finally, sectionVI concludeghe paper

Il. GENERALIZED CONGESTION CONTROL AND ECN-MOD

Consideran operatingervironmentwherean IP flow achie/esreliable transmissiorby using perpaclet acknavl-
edgment.Wheneer arouterrecognizeshe onsetof congestionin its buffer, it setsa “CongestionExperienced’(CE)
bit (alsocalledmarkingthe paclet) in the headerf appropriatgaclets. By having the destinatiorechothis bit in an
acknavledgmentpaclet, the sourcecanbeinformedof suchnetwork congestion.

For window-basedprotocolsoperatingunderthe TCP paradigm,sourceadaptationto suchcongestioncan be de-
scribedby thefollowing generalizedehaior:

Wheneger an acknowledgmenarrivesfor an unmarked data padet, the congestionwindowincreasesromits current
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valueW byincr(W). If, however, the acknowledgmenindicatesthat the data padet had beenmarkedin the forward
path,the congestionwindowis deceasedromW by decr(W).

Notethatour framavork is muchsimplerthanalternatve congestiorcontrolmodelssuggestedor the Internet(e.g.,
[8], [9]), which aredirectly concernedvith ensuringfairnessamongcompetingflows. For example,[8] proposeda
rate-basedlgorithm,wherelinks explicitly updateand propagateheir shada congestiorcosts,andwherea source
directly adjustsits ratebasedon its own costsensitvity. [10] presentedhe RandomEarly Marking (REM) algorithm
wheresuchshadev costscould be communicatedimply by intelligently adjustingthe paclet marking probability in
the network buffers; sourcesn thatschemehowever, adjusttheir congestiorwindow only periodically On the other
hand,[9] proposedChage-Sensitie TCP, whereeachflow needsto be aware of its instantaneousound-trip delay
transmissiorate and congestionwindow size,andthenusesan explicit tamgetwindow sizeto regulatethe growth of
the congestiorwindow. In contrastour framevork doesnot assumesuchintelligenceat the TCP sourceanddoesnot
necessarilyequirethe network buffersto dynamicallyadjusttheir paclet markingfunction.

If we assumehat every paclet is marked with a constantmarking probability p, the ‘drift’ (or the changein the
expectedvalueof the congestiorwindow W, 1 atthe (n + 1) acknavledgmentgiventhewindow W,, afterthen®”

acknavledgment)is givenby

EW,41 — Wo W, = W] =drift(W,p) = (1 — p).iner(W) — p.decr(W) =

. 1—-p decr(W)
p.ncr(W). ( P incr(W)) . 1)
Let ¢(W) bethefunction
_ decr(W)
q(W) = W (2)

Any sensiblechoicefor ¢(W) mustensurethatthewindow alwaysincreases the markingprobabilityp is 0, andthat

it never grows withoutanyboundfor all othervaluesof p. Accordingly we require

¢(1) =0, lim g(W) = oo, ®)

W—o0

Equations(1) and (2) shav that, underconstantp, the ‘zero-drift’ value or ‘center’ of the congestiorwindow is



obtainedwhen

q(W) = —. (4)

Thefunctiong(W) is really theresponseurfaceof the sourcedo routerbehaior; asa protocoldesignerwe canthus
first choosey(.) arbitrarily, andthenstill choosebetweerdifferentvaluesof incr(.) anddecr(.), aslong astheir ratio
remainsunchangedin fact,alegitimateway of designinga congestiorprotocolis to first chooseheresponseurface
q(W) andthendirectly adaptthe window W from an estimateof the marking probability p, without even defining
separaténcr(.) anddecr(.) functions(anapproachusedin [11]).

For practicalreasonsye restrictoursehesto the‘polynomial’ class[4] of adaptatioralgorithms where
incr(w) = cqw , decr(w) =c w . (5)

To ensurehatthewindow doesnot grow without boundfor ary given probability we need . For the polynomial
classof algorithms this drift wouldbe0 when(1 —p) ¢ W =p ¢ W . Accordingly aflow transportinga
very largefile andsubjectto a constanmarkingprobability p would obsere its congestiorwindow fluctuatearounda

centralvalue,w(p), givenby:

wp) = (222 - (6)

A. CurrentTCP Response

Under TCP’s currentcongestion avoidancealgorithm[13], the congestionwindow cwnd (expressedn terms of
the MSS or Maximum SegmentSize)increased onceevery roundtrip time (RTT) in the absencef congestionpn
detectionof acongestiorepisodecwnd decreaseBom its instantaneousalueW by Y. Neglectingtransientsuchas
fastrecovery andslow-start, TCP’s congestiorcontrolmechanisms thusa memberof the polynomialclass,with the
parameters

1
cg=1 =-1,¢c =—-, =1 @)

Of course mostmodernTCP versions suchasNewRenoor Vegas,halve their window only oncefor multiple paclet

losseoccurringwithin asinglewindow (andthuspresumablycorrespondingo a singlecongestiorevent).
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TCP’s choiceof decr(W) = Y is basedon the desireto have rapid multiplicative bacloff assoonascongestion
is detected.While this is clearly neededo prevent congestiorcollapsein the presencef puretail-drop routers,it is
not clearthatwe cannotdo ary betterwhennetwork routersprovide early andrandomizedcongestiorfeedback.The
currentECN recommendationfl], [2] requirea TCP sourceto reactto the notificationof an ECN-marled paclet in

exactly the sameway asit reactsto the discosery of congestiorvia paclet loss. As we shall demonstratethis abrupt
reductionin the window size causesT CP to suffer from substantiaperformancedegradation evenin the presencef

ECN.

B. TheECN-modAlgorithm

Analysis and resultspresentedn [3] shav that alternatve settingsof the polynomial parameters, , , ¢; and
¢ , may be preferablen an ECN-enabledervironment,for both theoreticalandpracticalreasons.To provide a more
reactve ECN-modTCPR, we usetwo modifications:

« Makeincr(W) moreaggressie thanTCR sothatit canrapidly increasets cwnd in theabsencef marking.
« Make decr (W) milder, sothatan ECN-modsourcecanreduceits sendingratein amuchmoregradualmanner

Our ECN-modprotocolis alsoassumedo respondo all ECN-marledpaclets,evenif it leadsto multiple reductions
within a singlewindow worth of paclets. Of course to throttle sourcesrapidly in sud an ervironment,the marking
probability for ECN-modsourcesshouldbe correspondinghigher; more precisely the buffers shouldhavea higher
slopein themarkingfunction. Thisis preciselywherethe benefitof ECN manifeststself: sincemarkingdoesnotresult
in ary paclet loss, the marking probability in ECN-enabledouterscanbe setashigh as~ 100%, without causing
catastrophigperformancdreakdavn.

The detailedanalysisfor the specificchoicesfor , ,¢; ande waspresentedn [3], [5]. Theanalysisshavedthe
adwantage®f usinganimplementation-friengl versionof ECN-mod,whichhas = 1and = 0. In particular we
notewithout proofthefollowing two importantresults.

Theoem1: If 1 (and ),andc; 0, ¢ 0, thenthe congestiorwindow procesdasthe coeficient of



variation
1 1

t.de (W) _a I 1
BIW] T " ®

Choosing = 1 thusmakesthe coeficient of variationof the congestiorwindowv W independenbf p, giving usthe

eff. (W)=

attractve propertyof scaleinvariance

Theoem2: Undera constantmarking probability p, the averagenumberof marked paclets from a specificflow
within asingleRTT is givenby:

_1
T (2) ©)
C

Having — 1 guaranteethat,asthe markingprobabilityp 0, theaveragenumberof marked pacletsperRTT
doesnotgoto zero.Routerscanthengive adequatéeedbacko thesourceon the stateof congestiorevenunderlightly
loadedconditions. Sincec; andc arescalingconstantstheir choiceis morea matterof properengineeringdesign.
We merelyrequirec to besmallerthan! (currentTCP practice)to achieve milder bacloff ande to becorresponding

smallto have reasonablealuesfor the ‘average’window size(w(p) in equation(6)) for moderatelysmallp. We have

thusexperimentallystudieda variety thethe following membersf the ECN-modfamily of algorithms
1
FE — d c¢= 0. 5005, :0,c:§, =1, (20)
which ensurethat, for smallp, the expectednumberof marked pacletsperRTT, liesin therange(1, 5).

1. SIMULATION PARAMETERS AND CHOICES

Oursimulationstudiesareperformedisingthens-2[14] simulator To simulateavariable-bandwidtienvironmentfor
best-efort traffic, we usedvoice-orer-IP (VolP) sourcesshigherpriority traffic. While eachVolP flow wasmodeledas
perthespecification®f theG.711codecasanexponentiallymodulatedn-of processthetotalnumberof instantaneous
callswasmodeledasabirth-deathprocesswith call arrival rate  andexponentiallydistributedholdingtimeswith mean
1

For the graphsplottedhere,the best-efort flows wereeither
a) “NewReno”,anECN-unavareNewRenoversionof TCPthatreactsonly to pacletdrops(andnotto pacletmarking).

b) “ECN-awareNewReno”, which implementsthe currentTCP algorithmof halving the window in responseo both



droppedandmarked paclets.

¢) “ECN-mod” (or modifiedECN),wherethesourcereactso marked pacletsasin sectionll.B andto droppedpaclets
asin TCPNewReno.

We usedboth a) persistenfT CP sourceswhich involved the transferof infinite-sizedfiles, andb) Web-TCPsources
(usingparameterseportedn [15]), wherea singleflow alternatebetweera activetransferphasgduringwhich a new

TCP connectioris usedto transferafinite-sizedfile) andaninactivephasewherethe sourceremainsn anidle state.

A. RouterMarking/DroppingBehavior

Randompaclet marking and droppingwas implementedby a RED [12] queue. The marking function (for ECN
NewRenoflows) wasbasedon the ‘gentle’ variant[16] of RED andis denotedasp( ), with the markingprobability
a linear function of the queueoccupang . For ECN-modflows, we neededto make the marking function more
aggressie. While a variety of aggressie marking mechanismsare possible,we modified the marking behaior of
ECN-modsuchthat: givena queueoccupancy , the average congestionwindowsizefor a best-efort flow wasthe
samefor all choicesof the congestionwindow protocol. Accordingly the marking function for ECN-mod paclets,
p ()is

p ()= 1+

C1 p( ) ’ an

wherep( ) is thebasicRED markingfunction. It is theneasyto seefrom equation(6) thatboth ECN-NevRenoand
ECN-modbothresultin the samevaluefor w(p). While bothp(.) andp  (.) maycoexist in anetwork buffer during
a transitionperiod (where ECN-NevRenoand ECN-modflows sharethe samebuffer), our vision clearly is to have
routerseventuallyexhibit a singleaggressie markingbehaior for all (ECN-modcontrolled)best-efort flows.

&
&
&

c®
e o
N C1= 128 Kbps

.\Dmm
_ C=10Mbps
ECN RED

C2=10 Mbps

Best-Effort (ECN -mod/ ECN- NewReno TX)

Figurel: SimulationTopologyfor WFQ Experiments



V. EFFECTIVENESS AND PARAMETER INSENSITIVITY OF ECN-MOD

We now reporton simulationstudiesthatinvestigate:
a) how ECN-modflows performrelatve to ECN-Ne~vRenoflows, and
b) how their utilization varieswith changesn the offeredloadandmarkingprobabilities.

Thesimulationtopologyis asshavn in Figurel, with higherpriority (VolP? thehigherpriority queue pur qualitative
res) and best-efort (TCP or ECN-mod)traffic bufferedin two separategueues.and WeightedFair Queuing(more
precisely Self-Clocled Fair Queuing(SCFQ))usedto isolatethe two classes.To provide voice higher priority, the
VoIP classhada weightof 0.8, comparedo 0.2 for TCPtraffic, eventhoughthe offeredload of VolP traffic wasoften
muchlower thanthatof TCP. Admissioncontrolis performedfor VoIP traffic by having the network block morethan

simultaneouwoice sessionsFor the plots provided here,the bottleneckiink capacity is 10 Mbps;the
VoIP queuewassizedto have a maximumdrain time of 20 msecs.The RED parameterdor the best-efort queue(in
paclets)had iny, = 5, +, = b andbuffer size = 150 (following therecommendationi [16]). The RTT
of the best-efort connectionsareuniformly spacedut over theinterval ( 5,..., 50) msecs.All resultsareaveraged

overaminimumof 10 runsto ensureappropriatestatisticalconfidence.

A. Performancdmprovementor Persistent/\@b Sources

Figure 2 plots the total goodput(VolP+ TCP), as well asthe TCP goodputalone,for 20 persistentsources as
is varied to changethe averagenumberof simultaneousvoice calls. We seethat ECN-mod sources(especially
with ¢; = 0.0 5) arebetterthanECN NewRenoin respondingasterto instantaneoufiuctuationsin the available
capacity Of course,an over-aggressie (c; = 0. 5) specificationof ECN-modbehaior causest to performworse
thanECN-NewvReno,sincethe resultantoscillatorybehaior, of rapidincreasedollowed by sharpdecreasedeadsto
agreaterlikelihoodof buffer underflav. In all casesthe VolP throughputremainsunafectedby the choiceof the best

effort protocol,demonstratinghe effectivenessof WFQ in effectively giving VolP traffic higher priority. Additional
We have alsoexperimentedwith videotraffic (the MPEG traceof "Star Wars” availablein ns-2)ashigherpriority traffic. We foundthatour

resultshold qualitatively, andareindependenof the traffic behaior of otherbursty sourcesaslong asthe video or othertraffic wasbuffered

(alongwith VoIP) in a separatdigherpriority queue We thusomit the discussiorof videotraffic for reason®f space.
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measurementgerified thatthe parameteradjustmenprocedurecausedhe ECN-modflows to experiencemuchhigher

markingratesthanECN-Ne~vRenoflows.
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Figure2: Comparatre Utilization for PersistenSources

Figures3 and4 plot similar simulationresultswith best-efort flows beingdrivenby 150 Web TCP sourceqinstead
of persistenbnes).It is easyto seethatthethroughpuimprovementwith ECN-modis muchsmallerthanthepersistent
casealthoughECN-moddoesachie/e slightly betterutilization thanECN-NevRenofor well-choservaluesof ¢;. The
reasortor this is easyto understandwhile the dynamicvariationin the numberof active TCP transactionsvill cause
transientnetwork congestionthe long-termTCP throughputdoesnot changesincethe best-efort traffic is essentially
source-constained More importantly unlike earlierstudieswith persistentT CP traffic, settingc; = 0.1 5 in ECN-
mod performsbetterthanc; = 0.0 5. SincemostWeb file transfersusually completeduring the initial slow-start
transient(beforecongestiorfeedbackis even activated),a moreaggressie choiceof the window increasecoeficient
typically leadsto higherTCP goodput

Figure4 plotsthepacletmarkingratesfor thebest-efort flows (basednWebsourcesandthecoeficientof variation
(definedas tint”) of the best-efort queueoccupang. As expected the markingratesturn outto be higherfor
ECN-modthan ECN-NewvReno. (The paclet lossrate on all theserunswas essentially0, indicating that congestion

control was achieved solely via paclet marking). More importantly the coeficient of variationfor ECN-modflows
This obsenationsuggestshatit maybeworthwhileto investigatethe performancef amodifiedprotocolthatusesa highervalueof ; during
theinitial slow-starttransientanda smaller(lessaggressie) 1 duringthe congestioravoidancephase.We do not, however, explore this idea

furtherin this paper
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is lower (sometimesdy asmuchas 0%) thanthat of ECN-NevRenoflows. SinceECN-modflows exhibit a much
milder bacloff than ECN NewReno,the occupang of the RED queue(for good choicesof ECN-modparameters)
fluctuatesn amuchsmootherfashionJeadingto muchsmallercoeficientsof variationthanthatwith ECN-NevReno.
Accordingly the ECN-modwindow adjustmenprotocol offers the secondaryadwantageof betternetwork dynamics,

suchasa smoothelqueueevolution andlower pacletjitter.
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Figure4: TCP Marking RatesandQueueVariability for Web Sources

B. Sensitivityto Load Variation

We now considerthe performanceof ECN-modvs. ECN-NavRenoasthe numberof persistentbest-efort flows is

varied.(Resultswvith WebTCP sourcesarequalitatvely similarandomitteddueto spaceconstraints.Jor thesestudies,
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the averagenumberof VolP flows waskept constantat 00, by setting = .0. We variedthe numberof best-efort
(persistentflows, ,from10 — 00. Thegraphsstudytwo interestingsettingsof p  , namely0. and1.0.

Wefirst considethecommonlyusedRED settingof p = 0. . Figure5 shavsthevariationin thetotal (VolP+best-
effort), aswell asthe best-efort, goodputas is variedfrom 10 to 00. We seethat, when s relatvely large,
bothECN-modandECN-Ne~vRenoobtaincomparablegoodput.However, when  is small, ECN-mod(c; = 0.0 5)
clearlyoutperform€ECN-NavReno sinceECN-modis ableto utilize theavailablebandwidthmoreaggressiely. Figure
6 shavs thevariationin the paclet droppingandmarkingratesrespecirely. We seethat,asN increasesthe pacletloss
ratesbecomevery high (aslargeas~ 10% for = 00). Thisindicatesthata p settingof 0. doesnot provide

sufiiciently strongfeedbackto preventundesirablgpaclet lossesunderhigh loads—a largervalueof p is preferred.
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In Figures7 and8, we investigatepreciselysuchan aggressie setting,wherep = 1. Figure7 shaws thetotal
and best-efort traffic goodputas is varied. As before,we seethat ECN-modis betterthan ECN-Ne~vRenoin
utilizing the available bandwidth. More importantly as  is increasedeyond 50, we seethat, while the ECN-mod
flows(c; = 0.0 5) alwaysachieve highgoodputthe ECN-NavRenogoodputactuallydecreaseslhis occursbecause
TCP’spolicy of halvingthewindow sizedoesnotwork well attherelatively highmarkingrates(seeFigure8) obtained
whenp = 1.0 and islarge. Thus,thecurrentresponsef TCPto ECNmarkingdoesnot allow best-efort flows
to operatein ervironmentsvhere routers exhibit aggressivemarkingbehavior

From Figure8, we canobsenre thatthe markingratesfor ECN-modtraffic areashigh as~ 85%. Clearly thereis
no degradationof ECN-modperformancesven undersuchhigh markingrates. The secondgraphplotsthe coeficient
of variationof the queueoccupang as is increased.While ECN-modalwaysresultsin a lower queuevariability
(smallercoeficient of variation) than ECN-NevReno,the differenceis more pronouncedor large , whereECN-
NewRenocannotcopewith the high markingrates. It is well-knovn that RED’s inability to adaptvely vary p
leadsto performancealegradationasthe numberof TCPflows is varied. Accodingly, ECN-modappeas to providethe
significantadvantge of makingthe best-efort utilization lesssensitiveto the numberof activeflows; by settingp
to a high valueand usingthe ECN-modalgorithm,we can male the networkutilization uniformly high for a verywide

range of andavoidundesiable padet drops.
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V. FAIRNESS BETWEEN ECN-MoD AND TCP NEWRENO

Fromapracticalstandpointye cannotexpectthatall sourcesvill changeheirwindow-adjustmenbehaior overnight.
It is thusimportantto studythe “TCP-friendliness”of ECN-modtraffic i.e., the degreeto which ECN-modflows grab
anunfairly large portion of the available best-efort bandwidthin the presencef competingcorventional TCP flows.
To studythesefairnesspropertieswe performedsimulationson two differenttopologiesa) the WFQ-basedopology
outlinedin Figurel, andb) analternatve topologywherethe routerport usesa single FIFO buffer, andthe best-efort
flows wereeitherall NewRenoor ECN-modor anequalmix of both. Thenetwork topologyfor caseb) is thussimilarto
thatof Figurel, exceptthatVVolP nolongerhasexplicit protectionthroughthe ClassBasedWFQ mechanismWe con-
centratedbn the the simple FIFO topologyfor fairnessstudiessincethe fairnessconcernappliesto a greaterdegreein
currentrouterswhereTCPflows cannotbe shieldedrom oneanotherasmechanismsuchasWFQ becomewidely de-
ployed,thefairnessconcerncanbe alsoalleviatedvia alternatve meangsuchasplacingECN-modandcorventional
TCP flows in differentWFQ buffers). For the experimentscorrespondingdo a single FIFO queue the link capacity

= 10 Mbps, ing = 0, th= 0,p = 0. andbuffersize = 1 0. Theexperimentscorrespondindgo
the WFQ topologyusedthe parametricsettingsmentionedn SectionlV, exceptthatall TCP flows hadRTTs random-
ized aroundan identicalvalue of 250 msec. As before,dueto spacdimitations, we reportonly on experimentswith

persisteniT CP sourcesWe studythe sharingbehaior with both ECN-avare TCP NewReno(which respond¢o ECN
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markingusingthe corventionalTCPalgorithm)andalsoECN-unavare TCP NewReno(which respond®nly to paclet

drops).

A. Fairnesswith ECN-Avare TCP

Figure9 shavs the variationin thetotal goodput,aswell asthe best-efort goodput,for the variousTCP adaptation
algorithmswhenthe total numberof best-efort sources, , equals20 for the FIFO topology We canclearly seethat
ECN-mod,with ¢; = 0.0 5, outperformgthe currentECN-NevRenoprocedure. Onceagain,we obsere that ECN-
modwith ¢; = 0. 5 performsworsethanthe currentECN-NavRenoalgorithm,indicatingthat an overly aggressie
choiceof parametersayincursevereperformancg@enalties We alsoobseredthattheVolP throughputvasessentially

unafectedby the best-efort traffic, sincethe non-adaptie UDP flows do not reactto the ‘marking’ of pacletsat the

buffer.
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Figure9: Throughputor Mixed ECN-NevReno/ECN-modraffic (FIFO case)

Figure 10 first plotstherelative throughputof the ECN-modandECN-NevRenoflows, whenthe best-efort traffic
consistsof an equalnumber(10 each)of ECN-modand ECN-NevRenosources. Clearly while ECN-modhasthe
highergoodput(for ¢; = 0.0 5), ECN-NevRenosourcesarenot completelyshutoutandobtainabout 0% — 5%
lessgoodputthantheir ECN-modcounterparts A far moreimportantpoint canbe obsered by studyingthe second
graph,which studiesthe goodputachiezed by the 10 ECN-NevRenosourceswhenthe other 10 sourceswere either

ECN-Ne~vRenoor ECN-mod.lIt isinterestingo seethat,for certainloads,the 10 ECN-NeavRenosource®btainhigher
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goodputif the othersourcesareECN-mod(c; = 0.0 5) thanif they areECN—-NavReno. This illustratestheimpor-
tant point that, undercertaincircumstancesthe performanceof corventional ECN-NevRenosourcesis improved (in
absoluteterms)in the presencef other ECN-modraffic sources,eventhough,relativelyspeakingthe ECN-NavReno
sourcesreceivea smallerfraction of the total goodput. This clearly mitigatesary potentialfairnessconcern sincethe
overallincreasdn the utilization levels swampsthe reductionin ECN-NevRenos shareof the total achieved goodput.
We have alsoverifiedthatthe useof ECN-mod(with ¢; = 0.0  5) flowsresultin alower coeficient of variationof the
gueueoccupang thanthe useof correspondinde CN-NewvRenoflows. In this case whereVolP pacletsarebufferedin

the samequeuethis directly translatesnto smallerdelayjitter for individual VoIP paclets.
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Figure10: Relative Goodputfor ECN-NevRenoandECN-modSourcegFIFO case)

Figure 11 plots the relatve throughputsof the ECN-modand ECN-NevRenoflows for the WFQ topology when
the besteffort flow consistsof an equalnumber(10 each)of ECN-modand ECN-NevRenosources.Onceagain,we
seethat while ECN-modsources(with suitably unaggresse settingsof ¢;) do obtain a higher fraction of the best
effort throughput,with ECN-Ne~vRenosourcesobtainingabout30% lower aggrgatethroughput. The secondgraph
in Figure11 plotsthe goodputachieved by the 10 ECN-Ne~vRenosourcesywhenthe other10 sourcesareeitherECN-
NewRenoor ECN-mod.While the ECN-NevRenosourceglo suffer in absolute¢ermsfrom the presencef ECN-mod
flows in this case,the degradationin their cumulatve throughputis not morethan~ 0%. Moreover, our studies

shavedthatthe presencef the ECN-modflows alwaysresultedn a smootheiqueuedynamicsandlower coeficient of
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Figurel1: Relative Goodputfor ECN-NevRenoandECN-modSource{WFQ case)

B. Fairnesswith ECN-unawae TCP

We now repeatthe studiesof the previous sub-sectiorby substitutingthe ECN-Ne~vRenoflows with ECN-unavare

corventional TCP NewRenoflows. Exceptfor the factthatthe TCP NewRenosourcesare now regulatedby random

dropping(andnotrandommarking),all othersimulationparametersemainunchanged.

Figure 12 plots the total throughput,asvell asthe best-efort throughput,for this simulationsetting. We cansee

that ECN-modsourcesare betterable to utilize changedn the available capacitythan ECN non-capableéNewReno

sourcesaandconsequentlghav bettergoodput.Thisis of courseexpected simply becausery ECN-avarebest-efort

source(whetherTCP or ECN-mod)shouldbe ableto regulateits offeredload betterthana comparableECN-unavare

source.Note, hovever that ECN-modwith ¢; = 0. 5 performsworsethaneven ECN-unavare NewReno,illustrating

thedangersf choosinganoverly aggressie increasealgorithm.
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Figure12: Throughputor mixed ECN-mod/ECN-unaare TCP Traffic

We plot therelative goodputof the ECN-modandnon-ECNNewrenosourcesn Figurel3. As expectedwe seethat
ECN-modsourcegrabalargerportionof thelink capacitythannon-ECNTCP sourcesMoreover, by contrastingwith
similar plotsin figure 10, it is clearthat, relative to the ECN-modgoodput,ECN-unavare TCP Renoperformsworse
than ECN-avare TCP Newreno. From a relatve sharingstandpoint ECN-avarenessonfersa TCP flow significant
advantageoverits non-ECNcounterpartHowever, Figure13 doesdemonstrat¢éhatwhile ECN-unavareTCPsources
dosuffer asharpedropin throughputthey donotstarve Ourstudieghusindicatethatit maybepossiblefor ECN-mod
andcorventional TCP flows to co-&ist in the network, aslong asthe network buffers areableto selectvely apply a

moreaggressie markingbehaior to the ECN-modflows.
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Figure13: Relative Goodputfor ECN-unavareNewRenoandECN-modSources



19

C. FairnessamongECN-modFlows

We now turnto the questionof fairnessn throughpuiamongthe ECN-modflows themseles. Clearly wewould like
the distribution of throughputamongcompetingflows of the sametype to be no worsethanthe distribution currently
obsered by ECN-NevRenoflows. In particular we wantedto obsere if the higher marking ratesassociatedvith
ECN-modflows resultedin an appreciablymore unfair throughputallocationamongthe best-efort flows. We thus
performedsimulationswith the WFQ topology(of Figurel1), with the best-efort flows eitherall ECN-Ne~vRenoor all
ECN-mod. We obtainedthe throughputobtainedby eachindividual flow, andthencomputedthe fairnessindex
accordingo theformulapresentedn [17]:

L) 12)

where representshethroughpuibbtainedoy theit” flow. Fl lies betweerD and1, with a highervaluecorresponding
to afairerthroughputallocation. Figure 14 plots the variationin FI for ECN-NevRenoand ECN-mod(with different
valuesof ¢;) asthe VolP traffic rateis varied. Thetwo graphscorrespondo scenariosvherethe TCP flows eitherall

hadapproximatelythe sameRTT, or hadtheir RTT spacedutuniformly over( 5,...,500) msecs.
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Figurel4: Fairnesdndex for Best-Efort Throughput

As we canseefrom thegraphstheFairnesdndex is fairly independenof the choiceof ECN-modor ECN-NevReno
(anuniformly high) whenall flows have the sameRTT. On the otherhand,whenthe RTT of the different TCP flows
exhibit significantvariation, ECN-modconsistentlyresultsin a fairer allocation(higher FI) of throughputamongthe

competingflows. Of coursetheFl is lowerin thedifferentRTT case(thetwo graphsn Figure14 have differentscales
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for they-axis),dueto TCP’s well-known biasagainsttonnectionsvith larger RTTs. It is interestingthattheimproved
fairnesgamongECN-modflows) occurseventhoughthe markingratesfor the ECN-modflows areat leastanorderof
magnitudehigherthantheir ECN-NevRenocounterpartsClearly, thelessrapiddecreasef ECN-modin responséo a

singlecongestiorindicatormitigatesary potentialimpactof the highermarkingrates.

V1. CONCLUSIONS

In this paper we investigatea rapidly reactve congestioncontrol framevork for adaptve (best-efort) TCP-like
flows. This framework includesan‘ECN-mod’ protocolthathasa moreaggressie increaseandmilder decreas¢han
conventionalTCP, andrequiresroutersto mark pacletsmuchmoreaggressiely thancurrentlyenvisioned. Simulation
studiesindicatethe useof ECN-modsourcesanresultin a significantimprovementin network utilization (especially
for persistensources)n ervironmentsvherethebest-efort bandwidthvariesrapidly. Theuseof theECN-modwindow
adaptatioralgorithmalsoleadsto smoothetbuffer behaior andlessdrasticvariationin the instantaneousotal traffic
loads.We, however, needto be conserative in the choiceof ECN-modcoeficients:if thewindow increasecoeficient
is too large, network utilization may drop significantly

Furtherstudieswith both persistentand Web sourcesshav that the use of the ECN-modprotocolmakesthe link
utilization by adaptve traffic significantlylesssensitiveto the numberof activeflows,andthe precisesettingof RED’s
P parameter Sinceit is not possibleto preciselypredictthe numberof flowsin ary practicalnetwork, this insensi-
tivity is anextremelyimportantadwvantageof ECN-mod. In particular by using ECN-modflows, andby settingp
to afairly high value,we canmaintainhigh network utilization for bothlow andhigh traffic loads.

Studiesusinga mixture of ECN-modflows and corventional TCP flows alsodemonstratéhat ECN-moddoesnot
significantly penalizecorventional TCP traffic. As might be expected the penaltyimposedis higherwhenthe con-
ventionalTCP sourcesaareECN-unavareanduseonly paclet dropsasindicatorsof congestionWhile ECN-moddoes
graba larger shareof the available bandwidthin sucha mixed ervironment, it alsoimprovesthe overall utilization.
Moreover, our studiesshawv thatthe useof ECN-mod(insteadof ECN-NevReno)may alsoleadto fairer sharingof
throughputamongtheindividual best-efort flows, especiallywhenthe roundtrip timesof differentflows vary acrossa

widerrange.
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We have performedadditionalsimulationswith topologiesthat are more complex andrealisticthanthe dumb-bell
network of Figurel, andhave obsered consistengjualitatve behaior. While notintendedo beconclusve, our results
do amguethatthe currentTCP behaior, of respondingo the notificationof anECN-marled pacletin exactly thesame
way asit reactsto the discorery of alost paclet ([1], [2]), may be sub-optimal.Sereralinterestingresearchjuestions
still remainto beresohed. For example,the optimal shapeof the markingfunction,andits dependencen the precise

choiceof the ECN-modcoeficients,remainsanopenquestion.
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