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Abstract— Random Early Detection (RED) is the recommendedactive
queuemanagementschemefor rapid deploymentthroughout the Internet.
As a result, there have beenconsiderableresearch efforts in studying the
performanceof RED. However, previous studieshave often focusedon rel-
atively homogeneousenvironment. The effectsof RED in a heterogeneous
environmentarenot thoroughly understood.In this paper, weuseextensive
simulations to explore the interaction betweenRED and various types of
heterogeneity, aswell asthe impact of suchinteraction on theuser-perceived
end-to-endperformance.Our resultsshow that overall RED improvesper-
formanceat leastfor the typesof heterogeneitywehave considered.
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I . INTRODUCTION

The InternetResearchTask Force (IRTF) is promotingde-
ploymentof activequeuemanagementto improve the perfor-
manceof today's Internet[3]. In particular, randomearly de-
tection, betterknown asRED [10], is singledout astherecom-
mendedschemefor usein theInternet.

With RED, a routerwill detectcongestionbeforethe queue
over�ows, andprovide an indicationof this congestionto the
end nodes. It may useone of several methodsfor indicating
congestionto end-nodes.Oneis to usepacket drops. Alterna-
tively, it canseta CongestionExperienced(CE) bit in a packet
headerasan indicationof congestion,insteadof relying solely
on packet drops. The latter methodsis commonlyreferredto
asexplicit congestionnoti�cation (ECN) [15], [34], [35]. The
majoradvantageof active queuemanagementmechanismslike
REDis thatthetransportprotocolswith congestioncontrol(e.g.,
TCP) do not have to rely on buffer over�ow asthe only indi-
cationof congestion.This canpotentiallyreduceunnecessary
queuingdelayfor 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 homogeneousenvironment.Moreover, aspointedout in
[6], theperformancemetricshave largely beennetwork-centric
measuressuchas network link utilization and aggregateTCP
throughput. The end-to-endperformanceimpactof RED in a
heterogeneousenvironmenthasnotbeenthoroughlyexplored.

It is well-known that the Internetis a highly heterogeneous
environmentandthatheterogeneitycanhave signi�cant impact
on thenetwork performance.Therefore,in orderto understand
theperformanceof REDin therealInternet,it is crucialto con-
siderheterogeneity. In this paper, we useextensive simulations
to exploretheend-to-endeffectsof REDin aheterogeneousen-
vironment.In particular, we areinterestedin understandingthe

interactionbetweenRED and different typesof heterogeneity
andquantifyingtheimpactof suchinteractiononuser-perceived
end-to-endperformance.

We considerthe following � ve typesof heterogeneityin this
paper:�

Mix of long-livedand short-livedTCP connections. Numer-
ous measurementsshow that the Internet traf�c is now dom-
inated by short �o ws involving small Web objects10-20KB
in size [20], [37] (the so called mice). Even with Persistent
HTTP [31], the �o w lengthis unlikely to changesigni�cantly,
becausetheaverageWeb documentis only around30KB [23].
While most Internet�o ws are short-lived, the majority of the
packetsandbytesbelongto long-lived�o ws (thesocalledele-
phants), and this propertypersistsacrossseveral levels of ag-
gregation[4], [5], [37], [19]. Therefore,it is very importantto
understandtheperformanceof REDonaworkloadconsistingof
bothlong-livedbulk transfersandshort-livedWebdatatransfers.�

Mix of TCP and UDP traf�c . Due to the proliferation of
streamingmediacontentover theInternet,UDP-basedreal-time
traf�c formsasigni�cant portionof today's Internettraf�c [40].
Real-timetraf�c is oftensensitive to network latency andpacket
losses,but is not necessarilyresponsive to network congestion.
Therefore,it is importantto understandtheperformanceimpact
of REDin anenvironmentwith bothTCPandUDPtraf�c.�

Mix ofECN-capableandnon-ECN-capableTCPconnections.
With ECN, a routerset the CE bit in the packet headeras an
indicationof congestion,insteadof droppingthe packet. The
use of the CE bit would allow the receiver(s) to receive the
packet, avoiding the potential for excessive delaysdue to re-
transmissionafter packet losses. However, ECN hasnot yet
beenwidely deployedin today's Internet. If it is ever going to
be widely deployed,the deploymentwill be incremental.That
is, ECN-capableand non-ECN-capableTCP connectionswill
coexist for a long periodof time. Therefore,it is importantto
understandtheeffectof REDin anenvironmentwith competing
ECN-capableandnon-ECN-capableTCPtraf�c.�

Differentroundtriptimes. In thereal Internet,different�o ws
sharingthe samebottlenecklink can have different roundtrip
times(RTT's). It is well-known thatTCPhasbiasagainstlong
roundtriptime connections.We areinterestedin understanding
whetherREDcanreducesuchdiscriminationcomparedwith the
Drop-Tail (DT) policy.�

Two-waytraf�c . In the real Internet,thereis typically data
traf�c in bothdirections. It is well-known that the presenceof
two-way traf�c cancauseACK-compression[41], which canin
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turn make TCP traf�c muchmorebursty than in the one-way
traf�c case.In orderto understandtheperformanceof RED in
therealInternet,it is importantto considertheeffectof two-way
traf�c.

Theremainderof this paperis organizedasfollows. In Sec-
tion II, we provide a morein-depthintroductionto theRED al-
gorithm.In SectionIII, webrie�y overview theliteratureon the
performanceevaluationof RED. In SectionIV we describeour
simulationsetup. In SectionV, we presentdetailedsimulation
results.We endwith conclusionsandfuturework in SectionVI.

I I . BACKGROUND

Considera routerwith a buffer sizeof
�

packets. With the
REDbuffer managementscheme,arouterdetectscongestionby
theaveragequeuelength( �

� ), which is estimatedusinganexpo-
nentiallyweightedmoving average: �
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where� 
 is a �x ed(small)parameterand � is theinstantaneous
queuelength. Whenthe averagequeuelengthexceedsa mini-
mumthreshold( �������! ), incomingpacketsareprobabilistically
droppedor marked with the CongestionExperiencedbit [15],
[34], [35]. The probability that a packet arriving at the RED
queueis eitherdroppedor markeddependsuponseveralcontrol
parametersof thealgorithm.An initial drop/markprobability "$#

is computedusingadropfunction % basedontheaveragequeue
length �

� andthreecontrolparameters�'&)(+* , �'���
�! , and �,&-(

�! .
Theactualprobabilityis a functionof theinitial probabilityand
a countof thenumberof packetsenqueuedsincethelastpacket
wasdropped:"�.0/1"2#43

����	6587�9;:=<?>

"2#

� .
In theoriginal RED scheme,% �
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�,&-(��! , which
meansall incomingpacketsaredroppedor markedwhentheav-
eragequeuelengthexceeds�,&-(��! . Asshownby Firoiuetal.[8],
this can lead to oscillatorybehavior. Recently, Floyd recom-
mendedusingthe`gentle” variantof RED[17], whichusesthe
following modi�ed droppingfunction % (illustratedin Fig. 1):
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Fig. 1. Drop functionof REDwith the“gentle ” modi�cation.

As shown by Rosolenet al.[32], [33], the “gentle ” option
makesthe RED muchmorerobust to thesettingof theparam-
eters�'&)(+�! and �,&-(

* . Therefore,we turn it on for all simula-
tionsin thispaper.

RED hasfour controlparameters:�����;�! , �,&-(a�! , �,&-(
* , and

��
 . How to properlycon�gure theseparametershasbeenthe

subjectof many studies[6], [8], [11], [16]. The focusof our
work is on understandingtheinteractionbetweenRED anddif-
ferent typesof heterogeneity. Therefore,insteadof proposing
any new recommendationson con�guring RED parameters,we
closelyfollow theguidelinesby Floyd [16]. More speci�cally,
we alwaysusethe recommendedvaluesof �,&-( �! /cb��'�d� �! ,

�,&-(e*�/

G�f

� , and � 


/

GJf G@G

K . Therecommendedvaluefor the
lastparameter�'�d�g�! is 5 packets.However, asnotedin [16], the
optimalsettingfor �'�����! alsodependspartly on thelink speed,
propagationdelay, andmaximumbuffer size.Therefore,besides
the recommendedvalueof 5 packets,we alsoexperimentwith
two differentvaluesof �'���g�! basedonthebuffer size:

�

3-h and
�

3-i , where
�

is themaximumbuffer size.

I I I . PREVIOUS WORK

SinceREDwasinitially proposedin 1993by Floyd etal.[10],
therehasbeena vastvolumeof researchon studyingthe per-
formanceof RED [6], [7], [8], [10], [18], [26], [24], [25], [38].
Therehave alsobeennumerousproposedmodi�cationsandal-
ternativesto RED,suchasBLUE [12], SRED(StabilizedRED)
[28], Adaptive RED [11], FRED (Fair RandomEarly Drop)
[22], andBRED (BalancedRED) [2]. The resultsfrom these
studieshave providedvaluableinsightsto the RED algorithm.
Unfortunately, they alsosuffer from somenotablelimitations:

�

Most previous studieshave focusedon relatively homoge-
neousenvironment. Many studieseitheronly considera mod-
eratenumberof long-livedTCPconnectionssuchas(huge)�le
transfers(e.g., [11], [38]), or only examine the environment
whereall �o ws areshort-liveddatatransfers(e.g.,[6]). There
are somestudiesthat did considersometypesof heterogene-
ity. For example,recentwork at INRIA hasstudiedthe effect
of REDonmixesof “bursty” (TCP)and“smooth”(UDP)traf�c
[24]. However, the typesof heterogeneityconsideredareoften
limited. In particular, theeffect of two-way traf�c is rarelyex-
amined.Moreover, little effortshave beenmadeon pinpointing
theinteractionof RED with eachparticulartypeof heterogene-
ity.�

As pointedout in [6], the performancemetricsusedin pre-
viousstudieshave largely beennetwork-centricmeasuressuch
as the network link utilization andaggregateTCP throughput.
While suchinformationis valuablefor network operatorsand
serviceproviders,end userstend to be more interestedin the
performancereceivedby eachindividual �o w.�

Most previous studieshave focusedon the performanceof
RED in absenceof the“gentle ” modi�cation. This, of course,
is largelydueto thefactthatthe“gentle ” modi�cation wasnot
proposeduntil very recently. The“gentle ” optionmakesRED
muchmorerobust to the settingof the parameters�'&)(��! and

�,&-(
* . It cansigni�cantly reducethe unwantedeffectsdueto

parametermiscon�guration. Therefore,it is importantto run
simulationswith the“gentle ” variantof RED.

In this paper, we addresstheselimitations by conducting
extensive simulationsto explore the effectsof RED (with the
“gentle ” modi�cation) ontheuser-perceivedend-to-endperfor-
mancein a heterogeneousenvironment.
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IV. SIMULATION SETUP

To studytheperformanceimpactof RED in a heterogeneous
environment,we conductextensive simulationson a varietyof
network topologiesandworkloadusingthe ns network simu-
lator [27]. In this section,we give anoverview of thenetwork
topologyandvarioussimulationsettings.Thenwe describethe
performancemetricsusedin evaluation.

A. SimulationTopology

In order to thoroughly investigatethe interactionbetween
RED andvarioustypesof heterogeneity, we believe it is nec-
essaryto keep the simulation topology relatively simple, yet
suf�ciently representative. Fig. 2 illustratesa simple single-
bottlenecknetwork topologythat we usefor mostof our sim-
ulations.Thebottleneckbandwidth(

���

) is either1.544Mbps
or 10 Mbps. Theone-way propagationdelay( % ) of thebottle-
necklink is either25msec,50msec,or 100msec.As suggested
in [38], thebottleneckrouterhasa maximumbuffer size(

�

) of
either1, or 1.5,or 2 timesthebandwidth-delayproduct.(Since
our topologyis symmetric,thebandwidth-delayproductequals

K,>

���

>

% ). All theotherlinks have 10 Mbpscapacityand
1msecone-waypropagationdelay. Normally, datatraf�c is only
presentin the forward path(from left to right in Fig. 2). When
studyingtheeffectof two-traf�c, wealsoconsiderdatatraf�c in
thereversepath(from right to left in Fig. 2).

Source 1

Source 2

Source n

Dest 1

Dest 2

Dest n

Bottleneck Link

Router S Router D

10 Mbps, 1ms

Fig. 2. Simulationtopology.

For interest of space,in this paper we only present the
results for the scenario where

���

/ 1.544Mbps, % /

50msec,and
�

/

K >

���

>

% . The resultsfor the other
network scenariosarequalitatively similar to what we present
here.

B. QueueManagementSchemes

In all simulations,thebottleneckrouteruseseithertheDrop-
Tail FIFO queuemanagementor the RED queuemanagement
(with or without supportfor ECN). As notedin SectionII, we
closely follows the guidelinesby Floyd [16] when con�gur-
ing variousRED parameters.More speci�cally, we alwaysuse

�,&-(
�! 

/ b��'�d�
�! , �,&-(e* /

GJf

� , and �



/

G�f G G

K . For the last
parameter����� �! , besidestherecommendedvalueof 5 packets,
wealsoexperimentwith two differentvaluesbasedonthebuffer
size:

�

3-h and
�

3)i , where
�

is themaximumbuffer size. The
detailsfor differentqueuemanagementschemesusedin thispa-
peraresummarizedin TableI.

C. Traf�c SourceModels

We considerthefollowing four typesof traf�c sourcesin our
simulations:

Scheme Type �'�d���! 

dt DT (Drop-Tail) N/A
r1 REDw/o ECN

�

/6
r2 REDw/o ECN

�

/9
r3 REDw/o ECN 5 packets
r1e REDwith ECN

�

/6 (sameasr1)
r2e REDwith ECN

�

/9 (sameasr2)
r3e REDwith ECN 5 packets(sameasr3)

TABLE I

DI FFERENT QUEUE MANAGEMENT SCHEMES.

Type1. Long-livedTCPtraf�c sources. Traf�c sourcesof this
typebelongto FTP sessionswith an in�nite amountof datato
transmit.
Type2. Short-livedWeb-like TCP traf�c sources. We usethe
following simplesourcemodel to mimic the behavior of Web
sessions:Eachconnectionrepeatedlymake short�le transfers.
Betweentwo consecutive transfers,there is a think-time that
startsafter thelastbyteof the�rst �le hasbeenacknowledged.
The transfersize is kept at 30 KB, which is the averageweb
transfersize(includinginline images)[23]. Thethink timesare
drawnuniformlybetween1 and3 seconds.Whenrestartingdata
�o w after an idle period,the senderalwaysusesthe slow start
procedure[21] to probethe network availablebandwidth.Our
modelis by nomeansrealistic.However, webelievethatit does
capturethe essenceof Web datatransfers,that is, a signi�cant
amountof time is spentduringtheslow startphase.
Type3. Constant-Bit-Rate(CBR)UDP traf�c sources. To as-
sesstheeffect of RED on relatively “smooth” real-timetraf�c,
we considerUDP traf�c sourcessendingat a constantbit rate
of 24 Kbps. Thepacket sizefor theCBR sourcesis setto 210
bytes,which is thedefaultvaluein ns .
Type4. ON/OFFUDP traf�c sources.TheON/OFFtimesare
drawn from Paretodistributionswith the“shape”parametersset
to 1.5,which is thedefault valuein ns . ThemeanON time is 1
secondandthemeanOFFtime is 2 seconds.During ON times,
thesourcestransmitwith a rateof 24 Kbps. Like for theCBR
traf�c sources,weusethedefaultpacketsizeof 210bytesfor the
ON/OFFUDP sources.It hasbeenreportedby Park et al.[30]
thatWWW-relatedtraf�c tendstobeself-similarin nature.Will-
ingeret al.[39] show thatself-similartraf�c maybecreatedby
usingseveralON/OFFUDP sourceswhoseON/OFFtimesare
drawn from heavy-taileddistributionssuchastheParetodistri-
bution. That'swhy westudyON/OFFtraf�c 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 behavior of most of the TCP implementationsin
widespreaduse. For this study, we disabledelayedacknowl-
edgments,althoughwehaverepeatedseveralof ourexperiments
with delayedacknowledgmentsenabledandourresultsarequal-
itatively similar.

The size of TCP datapackets is set to 500 bytes,which is
typical for wide-areaTCPconnections.Thesizeof theTCPac-
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knowledgmentsis set to 40 bytes. The timer granularityis set
to 100 msec,which is default in ns . The maximumconges-
tion window sizeis setto 100KB (200packets). As suggested
by Floyd et al.[9], in orderto explorepropertiesof network be-
havior unmaskedby thespeci�c detailsof traf�c phaseeffects,
we alwaysadd a randomprocessingtime at the TCP sender,
which is uniformly chosenbetweenzeroandthebottleneckser-
vice time for a TCPdatapacket.

E. PerformanceMetrics

We usethe goodputas the primary performancemetric for
TCP�o ws. For a singleTCP�o w, its goodputis de�ned asthe
numberof goodbits receivedby thereceiver (excludingunnec-
essaryretransmissions)in unit time. For a set of TCP �o ws,
their aggregategoodputis de�ned asthe numberof goodbits
receivedby all receiversin unit time. Theaveragegoodputfor a
setof TCP�o wsis de�nedastheiraggregategoodputdividedby
thenumberof �o ws. Goodputcanbeeasilytranslatedinto other
metricssuchasthecompletiontime. Comparedwith network-
centriclike network link utilization , goodputis oftenwhatend
usersreallycareabout.

For UDP �o ws, we focuson the lossratefor this study. Be-
sidestheaggregatelossrateseenby all UDP�o ws,wealsolook
at thedistributionof thelossrateseenby eachUDP�o w.

V. SIMULATION RESULTS

In this section,we evaluatethe end-to-endperformanceim-
pactof REDwith differenttypesof heterogeneitywe identify in
SectionI.

A. Mix of Short-LivedandLong-LivedTCPConnections

We conductthe following experimentsto assessthe effects
of differentqueuemanagementschemessummarizedin TableI
on a workloadwith both long-lived and short-lived TCP con-
nections:In eachexperiment,a setof foregroundWebsessions
(Type2 in SectionIV-C) competewith a �x ednumberof back-
groundFTP sessions(Type 1 in SectionIV-C). To avoid de-
terministicbehavior, besidesaddingrandomprocessingtime at
theTCPsenders,we alsoincludesix telnetsessionscompeting
with the main �o ws. The inter-arrival timesfor telnetsessions
aredrawn from the“tcplib” distribution asimplementedin ns .
Eachsimulationrun lasts200 sec. All connectionsstart ran-
domly from within theinitial two seconds.We recordtheaver-
agegoodputfor bothWebsessionsandFTPsessionsin the�nal
150sec.For eachsimulationcon�guration,we reportthemean
1 of 5 runsof anexperimentwith differentrandomseeds.

Fig.3 summarizestheresultsfor TCP/Renowhenthenumber
of short-livedTCPconnectionsvariesfrom 2 to 40andthenum-
berof FTPsessionsis keptat5. As wecansee,theWebsessions
receive10-30%higheraveragegoodputwith REDthanwith DT,
regardlessof theREDparametersused.As aresult,theFTPses-
sionsreceivesslightly lower goodputwith RED thanwith DT
(becausethe total amountof bandwidthconsumedby all �o ws
remainsconstantafterthebottlenecklink getsaturated).

We originally conjecturedthat this is becausewith DT, short
�o ws tend to get more than their shareof losses. This is not

�

Thevariationis in generalvery smallcomparedto themean.
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Fig.3. Effectof REDonthemix of short-livedandlong-livedTCPconnections.
The numberof short-lived TCP connectionsvariesfrom 2 to 40 while the
numberof competingFTPsessionsis keptat 5. 6 telnetsessionsareusedto
avoid deterministicbehavior. TCP/Renois usedfor all TCPconnections.

thecasewith RED,whichdistributeslossesuniformly acrossall
�o ws. Consequently, Websessionsreceiveshighergoodputwith
RED thanwith DT. However, this turnsout to benot thecase.
With a largenumberof TCP �o ws, the statisticalmultiplexing
level is very high. Consequently, thereis little differencein the
lossratesexperiencedby theWebsessionsandtheFTPsessions
evenwith DT. Thiscanbeillustratedby Fig. 4, whichcompares
thepacketdropsvs. thethroughputreceivedby eachindividual
�o w in a simulationrun. (The sametype of diagramis also
usedby Floyd et al.in [9]). As we cansee,thereis not much
differencebetweendt andr1. (The resultsfor the otherRED
con�gurationsareverysimilar.)
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Fig.4. Packetdropsvs. throughputfor each�o w in onesimulationrun. 10Web
sessionscompetewith 5 FTP sessions.6 telnetsessionsareusedto avoid
deterministicbehavior. Thequeuemanagementschemeis eitherdt or r1 as
de�ned in TableI. TCP/Renois usedfor all TCPconnections.

The actualreasonis as follows. RED reducesthe average
queuelength,andconsequently, increasesthe packet lossrate.
Theincreasein packet lossratehasa greaterimpacton theFTP
sessions,which typically have more outstandingpackets in a
roundtrip time thanthe Web sessions.(Note that as the num-



5

berof outstandingpacketsincreases,sodoestheprobabilityof
getting at leastonelossin oneroundtrip time.) Consequently,
theFTPsessionsreceivelowerthroughput,whichin turncreates
morebandwidthavailableto the Web sessions.Similar effects
canbeachievedby reducingthebuffer sizeat a Drop-Tail gate-
way. As illustratedin Fig. 5, aswe vary the ratio of thebuffer
sizeoverthebandwidth-delayproduct(

���

) from1.4downto0.2,
theaveragegoodputreceivedby theWebsessionsexperiencesa
10-30%increase.
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Fig. 5. Theaveragegoodputof Websessions.10Websessionscompetewith 5
FTPsessions.6 telnetsessionsareusedto avoid deterministicbehavior. The
bottleneckrouterusestheDrop-Tail FIFO queuemanagement.Theratioof
thebuffer sizeover thebandwidth-delayproduct( ��� ) variesfrom 0.2to 1.4.
TCP/Renois usedfor all TCPconnections.

Fig. 6 summarizesthe resultsfor the sameexperiment in
Fig. 3 exceptthatTCP/Sack1is usedfor all connectionsinstead
of TCP/Reno.For brevity, we only show the averagegoodput
for theWebsessions.Theperformancefor theFTPsessionscan
be easily inferredbecausethe total amountof bandwidthcon-
sumedby all �o ws is almostconstantafter the bottlenecklink
getsaturated.Themostinterestingpartof Fig. 6 is thatwith dt,
theWebsessionsreceive10%lowergoodputwhenall �o wsuse
TCP/Sack1insteadof TCP/Reno.In contrast,SACK makeslit-
tle differencein termsof theaveragegoodputwith otherqueue
managementschemes.
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Fig. 6. Averagegoodputof theWebsessions.Thesimulationsettingsarethe
sameasin Fig. 3 exceptthatTCP/Sack1insteadof TCP/Renois usedfor all
TCPconnections.

We believe such discrepancy can be explainedas follows.
Comparedwith the Web sessions,the FTP sessionstypically
havelargercongestionwindows,andconsequently, higherprob-
ability of getting multiple lossesin a roundtrip time. When
packet lossesarebursty(asis thecasewith DT), TCP/Renoof-
ten needsto usetimeout to recover from multiple lossesin a
roundtriptime. With SACK, this is no longernecessary. There-
fore, with DT, FTPsessionsbene�t morefrom SACK thanthe

Web sessions. As a result, FTP sessionsget higher average
goodput,which in turn reducestheamountof bandwidthavail-
ableto Web sessions.In contrast,with RED, lossestendto be
lessburstythanwith DT. In thiscase,evenTCP/Renocanoften
recover from multiple packet lossesin thesameroundtriptime.
Consequently, thebene�t of SACK is muchsmaller.

To summarize,short-livedTCP �o ws tendto receive higher
goodputwith RED thanwith DT whencompetingwith long-
livedTCP�o ws. This is desirablebecausein the real Internet,
shortdatatransferstypically belongto interactiveWebbrowsing
sessions,which is delay-sensitive. Meanwhile,with DT, SACK
tendsto bene�t long-lived�o wsmorethanshort-lived�o ws. In
contrast,with RED,SACK hasvery little performanceimpact.

B. Mix of TCPandUDP Traf�c

In this section,we studythe performanceimpactof RED in
an environmentwith both TCP andUDP traf�c. We focuson
thelossratefor theUDPtraf�c.

Recentwork at INRIA [24] hasshown that RED cansignif-
icantly increasethe loss rate for “smooth” CBR UDP traf�c.
However, [24] only look at theaveragelossrateaggregatedover
all UDP �o ws. We aremore interestedin the distribution for
the loss rate seenby eachindividual UDP �o w. We conduct
thefollowing experimentwith a setof CBRUDP �o ws(Type3
in SectionIV-C) competingwith FTPsessions(Type1 in Sec-
tion IV-C). Eachrunof theexperimentlasts200sec.We record
the lossratein the �nal 150 secfor eachUDP �o w. Thenwe
plot the cumulative distribution for all suchlossratesrecorded
for 15simulationruns.

Fig.7 summarizestheresultsfor 20CBRUDP�o wscompet-
ing with 10 FTPsessions.(We have alsoconductthesameex-
perimentwith differentnumberof UDP andFTPsessions.Our
resultsare qualitatively similar.) We considerboth �x ed and
randominter-arrival times for the CBR traf�c. We make two
observations:�

Theuseof SACK or ECNfor TCP�o wscansigni�cantly in-
creasethe loss rate for UDP traf�c. The useof RED without
ECNcanalsoincreasethelossratefor UDPtraf�c, but therela-
tive impactis alwayssmalleror comparableto theuseof SACK
with DT. This is becausewith RED/ECN/SACK, TCP�o wsare
lesslikely to havetimeouts,andconsequently, becomemoreag-
gressive.�

When the CBR traf�c has�x ed inter-arrival times, thereis
a muchbigger tail ( �

���
	 ) at the high loss rate region (loss
rate �

G�f

� ) with DT thanwith RED,which meansa signi�cant
numberof UDP �o ws suffer from high lossrate. Currentlywe
arestill investigatingtheexactcausefor this. But reducingthe
tail at thehigh-lossregion is clearlybene�cial for applications.

Fig.8 summarizestheresultsfor anexperimentwith thesame
simulationsettingsasin Fig. 7 exceptthatON/OFFUDPtraf�c
replacesthe CBR UDP traf�c. Again, we �nd that the useof
REDwith ECNand/orSACK cansigni�cantly increasetheloss
ratefor UDP traf�c comparedto thecasewhenTCP/Renoand
DT are used. This is becauseTCP becomesmore aggressive
with SACK and/orECN. On the other hand,the useof RED
withoutECNactuallyreducesthelossratefor UDPtraf�c. This
is becauseRED can reducesthe bias againstbursty traf�c by
distributing lossesuniformly acrossall connections.(Note that
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Fig.7. Cumulativedistributionfor thelossrateexperiencedby CBRUDP�o ws.
20CBRUDP�o ws(Type3 in SectionIV-C) competewith 10FTPsessions
(Type1 in SectionIV-C). TheCDF is obtainedfrom 15 simulationruns. In
(a) the inter-arrival-timesremainconstant. In (b) and(c), the inter-arrival
timesareuniformly distributedbetween

��� �����

and �

� �	���

, whereT is the
inter-arrival time in (a).

theON/OFFUDP traf�c is moreburstythanTCPtraf�c in that
it doesnot respondto network congestion.)

To summarize,the useof SACK and/orRED with ECN for
TCP�o ws alwayssigni�cantly increasesthe lossratefor UDP
traf�c. The useof RED without ECN tendsto reducethe loss
ratefor burstyUDP traf�c, aswell asincreasethe lossratefor
smoothUDP traf�c (The increaseis lesssigni�cant compared
to thecasewhenSACK is usedwith DT). Moreover, RED can
reducethe tail at the high lossrateregion for CBR traf�c with
�x edinter-arrival times,which is bene�cial.

C. Mix of ECN-CapableandNon-ECN-CapableTraf�c

To assessthe effect of RED on mixesof both ECN-capable
and non-ECN-capabletraf�c, we considera set of K �+: TCP
�o ws competingfor thesamebottlenecklink. Half of the�o ws
areECN-capable,while the otherhalf arenot. We thenreport
the ratio betweenthe averagegoodputfor ECN-capable�o ws
over theaveragegoodputfor non-ECN-capable�o ws.

Fig. 9 shows the resultswhen all �o ws are long-lived FTP
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Fig. 8. Cumulative distribution for the lossrateexperiencedby ON/OFFUDP
�o ws. Thesimulationsettingsarethesameasin Fig. 7 exceptthatON/OFF
UDP�o ws (Type4 in SectionIV-C) areusedinsteadof theCBRtraf�c.

sessions(Type1 in SectionIV-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-capablesourcesby 5-30%.Meanwhile,
asthecongestionlevel increases,thegoodputratio initially in-
creasesandlater decreases.The peakoccurswhenon average
each�o w hasroughly3-4outstandingpacketsduringeachround
trip. This is reasonablebecausewhen the averagecongestion
window size(which is thenumberof outstandingpacketduring
eachRTT) decreases,therelative performancebene�t of avoid-
ing anearlydropat theRED gateway increases.But whenthe
averagecongestionwindow dropsbelow 3, fast retransmission
breaksdown evenwith a singleloss.Consequently, thetimeout
penaltybecomesthe dominantfactor, which limit the relative
performancebene�t of ECN.

Fig. 10 summarizesthe resultsfor theWeb sessions(Type2
in SectionIV-C). As we cansee,theshapeof thecurve is very
similar to Fig. 9 (a), exceptthatthepeakgoodputratio is much
smaller. This is becausetheshort-lived�o wsspendasigni�cant
amountof timeprobingthenetwork availablebandwidthduring
slow start,which limit therelativebene�t of ECN.

To summarize,ECN-capableTCP�o ws almostalwayshave
higher goodputthan non-ECN-capableTCP �o ws. For bulk
transfers, the relative performancebene�t is greatestwhen
on averageeach�o w hasaround3-4 outstandingpackets per
roundtriptime. For short-lived�o ws,therelativebene�t of ECN
is muchsmaller.

D. Effectof DifferentRTT's

In this section,we exploretheeffect of differentqueueman-
agementschemeson �o ws with differentRTT's. We startwith
thesimplistscenarioin which thereareonly two differentRTT
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Fig. 9. Effect of RED on an ensembleof � ECN-capableand � non-ECN-
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connections.(Theresultsfor TCP/Sack1is very similar.)
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ECN-capableWebsessions.� variesfrom 1 to 50. TCP/Renois usedfor
all connections.(Theresultsfor TCP/Sack1is verysimilar.)

valuesandall �o ws arelong-livedFTPsessionsthatcanreach
their steadystate(in SectionV-D.1). We then considermore
complicatedscenarioswhereeithertherearemorethat two dif-
ferentRTT values(in SectionV-D.2)or all �o wsareshort-lived
Websessions,which canhardlyever reachtheir steadystate(in
SectionV-D.3). We useTCP/Renofor all simulations in this
section.

D.1 Bulk Transferswith 2 DifferentRTT's

We divide all TCP�o ws into two equal-sizedgroups
���

and
���

. All �o wswithin thesamegroup
���

havethesametwo-way
propagationdelay " %

�

( � = 1, 2). We vary " %

�

while keeping
" %

�

�x ed.Thiscanbeachievedby properlyadjustingtheone-
waypropagationdelayonthehigh-bandwidth(10Mbps)links in
Fig. 2. For eachsimulationrun,we recordtheaveragequeuing
delay( 	 ) experiencedby all packets.Thenwe canestimatethe
averageroundtriptimefor �o wsin group

�
�

, as 
��
�

�

/ " %

�

�

	 . We also record
�

7-7�����9g<

�

, the averagegoodputfor �o ws
in group

���

. Thegoal is to studyhow �

�

7-7�����9g<

�

3

�

7-7�����9g<

�

�

changeswith respectto �


����

�

3�
��
�

�

� .
Fig. 11 shows theresults6 competingFTPsessionswith the

Drop-Tail FIFOqueuemanagement.Thebottlenecklink hasT1
capacityand50 msecone-way propagationdelay. " %

�

is kept
at 102 msec. (We do not considerscenariosin which the RTT
ratio is A � , which is unlikely to happenin the real Internet.)
As we cansee,thegoodputratio alwayssatis�esEquation(1).
(Extensivesimulationswith many differentsettingsalsogivethe
sameresult.)

GJf

��>��
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K��

���

�
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�

7-7�����9g<

�

�

�


����

�


����

K��

�

(1)
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To explain(1),weneedto thoroughlyunderstandthesynchro-
nizationeffect of Drop-Tail gateways. For brevity, let us only
considertwo competingTCP�o ws. All ouranalysisstill applies
whentherearemorethantwo competingTCP�o ws. Fig. 12 il-
lustratestheevolutionof thecongestionwindow size( 54��:$� ) for
two competingTCP�o ws �

�

and �

�

(with 
����

�

�%
��
�

�

) un-
derDrop-Tail FIFOqueuemanagement.As wecansee,thesyn-
chronizationeffect on �

�

and �

�

is morecomplicatedthanthe
frequentlymentioned“globalsynchronization”for TCPconnec-
tionswith thesameRTT [36]. For �

�

, whenever thebottleneck
buffer becomesfull, it will geta losswithin oneroundtriptime
( 
��
�

�

) whenit increasesits congestionwindow. It takesan-
otherroundtripfor �

�

to detectthe lossby 3 duplicatedACK's
and reduceits sendingrate by halving its 58��:$� . It takes yet
a third roundtripfor suchratereductionto actuallytake effect.
Therefore,on averageit takesroughly K

f

�,>


����

�

for therate
of �

�

's packets arriving at the bottleneckrouter to decrease.
When �

�

increasesits 58��:$� , the extra packet sentby �

�

will
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getdroppedonly if it arrivesat thebottleneckqueuebeforethe
arrival rateof packetssentby �

�

decreases.With the random
processingtime at thesender, this extra packet canarrive at the
bottleneckqueueat any time within 
��
�

�

after the queuebe-
comesfull. Therefore,we canestimatethedropprobabilityfor
thisextrapacketas �'���

���

]

K

f

��>


����

�

3�
����

�

� , whichis within
[

GJf

�

]

�

^ when 
����

�

3�
����

�

Z6[ �

]

�

^ . Or equivalently,

#dropsseenby �

�

in unit time
#dropsseenby �

�

in unit time
Z6[

G�f

�

]

�

^ (2)

Assumingthat at steadystate, the 54��:$� of connection�

�

grows from
� �

to K >

� �

during eachepoch,then �

�

seesa
dropevery

� �

>


����

�

. Consequently, (2) becomes
�

�

>


��
�

�

�

�

>


��
�

�

Z6[

G�f

�

]

�

^ (3)

Meanwhile,thegoodputfor �

�

canbeapproximatedas:

�

7-7�����9g<

�

/

b

>

� �

K�>


����

�

� = 1, 2. (4)

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

Now we consideredtheeffectof RED queuemanagement.It
is well-known that

�

7-7�����9g<

�

is roughly inverselyproportional
to 
����

���

�

�

, where �

�

is the packet loss rate for �o w � [29].
With RED, different�o ws roughlyexperiencethesamepacket
lossrateundersteadystate.Consequently, wehave:

�

7-7�����9g<

�

�

7-7�����9g<

���


��
�

�


��
�

� (5)

Thevalidity of (5) canbebestillustratedby Fig. 13.

0

1

2

3

4

5

6

7

1 1.5 2 2.5 3 3.5 4 4.5 5 5.5

Y
: G

oo
dp

ut
2/

G
oo

dp
ut

1

X: RTT1/RTT2

r1
r2
r3
r1e
r2e
r3e
Y=X

Fig. 13. Theeffect of RED gateway on FTP sessionswith 2 differentRTT's.
Thesimulationsettingsarethesameasin Fig. 11exceptthatthebottleneck
routerusesREDqueuemanagement.

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 keptat 102msec.Thepropagationdelaysfor all
theotherFTPsessionsareuniformly chosenbetween102msec
and300 msecduring eachsimulationrun. The con�gurations
for the bottlenecklink andthe buffer sizearethe sameasbe-
fore. For eachrun of the experiment,we recordgoodputra-
tios

�

7-7�� �;9;<

�

3

�

7-7�� �;9;<

�

and the RTT ratios 
����

�

3�
����

�

( �

= 2,3,...,8). We thenmake a scatterplot of all the datapoints
( 
����

�

3�
����

�

,
�

7-7�����9g<

�

3

�

7-7�� �;9;<

�

) obtainedfrom15runsfor
eachqueuemanagementscheme.Theresultsaresummarizedin
Fig. 14.
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Fig. 14. Comparisonbetweentheeffect of RED gateway andthedroppingtail
gateway on8 TCP�o ws with all differentRTT's.

As we can see,with dt, the bias againstlong-RTT �o ws
is smaller that the casewith only two different RTT's. The
throughputratiosarecenteredaroundline � /�� andarewell-
boundedby two lines � /

�

f

�

� and �c/

GJf

�

� . In compari-
son,with RED, thethroughputratiosareclusteredmuchcloser
to line � /	� . ThissuggeststhatREDis morefair thatDT. To
quantify the fairnessof differentqueuemanagementschemes
for �o ws with different 
���� 's,we usethenormalizedfairness
ratio [1], which is de�ned asfollows.
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Fig.15showsthenormalizedfairnessratiofor differentqueue
managementpolicy. As we canseethatDT is signi�cantly less
fair comparedto RED.
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Fig. 15. Normalizedfairnessratiousingdifferentqueuemanagementpolicies.

D.3 WebSessionswith 2 DifferentRTT's

Fig. 16showstheresultsfor 30Websessions(Type2 in Sec-
tion IV-C)with 2differentRTT's. As wecansee,nomatterwhat
queuemanagementschemeis used,

�

7-7�����9g<

�

3

�

7-7�� �;9;<

�

�


����

�

3�
��
�

�

. This is mainly becausefor shortdatatransfers,
therequiredroundtriptimesis dominatedby theslow startpro-
cedure.Unlesstwo �o ws have signi�cantly differentlossrates,
they tendto requiresimilar numberof roundtriptimes. Conse-
quently, the goodputratio is inverselyproportionalto the RTT
ratio.

To summarize,long-RTT bulk transfersin generaltend to
havehighergoodputwith REDthanwith DT. For Websessions,
REDmakesvery little difference.

E. Effectof Two-wayTraf�c

In thissection,weevaluatetheeffectsof differentqueueman-
agementschemeswhenthereis datatraf�c in both the forward
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Fig. 16. Effect of differentqueuemanagementschemeson 30 Web sessions
with 2 differentRTT's.

andthereversepath.We considerthreecases:1. thedatatraf�c
on bothdirectionsbelongsto FTPsessions(in SectionV-E.1);
2. thedatatraf�c in theforwardpathbelongsto Webtraf�c but
thedatatraf�c in thereversepathbelongsFTPsessions(in Sec-
tion V-E.2);and3. thedatatraf�c on bothdirectionsbelongsto
Websessions(in SectionV-E.3).

E.1 Bulk Transfersin BothDirections

We �rst considerthescenariowherethe forwardandthe re-
versepathshavethesamecongestionlevel. Thiscanbeachieved
by keepingthesamenumberof FTPsessionsin bothdirections.

Fig. 17 shows the averagegoodputfor FTP sessions(using
TCP/Reno)in the forwardpath. Thegoodputfor FTPsessions
in thereversepathis verysimilardueto thesymmetrictopology
andthe symmetriccongestionlevel. As we cansee,the aver-
agegoodputis slightly higherwith DT thanwith REDwhenthe
numberof competingFTP sessionsis small. This is not sur-
prising, becauseRED reducesthe bottleneckqueuelengthby
increasesthelossrate.Whenthenumberof �o ws is small,this
leadsto link under-utilization. As thenumberof FTPsessions
increase,the bottlenecklink becomeshighly utilized. Conse-
quently, thereis little differencein theaveragegoodputno mat-
ter which queuemanagementschemeis used.We alsoconduct
thesameexperimentwith TCP/Sack1.Theresultsaresimilar.
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Fig. 17. Averagegoodputfor FTPsessionsin theforwarddirection. All �o ws
usetheTCP/Reno�a vor withoutsupportfor SACK.

Besidestheaveragegoodput,wearealsointerestedin thedis-
tribution for the goodputreceivedby 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 goodputreceived by eachindividual
FTP session.The we computethe cumulative distribution for
the goodputreceived by each�o w in 15 simulationruns. The
resultsare summarizedin Fig. 18. As we can see,when the

numberof competing�o ws is small, theaveragegoodputwith
DT is higherthanREDplusECN,but comparableto REDwith-
out ECN. Whenthe congestionlevel is high, DT givesworse
performancethanRED.
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Fig. 18. Cumulative distribution for the goodputreceived by eachindividual
FTPsessionin theforwarddirection.TCP/Renois usedby all FTPsessions.
Thedistribution is obtainedfrom 15simulationruns.

Now weconsiderthescenarioin whichtheforwardandthere-
versepathshave differentcongestionlevels. More speci�cally,
we vary the numberof FTP sessionsin the forward direction
while keepingthenumberof FTPsessionsin thereversedirec-
tion to beeither5 or 10.

The resultsare summarizedin Fig. 19. As illustrated in
Fig. 19(a), the goodputreceived by FTP sessionsin the for-
wardpathis qualitatively similar to theresultsgivenin Fig. 17.
In particular, thereis very little differencein termsof average
goodputwith differentqueuemanagementschemes.This is not
surprisingbecausethe congestionlevel at the reversedirection
largely remainsconstant. As the forward path becomessatu-
rated,theaveragegoodputonly dependson thenumberof com-
peting �o ws. Comparedto the forward path, the reversepath
is moreinteresting.As we canseein Fig. 19(b),with DT, the
averagegoodputreceived by FTP sessionsin the reversepath
continuouslydecreasesas the congestionlevel in the forward
pathincreases.This is not thecasewith RED,wherethegood-
put initially decreasesbut soonstabilizesata level muchhigher
thantheaveragegoodputwith DT.

E.2 WebSessionsin ForwardDirection,Bulk Transfersin Re-
verseDirection

Fig. 20 summarizestheresultswhenthenumberof Webses-
sionsin theforwardpathvariesfrom 1 to 60 andthenumberof
FTPsessionsin thereversepathis keptat5. As wecansee,dif-
ferentqueuemanagementschememakesverylittle differencein
termsof averagegoodputfor theWebsessionson the forward.
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Fig. 19. Performanceevaluationfor thecasewhenthenumberof FTPsessions
in theforwarddirectionvariesfrom 1 to 25andthenumberof FTPsessions
in thereversepathis keptat 10. All �o ws useTCP/Reno.

For theFTPsessionsin thereversepath,with RED,theaverage
goodputdecreasesbut soonstabilizesasthecongestionlevel in-
creasesin theforwardpath.This is not thecasewith DT, where
theaveragegoodputcontinuesto decrease.

E.3 WebSessionsin BothDirections

Now weconsiderthecasewhenthedatatraf�c in bothdirec-
tionsareWebsessions.

Fig. 21 shows the averagegoodputfor the Web sessionsin
the forwardpathwhenthe congestionlevels in both directions
aresimilar. Again,thereis very little differencein goodputwith
differentqueuemanagementpolicies.

Fig. 22 shows theresultsfor thecasewhentheforwardpath
andthereversepathhavedifferentnumberof Websessions.The
numberof Websessionsin theforwardpathvariesfrom 1 to 60
while thenumberof Websessionsin thereversepathis keptat
10. As wecansee,theresultsis qualitatively similar to Fig. 20.

Wecansummarizetheresultswith two-waytraf�c asfollows.�

Whenthecongestionlevel in theACK pathis high,TCPtends
to gethighergoodputwith REDthanwith DT.�

When the congestionlevel in the ACK path is low but the
congestionlevel in thedatapathis suf�ciently high,TCPtends
to getcomparablegoodputwith REDandwith DT.�

Whenthecongestionlevelsin boththeACK pathandthedata
patharelow, TCPtendsto getslightly lowerbut still comparable
goodputwith REDthanwith DT.

VI . CONCLUSIONS AND FUTURE WORK

In this paper, we useextensive simulationsto explorethein-
teractionbetweenRED and� ve typesof heterogeneity, aswell
asthe impactof suchinteractionon theuser-perceivedend-to-
endperformance.Our resultsshow that:
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Fig. 20. Performanceevaluationfor thecasewhenthenumberof Websessions
in theforwardpathvariesfrom 1 to 60 andthenumberof FTPsessionsin
thereversepathis keptat5. TCP/Renois usedfor all �o ws.
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Fig. 21. Averagegoodputfor the Websessionsin the forward direction. The
numberof Websessionsin both directionsvariesfrom 1 to 60. All �o ws
useTCP/Reno.

�

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

Whencompetingwith TCPtraf�c, burstyUDPtraf�c tendsto
getlower lossratewith REDthanwith DT. Meanwhile,smooth
UDPtraf�c tendsto gethigherlossratewith REDthanwith DT,
but suchincreaseis often lesssigni�cant comparedto the case
whencompetingwith TCP/Sacktraf�c underDT queueman-
agement.�

When ECN-enabledtraf�c competewith non-ECN-enabled
traf�c, ECN-enabledtraf�c canreceiveup to 30%highergood-
put.�

For TCP�o ws with differentRTT's,RED in generaltendsto
reducethebiasagainstlong-RTT bulk transfers.For shortdata
transferswith differentRTT's,REDneitherhelpsnorhurts.�

Whenthe ACK pathis congested,TCP getshighergoodput
with REDthanwith DT.
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Fig. 22. Averagegoodputfor theWebsessionsin thereversepath.Thenumber
of Websessionsin theforwardpathvariesfrom 1 to 60, while thenumber
of Websessionsin thereversepathis keptat 10. TCP/Renois usedfor all
Websessions.

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

As for future work, we are interestedin consideringother
typesof heterogeneitysuchasthepresenceof randomlossand
multiple congestedlinks. We would alsolike to understandthe
aggregateeffectof differenttypesof heterogeneity.
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