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Abstiact— Random Early Detection (RED) is the recommendedactive
queuemanagementschemefor rapid deploymentthroughoutthe Internet.
As a result, there have been considerablereseach efforts in studying the
performance of RED. However, previous studieshave often focusedon rel-
atively homogeneougrvironment. The effectsof RED in a heterogeneous
ernvironmentare not thoroughly understood. In this paper, we useextensve
simulations to explore the interaction betweenRED and various types of
heterogeneity aswell asthe impact of suchinteraction onthe userperceived
end-to-endperformance. Our resultsshow that overall RED impr ovesper-
formanceat leastfor the typesof heterogeneitywe have consideed.

Keywords—Random early detection (RED), explicit congestionnoti ca-
tion (ECN), simulation, performance evaluation

|. INTRODUCTION

The InternetResearchrask Force (IRTF) is promotingde-
ploymentof active queuemanayementto improve the perfor
manceof today’s Internet[3]. In particular randomearly de-
tection betterknown asRED [10], is singledout astherecom-
mendedschemdor usein the Internet.

With RED, a routerwill detectcongestiorbeforethe queue
over ows, and provide an indication of this congestiorto the
end nodes. It may useone of seseral methodsfor indicating
congestiorto end-nodesOneis to usepaclet drops. Alterna-
tively, it canseta CongestiorExperiencedCE) bit in a paclet
headerasanindicationof congestionjnsteadof relying solely
on paclet drops. The latter methodsis commonlyreferredto
asexplicit congestionnoti cation (ECN) [15], [34], [35]. The
major adwvantageof active queuemanagemenechanismsike
REDisthatthetransporprotocolswith congestiorcontrol(e.g.,
TCP) do not have to rely on buffer over ow asthe only indi-

interactionbetweenRED and differenttypesof heterogeneity
andquantifyingtheimpactof suchinteractiononuserperceved
end-to-engperformance.

We considerthefollowing ve typesof heterogeneityn this
paper:

Mix of long-livedand short-livedTCP connections Numer
ous measurementshav that the Internettrafc is now dom-
inated by short o ws involving small Web objects 10-20KB
in size[20], [37] (the so called micd. Even with Persistent
HTTP [31], the o w lengthis unlikely to changesigni cantly,
becausdhe averageWeb documents only around30KB [23].
While mostInternet o ws are short-lived, the majority of the
pacletsandbytesbelongto long-lived o ws (thesocalledele-
phantg, andthis propertypersistsacrossseveral levels of ag-
gregation[4], [5], [37], [19]. Therefore|t is very importantto
understantheperformancef RED onaworkloadconsistingpf
bothlong-livedbulk transfersandshort-lvedWebdatatransfers.

Mix of TCP and UDP trafc. Due to the proliferation of
streamingmediacontentoverthelnternet,UDP-basedeal-time
traf c formsasigni cant portionof today's Internettraf c [40].
Real-timetraf ¢ is oftensensitve to network lateng/ andpaclet
lossesput is not necessarilyesponsie to network congestion.
Thereforeijt is importantto understandhe performancémpact
of REDin anernvironmentwith bothTCPandUDP traf c.

Mix of ECN-capablendnon-ECN-capabl& CPconnections
With ECN, a router setthe CE bit in the paclet headeras an
indicationof congestionjnsteadof droppingthe paclet. The
use of the CE bit would allow the recever(s) to receve the

cationof congestion.This can potentiallyreduceunnecessary paclet, avoiding the potentialfor excessie delaysdue to re-

gueuingdelayfor all traf c sharingthatqueue.

There have beenconsiderableresearchefforts in studying
the performanceof RED [6], [7], [8], [10], [18], [26], [24],
[25], [38]. However, mostprevious studiesonly considerrel-
atively homogeneousrvironment.Moreover, aspointedoutin
[6], the performancemetricshave largely beennetwork-centric
measuresuchas network link utilization and aggreyate TCP
throughput. The end-to-endperformanceémpactof RED in a
heterogeneousnvironmenthasnot beenthoroughlyexplored.

transmissiorafter paclet losses. However, ECN hasnot yet
beenwidely deplgyedin today’s Internet. If it is ever goingto
be widely deployed, the deploymentwill be incremental. That
is, ECN-capableand non-ECN-capabld CP connectionswill
coexist for a long periodof time. Therefore|t is importantto
understandhe effectof REDin anenvironmentwith competing
ECN-capablendnon-ECN-capabl@CPtrafc.
Differentroundtriptimes In thereal Internet,different o ws
sharingthe samebottlenecklink can have different roundtrip

It is well-known that the Internetis a highly heterogeneous times(RTT's). It is well-known that TCP hasbiasagainstiong

ervironmentandthatheterogeneitganhave signi cant impact

roundtriptime connectionsWe areinterestedn understanding

on the network performance.Therefore,jn orderto understand whetheRED canreducesuchdiscriminationcomparedvith the

theperformancef REDin therealInternet,it is crucialto con-
siderheterogeneityln this paper we useextensve simulations
to exploretheend-to-enceffectsof REDin a heterogeneousn-
vironment.In particular we areinterestedn understandinghe

Drop-Tail (DT) policy.

Two-waytrafc. In thereal Internet,thereis typically data
traf c in bothdirections. It is well-known thatthe presencef
two-way traf c cancauseACK-compressioid1], which canin



turn make TCP traf c much more bursty thanin the one-way
trafc case.In orderto understandhe performanceof RED in
thereallnternet;t is importantto considetheeffectof two-way
traf c.

The remainderof this paperis organizedasfollows. In Sec-
tion I, we provide a morein-depthintroductionto the RED al-
gorithm.In Sectionlll, we brie y overview theliteratureonthe
performancevaluationof RED. In SectionlV we describeour
simulationsetup. In SectionV, we presentdetailedsimulation
results.We endwith conclusionandfuturework in SectionVI.

I1. BACKGROUND

Considera routerwith a buffer sizeof  paclets. With the
RED buffer managemergchemearouterdetectscongestiorby
theaveragequeudength( ), whichis estimatedisinganexpo-
nentiallyweightedmoving average: ,
where isa x ed(small)parameteand is theinstantaneous
gueuelength. Whenthe averagequeuelengthexceedsa mini-
mum threshold( ), incomingpacletsare probabilistically
droppedor marked with the CongestionExperiencedit [15],
[34], [35]. The probability that a paclet arriving at the RED
gueusis eitherdroppedor markeddependsiponseveralcontrol
parametersf thealgorithm.An initial drop/markprobability
is computedisingadropfunction basedntheaveragequeue
length andthreecontrolparameters , ,and
Theactualprobabilityis a functionof theinitial probabilityand
a countof thenumberof pacletsenqueuedincethelastpaclet
wasdropped: .

In theoriginal RED scheme, if , Which
meansll incomingpacletsaredroppedor markedwhentheav-
eragegueudengthexceeds . Asshavn by Firoiu etal.[8],
this can lead to oscillatory behaior. Recently Floyd recom-
mendedusingthe “gentle” variantof RED [17], which usesthe
following modi ed droppingfunction  (illustratedin Fig. 1):

if
if
if
otherwise
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Fig. 1. Dropfunctionof RED with the“gentle.” modi cation.

As shavn by Rosolenet al.[32], [33], the “gentle” option
makesthe RED muchmorerobustto the settingof the param-
eters and . Thereforewe turnit on for all simula-
tionsin this paper

RED hasfour controlparameters: , , , and

. How to properly con gure theseparameterfiasbeenthe

subjectof mary studies[6], [8], [11], [16]. The focusof our
work is on understandinghe interactionbetweerRED anddif-
ferenttypesof heterogeneity Therefore,insteadof proposing
arny new recommendationsn con guring RED parametersye
closelyfollow the guidelinesby Floyd [16]. More speci cally,
we always usethe recommendedaluesof ,

,and . Therecommendedgaluefor the
lastparameter is 5 paclets.However, asnotedin [16], the
optimal settingfor alsodependgartly onthelink speed,
propagatiorelay andmaximumbuffer size. Thereforepesides
therecommendedalueof 5 paclets,we alsoexperimentwith
two differentvaluesof basednthebuffer size: and

, where is themaximumbuffer size.

I1l. PREVIOUS WORK

SinceREDwasinitially proposedn 1993by Floyd etal.[10],
therehasbeena vastvolume of researclon studyingthe per
formanceof RED [6], [7], [8], [10], [18], [26], [24], [25], [38].
Therehave alsobeennumerougproposednodi cationsandal-
ternatvesto RED, suchasBLUE [12], SRED(StabilizedRED)
[28], Adaptve RED [11], FRED (Fair RandomEarly Drop)
[22], and BRED (BalancedRED) [2]. The resultsfrom these
studieshave provided valuableinsightsto the RED algorithm.
Unfortunatelythey alsosuffer from somenotablelimitations:

Most previous studieshave focusedon relatively homoge-
neouservironment. Many studieseitheronly considera mod-
eratenumberof long-lived TCP connectionsuchas(huge) le
transfers(e.g., [11], [38]), or only examinethe environment
whereall o ws areshort-lved datatransferg(e.g.,[6]). There
are somestudiesthat did considersometypesof heterogene-
ity. For example,recentwork at INRIA hasstudiedthe effect
of RED onmixesof “bursty” (TCP)and“smooth” (UDP)traf ¢
[24]. However, thetypesof heterogeneitgonsideredare often
limited. In particular the effect of two-way traf ¢ is rarely ex-
amined.Moreover, little efforts have beenmadeon pinpointing
theinteractionof RED with eachparticulartype of heterogene-
ity.

As pointedout in [6], the performancametricsusedin pre-
vious studieshave largely beennetwork-centricmeasuresuch
asthe network link utilization and aggreyate TCP throughput.
While suchinformationis valuablefor network operatorsand
serviceproviders, end userstend to be more interestedn the
performanceecevedby eachindividual o w.

Most previous studieshave focusedon the performanceof
RED in absencef the“gentle” modi cation. This, of course,
is largely dueto thefactthatthe“gentle” modi cation wasnot
proposeduntil very recently The“gentle.” optionmakesRED
much morerobustto the settingof the parameters and

. It cansigni cantly reducethe unwantedeffectsdueto
parametemiscon guration. Therefore,it is importantto run
simulationswith the“gentle” variantof RED.

In this paper we addresstheselimitations by conducting
extensie simulationsto explore the effects of RED (with the
“gentle.” modi cation) ontheuserpercevedend-to-engerfor
mancen a heterogeneousrvironment.



IV. SIMULATION SETUP

To studythe performanceémpactof RED in a heterogeneous
ervironment,we conductextensve simulationson a variety of
network topologiesand workload usingthe ns network simu-
lator [27]. In this section,we give anovervien of the network
topologyandvarioussimulationsettings.Thenwe describethe
performancenetricsusedin evaluation.

A. SimulationTopology

In order to thoroughly investigatethe interactionbetween
RED and varioustypesof heterogeneitywe believe it is nec-
essaryto keepthe simulationtopology relatively simple, yet
sufciently representate. Fig. 2 illustratesa simple single-
bottlenecknetwork topologythat we usefor mostof our sim-
ulations.The bottleneckoandwidth( ) is either1.544Mbps
or 10 Mbps. The one-way propagatiordelay( ) of the bottle-
necklink is either25 msec 50 msecor 100msec.As suggested
in [38], the bottleneckrouterhasa maximumbuffer size( ) of
eitherl, or 1.5, or 2 timesthe bandwidth-delayroduct.(Since
our topologyis symmetric the bandwidth-delayroductequals

). All theotherlinks have 10 Mbps capacityand
1 msecone-vaypropagatiorelay Normally, datatraf ¢ isonly
presenin the forward path(from left to right in Fig. 2). When
studyingtheeffectof two-trafc, we alsoconsidedatatrafc in
thereversepath(from right to left in Fig. 2).
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Fig. 2. Simulationtopology
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For interest of space,in this paper we only presentthe
results for the scenario where 1.544Mbps,
50msec,and . The resultsfor the other
network scenariosare qualitatively similar to what we present
here.

B. QueueManagementScemes

In all simulationsthe bottleneckrouteruseseitherthe Drop-
Tail FIFO queuemanagementr the RED queuemanagement
(with or without supportfor ECN). As notedin Sectionll, we
closely follows the guidelinesby Floyd [16] when con gur-
ing variousRED parametersMore speci cally, we alwaysuse

, ,and . For thelast
parameter , besidegherecommendedalueof 5 paclets,
we alsoexperimentwith two differentvaluesbhasednthebuffer
size: and , where is themaximumbuffer size. The
detailsfor differentqueuemanagemergchemesisedin this pa-
peraresummarizedn Tablel.

C. Trafc SouceModels

We considetthe following four typesof traf ¢ sourcesn our
simulations:

| Scheme]| Type |
dt DT (Drop-Tail) | N/A
rl REDw/o ECN 16
r2 REDw/o ECN /9
r3 REDw/o ECN | 5 paclets
rle REDwith ECN /6 (sameasrl)
r2e REDwith ECN /9 (sameasr2)
r3e REDwith ECN | 5 paclets(sameasr3)
TABLE |

DIFFERENT QUEUE MANAGEMENT SCHEMES.

Typel. Long-livedTCPtrafc sources Trafc sourcesof this
type belongto FTP sessionwith anin nite amountof datato
transmit.

Type2. Short-livedWeb-like TCP traf c sources We usethe
following simple sourcemodelto mimic the behaior of Web
sessionsEachconnectiorrepeatedlymake short le transfers.
Betweentwo consecutie transfers,thereis a think-time that
startsafterthelastbyte of the rst le hasbeenacknavledged.
The transfersizeis kept at 30 KB, which is the averageweb
transfersize(includinginline images)23]. Thethink timesare
drawn uniformly betweeril and3 secondsWhenrestartingdata
ow afteranidle period,the senderalwaysusesthe slow start
procedurg21] to probethe network available bandwidth. Our
modelis by no meangealistic. However, we believe thatit does
capturethe essencef Web datatransfersthatis, a signi cant
amountof timeis spentduringthe slow startphase.

Type3. Constant-Bit-Rat¢ CBR) UDP traf c sources To as-
sesghe effect of RED on relatively “smooth” real-timetraf c,
we considerUDP traf ¢ sourcessendingat a constantbit rate
of 24 Kbps. The paclet sizefor the CBR sourcess setto 210
bytes,whichis thedefaultvaluein ns.

Type4. ON/OFFUDP trafc sources. The ON/OFFtimesare
drawn from Paretodistributionswith the “shape”parameterset
to 1.5,whichis thedefaultvaluein ns. ThemeanON timeis 1
seconcandthe meanOFFtime is 2 secondsDuring ON times,
the sourcedransmitwith a rateof 24 Kbps. Like for the CBR
traf c sourceswe usethedefaultpacletsizeof 210bytesfor the
ON/OFFUDP sources.It hasbeenreportedby Park et al.[30]
thatWWW-relatedtraf ¢ tendsto beself-similarin nature Will-
inger et al.[39] shav thatself-similartraf c may be createcby
usingseveral ON/OFFUDP sourcesvhoseON/OFFtimesare
drawvn from heary-tailed distributionssuchasthe Paretodistri-
bution. That'swhy we studyON/OFFtraf ¢ in oursimulations.

D. TCPCon gurations

For all TCP connections,we use the ns TCP/Renoand
TCP/Sack1(TCP with supportfor selectiveacknowledgments
(SACK)) simulationcode, which closely modelsthe conges-
tion control behaior of most of the TCP implementationsn
widespreaduse. For this study we disabledelayedacknawl-
edgmentsalthoughwe have repeatedeveralof ourexperiments
with delayedacknavledgmentenabledandourresultsarequal-
itatively similar.

The size of TCP datapacletsis setto 500 bytes, which is
typical for wide-areal CP connectionsThesizeof the TCPac-



knowledgmentds setto 40 bytes. The timer granularityis set
to 100 msec,which is defaultin ns. The maximumconges-
tion window sizeis setto 100KB (200 paclets). As suggested
by Floyd etal.[9], in orderto explore propertiesof network be-
havior unmasled by the speci ¢ detailsof traf ¢ phaseeffects,
we alwaysadd a randomprocessingtiime at the TCP sendey
whichis uniformly choserbetweerzeroandthe bottleneckser
vicetime for a TCPdatapaclet.

E. PerformanceVietrics

We usethe goodputasthe primary performancemetric for
TCP ows. ForasingleTCP o w, its goodputis de ned asthe
numberof goodbits recevedby therecever (excludingunnec-
essaryretransmissionsin unit time. For a setof TCP o ws,
their aggregate goodputis de ned asthe numberof good bits
recevedby all recevversin unittime. Theaveage goodputfor a
setof TCP o wsis de nedastheiraggreyategoodputividedby
thenumberof o ws. Goodputcanbeeasilytranslatednto other
metricssuchasthe completiontime. Comparedvith network-
centriclike network link utilization, goodputis oftenwhatend
usersreally careabout.

For UDP o ws, we focuson the lossratefor this study Be-
sidestheaggrejatelossrateseerby all UDP o ws,we alsolook
atthedistribution of thelossrateseenby eachUDP o w.

V. SIMULATION RESULTS

In this section,we evaluatethe end-to-endpoerformancem-
pactof RED with differenttypesof heterogeneityve identify in
Sectionl.

A. Mix of Short-Livedand Long-LivedTCP Connections

We conductthe following experimentsto assesshe effects
of differentqueuemanagemereachemesummarizedn Tablel
on a workload with both long-lived and short-lved TCP con-
nections:ln eachexperiment,a setof foregroundWeb sessions
(Type2 in SectionlV-C) competewith a x ednumberof back-
groundFTP sessiongType 1 in SectionlV-C). To avoid de-
terministicbehaior, besidesaddingrandomprocessingime at
the TCP sendersye alsoincludesix telnetsessiongompeting
with the main o ws. Theinter-arrival timesfor telnetsessions
aredrawn from the “tcplib” distribution asimplementedn ns.
Eachsimulationrun lasts200 sec. All connectionsstartran-
domly from within theinitial two secondsWe recordthe aver-
agegoodputfor bothWebsessionandFTP sessioni the nal
150sec.For eachsimulationcon guration,we reportthe mean
1 of 5 runsof anexperimentwith differentrandomseeds.

Fig. 3 summarizesheresultsfor TCP/Renavhenthenumber
of short-lvedTCPconnectionwvariesfrom 2 to 40 andthenum-
berof FTPsessionss keptat5. As we cansee theWebsessions
recevve 10-30%higheraveragegoodputwith REDthanwith DT,
regardles®f theRED parameterssed.As aresult,the FTPses-
sionsrecevesslightly lower goodputwith RED thanwith DT
(becausehe total amountof bandwidthconsumedy all o ws
remainsconstanafterthebottleneclink getsaturated).

We originally conjecturedhatthis is becausevith DT, short
o ws tendto get more thantheir shareof losses. This is not

Thevariationis in generalery smallcomparedo themean.
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Fig.3. Effectof REDonthemix of short-lvedandlong-lived TCPconnections.
The numberof short-lved TCP connectionssariesfrom 2 to 40 while the
numberof competing=TP sessionss keptat5. 6 telnetsessionsreusedto
avoid deterministidbehaior. TCP/Rends usedfor all TCP connections.
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thecasewith RED,whichdistributeslosseauniformly acrossall
0 ws. ConsequentlyWebsessionseceveshighergoodputwith
RED thanwith DT. However, this turnsout to be not the case
With a large numberof TCP o ws, the statisticalmultiplexing
level is very high. Consequentlythereis little differencein the
lossratesexperiencedy the Websessionsindthe FTPsessions
evenwith DT. This canbeillustratedby Fig. 4, which compares
the pacletdropsvs. the throughputreceved by eachindividual
ow in a simulationrun. (The sametype of diagramis also
usedby Floyd et al.in [9]). As we cansee,thereis not much
differencebetweendt andrl. (Theresultsfor the otherRED
con gurationsarevery similar)
14
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Fig.4. Pacletdropsvs. throughpufor each o w in onesimulationrun. 10Web
sessiongompetewith 5 FTP sessions.6 telnetsessiongre usedto avoid
deterministidoehaior. Thequeuemanagemergchemas eitherdt orrl as
de nedin Tablel. TCP/Rends usedfor all TCP connections.

The actualreasonis asfollows. RED reducesthe average
gueuelength,and consequentlyincreaseshe paclet lossrate.
Theincreasen pacletlossratehasa greateimpactonthe FTP
sessionswhich typically have more outstandingpacletsin a
roundtriptime thanthe Web sessions.(Note that asthe num-



ber of outstandingpacletsincreasesso doesthe probability of
getting at leastonelossin oneroundtriptime) Consequently
theFTPsessionsecevelowerthroughputwhichin turncreates
more bandwidthavailableto the Web sessions.Similar effects
canbeachiezedby reducingthe buffer sizeat a Drop-Tail gate-
way. As illustratedin Fig. 5, aswe vary theratio of the buffer
sizeoverthebandwidth-delaproduct( )from21.4downto0.2,
theaveragegoodputrecevedby theWeb sessiongxperiencesa
10-30%increase.
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Fig.5. Theaveragegoodputof Websessions10Websessiongompetewith 5
FTPsessions6 telnetsessionareusedto avoid deterministidoehaior. The
bottleneckrouterusesthe Drop-Tail FIFO queuemanagementTheratio of
thebuffer sizeover thebandwidth-delayroduct( ) variesfrom0.2t01.4.
TCP/Rends usedfor all TCPconnections.

Fig. 6 summarizeghe resultsfor the sameexperimentin
Fig. 3 exceptthat TCP/Sackls usedfor all connectionsnstead
of TCP/Reno.For brevity, we only shav the averagegoodput
for theWebsessionsTheperformancédor the FTP sessionsan
be easilyinferred becausehe total amountof bandwidthcon-
sumedby all ows is almostconstantafter the bottlenecklink
getsaturatedThe mostinterestingpartof Fig. 6 is thatwith dt,
theWebsessionseceve 10%lowergoodputwhenall o wsuse
TCP/Sacklinsteadof TCP/Reno.n contrast SACK makeslit-
tle differencein termsof the averagegoodputwith otherqueue
managemergchemes.
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Fig. 6. Averagegoodputof the Web sessionsThe simulationsettingsarethe
sameasin Fig. 3 exceptthatTCP/Sacklinsteadof TCP/Renas usedfor all
TCPconnections.

We believe suchdiscrepang can be explained as follows.
Comparedwith the Web sessionsthe FTP sessiongypically
have largercongestiorwindows,andconsequentlyhigherprob-
ability of getting multiple lossesin a roundtrip time. When
pacletlossesarebursty (asis the casewith DT), TCP/Renaof-
ten needsto usetimeoutto recover from multiple lossesin a
roundtriptime. With SACK, thisis nolongernecessaryThere-
fore, with DT, FTP sessionbene t morefrom SACK thanthe

Web sessions. As a result, FTP sessiongyet higher average
goodputwhichin turn reducegshe amountof bandwidthavail-
ableto Web sessionsIn contrastwith RED, lossestendto be
lessburstythanwith DT. In this case gven TCP/Renccanoften
recover from multiple pacletlossesn the sameroundtriptime.
Consequentlythebene t of SACK is muchsmaller

To summarizeshort-lved TCP o ws tendto receve higher
goodputwith RED thanwith DT when competingwith long-
lived TCP o ws. This is desirablebecauseén the real Internet,
shortdatatransfergypically belongto interactive Webbrowsing
sessionswhichis delay-sensitie. Meanwhile with DT, SACK
tendsto bene t long-lived o ws morethanshort-lived o ws. In
contrastwith RED, SACK hasverylittle performanceémpact.

B. Mix of TCPandUDP Trafc

In this section,we studythe performancempactof RED in
an ervironmentwith both TCP and UDP trafc. We focuson
thelossratefor the UDP traf c.

Recentwork at INRIA [24] hasshovn that RED cansignif-
icantly increasethe loss rate for “smooth” CBR UDP trafc.
However, [24] only look attheaveragdossrateaggregatedover
all UDP ows. We are moreinterestedn the distribution for
the lossrate seenby eachindividual UDP ow. We conduct
thefollowing experimentwith a setof CBRUDP o ws (Type 3
in SectionlV-C) competingwith FTP sessiongType 1 in Sec-
tion IV-C). Eachrun of the experimentasts200sec.We record
thelossratein the nal 150 secfor eachUDP ow. Thenwe
plot the cumulatize distribution for all suchlossratesrecorded
for 15 simulationruns.

Fig. 7 summarizegheresultsfor 20 CBRUDP o0 wscompet-
ing with 10 FTP sessions(We have alsoconductthe sameex-
perimentwith differentnumberof UDP andFTP sessionsOur
resultsare qualitatively similar) We considerboth x ed and
randominter-arrival timesfor the CBR trafc. We make two
obsenations:

Theuseof SACK or ECN for TCP o ws cansigni cantly in-
creasethe lossratefor UDP trafc. The useof RED without
ECN canalsoincreasdahelossratefor UDPtraf ¢, buttherela-
tiveimpactis alwayssmalleror comparabléo the useof SACK
with DT. Thisis becausavith RED/ECN/SACK, TCP o wsare
lesslikely to have timeouts andconsequentlyjpecomemnoreag-
gressve.

Whenthe CBR trafc has x ed inter-arrival times, thereis
a muchbiggertail ( ) at the high lossrateregion (loss
rate ) with DT thanwith RED, which meansa signi cant
numberof UDP o ws suffer from high lossrate. Currentlywe
arestill investigatingthe exactcausefor this. But reducingthe
tail atthe high-lossregionis clearlybene cial for applications.

Fig. 8 summarizesheresultsfor anexperimentwith thesame
simulationsettingsasin Fig. 7 exceptthat ON/OFFUDP traf ¢
replaceshe CBR UDP trafc. Again, we nd thatthe useof
REDwith ECNand/orSACK cansigni cantly increaseheloss
ratefor UDP traf c comparedo the casewhenTCP/Rencand
DT areused. This is becauseTCP becomesamore aggressie
with SACK and/orECN. On the other hand, the use of RED
withoutECN actuallyreduceghelossratefor UDPtraf c. This
is becauseRED canreduceshe bias againstbursty trafc by
distributing losseauniformly acrossall connections(Note that
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Fig. 7. Cumulatve distributionfor thelossrateexperiencedy CBRUDP o ws.
20CBRUDP o ws(Type3in SectionlV-C) competewith 10 FTPsessions
(Typelin SectionlV-C). The CDFis obtainedfrom 15 simulationruns. In
(a) the interarrival-timesremainconstant. In (b) and (c), the interarrival
timesareuniformly distributedbetween and , whereT is the
interarrival timein (a).

the ON/OFFUDP traf c is moreburstythanTCPtrafc in that
it doesnotrespondo network congestion.)

To summarizethe useof SACK and/orRED with ECN for
TCP o ws alwayssigni cantly increaseshe lossratefor UDP
trafc. Theuseof RED without ECN tendsto reducethe loss
ratefor bursty UDP traf c, aswell asincreasehelossratefor
smoothUDP trafc (The increaseis lesssigni cant compared
to the casewhenSACK is usedwith DT). Moreover, RED can
reducethe tail atthe high lossrateregion for CBR trafc with
x edinter-arrival times,whichis bene cial.

C. Mix of ECN-Capableand Non-ECN-Capablérafc

To assesshe effect of RED on mixesof both ECN-capable
and non-ECN-capablérafc, we considera setof TCP
0 ws competingfor the samebottlenecKink. Half of the o ws
are ECN-capablewhile the otherhalf arenot. We thenreport
the ratio betweenthe averagegoodputfor ECN-capableo ws
overtheaveragegoodputfor non-ECN-capable ws.

Fig. 9 shaws the resultswhenall o ws arelong-lived FTP
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Fig. 8. Cumulatve distribution for the lossrate experiencecby ON/OFFUDP
o ws. Thesimulationsettingsarethe sameasin Fig. 7 exceptthat ON/OFF
UDP o ws(Type4 in SectionlV-C) areusedinsteadof the CBR trafc.

sessiongType 1 in SectionlV-C). variesfrom 1 to 20 (thus
the total numberof competing o ws variesfrom 2 to 40). It is
evident from the gure that ECN-capablesourcesconsistently
out-performsnon-ECN-capablsourcesy 5-30%. Meanwhile,
asthe congestiorievel increasesthe goodputratio initially in-
creasesndlater decreasesThe peakoccurswhenon average
eacho w hasroughly3-4outstandingacletsduringeachround
trip. This is reasonabléecausaevhenthe averagecongestion
window size(whichis thenumberof outstandingpaclet during
eachRTT) decreasegherelative performancéene t of avoid-
ing an earlydrop at the RED gatevay increasesBut whenthe
averagecongestiorwindow dropsbelow 3, fastretransmission
breaksdown evenwith a singleloss. Consequentlythe timeout
penaltybecomeghe dominantfactor which limit the relative
performancdene t of ECN.

Fig. 10 summarizeshe resultsfor the Web sessiongType 2
in SectionlV-C). As we cansee the shapeof thecuneis very
similarto Fig. 9 (a), exceptthatthe peakgoodputratio is much
smaller Thisis becaus¢heshort-lved o ws spendasigni cant
amountof time probingthenetwork availablebandwidthduring
slow start,which limit therelative bene t of ECN.

To summarize ECN-capableTCP o ws almostalwayshave
higher goodputthan non-ECN-capabldCP ows. For bulk
transfers, the relative performancebenet is greatestwhen
on averageeach o w hasaround3-4 outstandingpaclets per
roundtriptime. For short-lved o ws,therelative bene tof ECN
is muchsmaller

D. Effectof DifferentRTT's

In this section,we explorethe effect of differentqueueman-
agemenscheme®n o ws with differentRTT's. We startwith
the simplistscenaridn which thereareonly two differentRTT
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valuesandall o ws arelong-lived FTP sessionghatcanreach
their steadystate(in SectionV-D.1). We then considermore
complicatedscenariosvhereeithertherearemorethattwo dif-

ferentRTT values(in SectionV-D.2)or all o wsareshort-lved
Web sessionswhich canhardly ever reachtheir steadystate(in

SectionV-D.3). We use TCP/Renofor all simulationsin this

section.

D.1 Bulk Transferswith 2 DifferentRTT's

We divide all TCP o wsinto two equal-sizedyroups  and
. All o wswithin thesamegroup  havethe sametwo-way
propagatiordelay ( =1,2). Wevary while keeping
x ed. Thiscanbeachievedby properlyadjustingtheone-
way propagatiomelayonthehigh-bandwidti{10Mbps)linksin
Fig. 2. For eachsimulationrun, we recordthe averagequeuing
delay( ) experiencedy all paclets. Thenwe canestimatehe
averageroundtriptimefor owsingroup ,as
. We alsorecord , the averagegoodputfor ows
in group . Thegoalis to studyhow

changesvith respecto .

Fig. 11 shavs theresultsé competing=TP sessionsvith the
Drop-Tail FIFO queuemanagemeniThebottleneckink hasT1
capacityand50 msecone-way propagatiordelay is kept
at 102 msec. (We do not considerscenariosn whichthe RTT
ratio is , which is unlikely to happenin the real Internet.)
As we cansee,the goodputratio alwayssatis es Equation(1).
(Extensve simulationsvith mary differentsettingsalsogivethe
sameresult.)
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Fig. 11. Theeffectof Drop-Tail queug(dt in Tablel) on 6 FTP sessionsvith 2
differentRTT's. ThebottlenecKink hasT1 capacityand50 msecone-vay

propagatiordelay varieswhile is keptat102msec.
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Fig. 12. Thecongestiorwindow evolution of two TCP ows  and  with

Drop-Tail FIFO queuemanagement.

To explain(1), we needo thoroughlyunderstanthesynchro-
nizationeffect of Drop-Tail gatevays. For brevity, let us only
considertwo competingTCP o ws. All ouranalysisstill applies
whentherearemorethantwo competingTCP o ws. Fig. 12il-
lustrategheevolution of thecongestiorwindow size( ) for
two competingTCP ows and  (with ) un-
derDrop-Tail FIFO queuemanagementAs we cansee the syn-
chronizationeffecton  and is morecomplicatecthanthe
frequentlymentionedglobal synchronizationfor TCPconnec-
tionswith thesameRTT [36]. For , wheneerthe bottleneck
buffer becomedull, it will getalosswithin oneroundtriptime
( ) whenit increasests congestionwindow. It takesan-
otherroundtripfor  to detectthelossby 3 duplicatedACK's
and reduceits sendingrate by halving its It takesyet
a third roundtripfor suchratereductionto actuallytake effect.
Therefore pn averageit takesroughly for therate
of 's paclets arriving at the bottleneckrouter to decrease.
When increasests , the extra paclet sentby  will



getdroppedonly if it arrivesat the bottleneckqueuebeforethe
arrival rate of pacletssentby  decreasesWith the random
processindime at the senderthis extra paclet canarrive at the
bottleneckqueueat ary time within after the queuebe-
comesfull. Thereforewe canestimatethe drop probability for
thisextrapacletas , Whichis within

when . Or equialently,
#dropsseerby  in unittime
I 2
#dropsseerby  in unittime
Assumingthat at steadystate, the of connection
grows from to during eachepoch,then  seesa
dropevery . Consequently2) becomes
3
Meanwhile thegoodputfor  canbeapproximateds:
=1,2. 4

From(3) and(4), we immediatelyget(1).

Now we consideredhe effect of RED queuemanagementt
is well-known that is roughly inverselyproportional
to —, where is the pacletlossratefor ow [29].
With RED, different o ws roughly experiencethe samepaclet
lossrateundersteadystate.Consequentlywe have:

(®)

Thevalidity of (5) canbebestillustratedby Fig. 13.
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Fig. 13. Theeffect of RED gatavay on FTP sessionsvith 2 differentRTT's.
Thesimulationsettingsarethe sameasin Fig. 11 exceptthatthebottleneck
routerusesRED queuemanagement.

D.2 Bulk Transferswith 8 DifferentRTT's

In this section,we consider8 competingFTP sessions
( =1,2,...8)all with differentRTT's. The two-way propagation
delayfor is keptat102msec.The propagatiordelaysfor all
the otherFTP sessionsreuniformly choserbetweernl02 msec
and 300 msecduring eachsimulationrun. The con gurations
for the bottlenecklink andthe buffer size are the sameasbe-
fore. For eachrun of the experiment,we recordgoodputra-
tios andthe RTT ratios (
= 2,3,...,8). We thenmale a scatterplot of all the datapoints
( , ) obtainedrom 15runsfor
eachqueuemanagemergchemeTheresultsaresummarizedn
Fig. 14.

Y: Goodputl/Goodput_i

22 24 26 28

1.8 2
X: RTT_RTT_1

16

Fig. 14. Comparisorbetweerthe effect of RED gatavay andthe droppingtail
gatevay on8 TCP o wswith all differentRTT's.

As we can see,with dt, the bias againstlong-RTT ows
is smallerthat the casewith only two differentRTT's. The
throughputatiosarecenteredaroundline andarewell-
boundedby two lines and . In compari-
son,with RED, thethroughputratiosare clusterednuchcloser
to line . ThissuggestshatRED is morefair thatDT. To
guantify the fairnessof differentqueuemanagemenschemes
for o wswith different 's,we usethe normalizedfairness
ratio [1], whichis de ned asfollows.

Fig. 15shavsthenormalizedairnessatiofor differentqueue
managemerpolicy. As we canseethatDT is signi cantly less
fair comparedo RED.
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Fig. 15. Normalizedfairnesgatio usingdifferentqueuemanagemenolicies.

D.3 WebSessionsvith 2 DifferentRTT's

Fig. 16 shavstheresultsfor 30 WebsessiongType2 in Sec-
tion IV-C) with 2 differentRTT's. As we cansee ho matterwhat
gueuemanagemenschemeis used,

. This is mainly becausdor shortdatatransfers,
therequiredroundtriptimesis dominatedy the slow startpro-
cedure.Unlesstwo o ws have signi cantly differentlossrates,
they tendto requiresimilar numberof roundtriptimes. Conse-
guently the goodputratio is inverselyproportionalto the RTT
ratio.

To summarize,long-RTT bulk transfersin generaltend to
have highergoodputwith RED thanwith DT. For Web sessions,
RED malesverylittle difference.

E. Effectof Two-wayTrafc

In this sectionwe evaluatethe effectsof differentqueueaman-
agemenschemesvhenthereis datatrafc in boththe forward
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andthereversepath.We considetthreecasesi. thedatatraf c
on both directionsbelongsto FTP sessiongin SectionV-E.1);
2. thedatatraf c in theforward pathbelongsto Webtraf c but
thedatatraf ¢ in thereversepathbelongd=TP sessiongin Sec-
tion V-E.2); and3. thedatatraf ¢ onbothdirectionsbelongsto
Websessiongin SectionV-E.3).

E.1 Bulk Transfersn Both Directions

We rst considerthe scenariowherethe forward andthere-
versepathshavethesamecongestiotevel. Thiscanbeachiesed
by keepingthe samenumberof FTP sessionin bothdirections.

Fig. 17 shows the averagegoodputfor FTP sessiongusing
TCP/Reno)n theforward path. The goodputfor FTP sessions
in thereversepathis very similar dueto the symmetricopology
andthe symmetriccongestiorevel. As we cansee,the aver
agegoodpults slightly higherwith DT thanwith RED whenthe
numberof competingFTP sessiongs small. This is not sur
prising, becauseRED reducesthe bottleneckqueuelength by
increaseshelossrate. Whenthe numberof o wsis small,this
leadsto link undetutilization. As the numberof FTP sessions
increasethe bottlenecklink becomeshighly utilized. Conse-
guently thereis little differencein the averagegoodputno mat-
ter which queuemanagemergchemas used.We alsoconduct
thesameexperimentwith TCP/Sack1Theresultsaresimilar.
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Fig. 17. Averagegoodputfor FTP sessionén the forward direction. All ows
usethe TCP/Renoa vor without supportfor SACK.

Besidegheaveragegoodputwe arealsointerestedn thedis-
tribution for the goodputreceved by eachindividual FTP ses-
sion. For this purpose we keepthe numberof FTP sessions
in eachdirectionto be either4 or 16. For eachrun of the ex-
periment,we recordthe goodputreceved by eachindividual
FTP session. The we computethe cumulatie distribution for
the goodputreceved by each o w in 15 simulationruns. The
resultsare summarizedn Fig. 18. As we cansee,whenthe

numberof competing o ws is small, the averagegoodputwith
DT is higherthanRED plusECN, but comparabléo RED with-
out ECN. Whenthe congestiorlevel is high, DT givesworse

performancehanRED.
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Fig. 18. Cumulatve distribution for the goodputreceved by eachindividual
FTPsessiornn theforwarddirection. TCP/Renads usedby all FTPsessions.
Thedistribution is obtainedrom 15 simulationruns.

Now we considethescenarion whichtheforwardandthere-
versepathshave differentcongestiorievels. More speci cally,
we vary the numberof FTP sessionsn the forward direction
while keepingthe numberof FTP sessionsn the reversedirec-
tion to beeither5 or 10.

The resultsare summarizedin Fig. 19. As illustratedin
Fig. 19(a), the goodputreceied by FTP sessionsn the for-
ward pathis qualitatively similar to the resultsgivenin Fig. 17.
In particular thereis very little differencein termsof average
goodputwith differentqueuemanagemergchemesThisis not
surprisingbecauseahe congestiorlevel at the reversedirection
largely remainsconstant. As the forward path becomessatu-
rated,theaveragegoodputonly depend®n thenumberof com-
peting o ws. Comparedo the forward path, the reversepath
is moreinteresting. As we canseein Fig. 19(b), with DT, the
averagegoodputreceved by FTP sessionsn the reversepath
continuouslydecreasess the congestionevel in the forward
pathincreasesThisis notthe casewith RED, wherethe good-
putinitially decreasebut soonstabilizesata level muchhigher
thantheaveragegoodputwith DT.

E.2 Web Sessionsn Forward Direction, Bulk Transferdn Re-
verseDirection

Fig. 20 summarizesheresultswhenthe numberof Web ses-
sionsin the forwardpathvariesfrom 1 to 60 andthe numberof
FTPsessiongn thereversepathis keptat5. As we cansee dif-
ferentqueuemanagemergchemenakesvery little differencan
termsof averagegoodputfor the Web session®n the forward.
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Fig. 19. Performancevaluationfor thecasewhenthenumberof FTPsessions Fig. 20. Performancevaluationfor the casewhenthe numberof Websessions

in theforwarddirectionvariesfrom 1 to 25 andthenumberof FTPsessions
in thereversepathis keptat 10. All o wsuseTCP/Reno.

For the FTP sessionén thereversepath,with RED, theaverage
goodputdecreasebut soonstabilizesasthe congestiornevel in-
creasedn theforwardpath. Thisis notthe casewith DT, where
theaveragegoodputcontinuego decrease.

E.3 Web Sessions Both Directions

Now we consideithe casewhenthedatatraf c in bothdirec-
tionsareWebsessions.

Fig. 21 shows the averagegoodputfor the Web sessionsn
the forward pathwhenthe congestiorlevelsin both directions
aresimilar. Again, thereis verylittle differencein goodputwith
differentqueuemanagemerolicies.

Fig. 22 shavs theresultsfor the casewhenthe forward path
andthereversepathhave differentnumberof WebsessionsThe
numberof Web sessionén the forwardpathvariesfrom 1 to 60
while the numberof Web sessionsn thereversepathis keptat
10. As we cansee theresultsis qualitatively similar to Fig. 20.

We cansummarizeheresultswith two-waytraf ¢ asfollows.

Whenthecongestiorevel in the ACK pathis high, TCPtends
to gethighergoodputwith RED thanwith DT.

When the congestionlevel in the ACK pathis low but the
congestiorlevel in thedatapathis sufciently high, TCPtends
to getcomparableyoodputwith RED andwith DT.

Whenthecongestiodevelsin boththe ACK pathandthedata
patharelow, TCPtendsto getslightly lowerbut still comparable
goodputwith RED thanwith DT.

VI. CONCLUSIONS AND FUTURE WORK

In this paper we useextensie simulationsto explore thein-
teractionbetweenRED and ve typesof heterogeneityaswell
astheimpactof suchinteractionon the userperceved end-to-
endperformanceOur resultsshaw that:

in theforward pathvariesfrom 1 to 60 andthe numberof FTP sessionsn
thereversepathis keptat5. TCP/Rends usedfor all o ws.
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Fig. 21. Averagegoodputfor the Web sessionsn the forward direction. The
numberof Web sessionsn both directionsvariesfrom 1 to 60. All ows
useTCP/Reno.

Whencompetingwith long-livedTCP o ws, short-lived o ws
tendto gethighergoodputwith RED thanwith DT. Thisis de-
sirablebecauseshort-lived o ws typically belongto interactive
Webbrowsingsessions.

Whencompetingwvith TCPtraf c, burstyUDPtrafc tendsto
getlowerlossratewith RED thanwith DT. Meanwhile,smooth
UDPtraf c tendsto gethigherlossratewith RED thanwith DT,
but suchincreasds oftenlesssigni cant comparedo the case
when competingwith TCP/Sackirafc underDT queueman-
agement.

When ECN-enabledrafc competewith non-ECN-enabled
traf c, ECN-enabledraf c canreceie upto 30%highergood-
put.

For TCP o wswith differentRTT's, RED in generakendsto
reducethe biasagainsiong-RTT bulk transfers.For shortdata
transferswith differentRTT's, RED neitherhelpsnor hurts.

Whenthe ACK pathis congestedT CP getshighergoodput
with RED thanwith DT.
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Fig. 22. Averagegoodputfor theWebsessiongn thereversepath. Thenumber
of Websessionsn the forward pathvariesfrom 1 to 60, while the number
of Web sessionsn thereversepathis keptat 10. TCP/Rends usedfor all
Websessions.

Therefore,we concludethat overall RED improves perfor
manceat leastfor the typesof heterogeneityve have consid-
ered.

As for future work, we are interestedin consideringother
typesof heterogeneitpuchasthe presencef randomlossand
multiple congestedinks. We would alsolik e to understandhe
aggrejateeffect of differenttypesof heterogeneity
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