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Abstract

In this paper, weproposeroutermechanismsto regulate
unresponsivebest-effort traffic. By unresponsivetraffic we
meanflowsthatdonotreducetheir sendingratein response
to congestion. Thegoal of the proposedmechanismsis to
drop undeliverablepacketsascloseto theperipheryof the
networkaspossible. Thekey ideasof our approach are: (1)
edge routers keeptrack of incomingflowsandtheir arrival
rates;(2) core routersuseREDfor queuemanagementand
generate rate-limitedsource quencheson packet drops to
advicesourcesto reducetheir sendingrates;and(3) edge
routers snoopon source quenchespassingthrough them
and use them to control per-flow regulators. Regulators
adjusttheir maximumsendingrate usinga multiplicative-
decrease, additive-increasediscipline. A decreaseis trig-
geredby thearrival of a sourcequench; an increaseis trig-
geredby non-arrival of sourcequenchesfor a timeperiod.
Weexaminetheimpactof thesemechanismsfor a varietyof
simulatednetworktopologiesandtraffic patterns.

1 Intr oduction

Thestabilityof thecurrentInternetarchitecturedepends
toalargeextentontheend-to-endcongestioncontrolmech-
anismsprovidedby TCP. Thisstability dependsoncooper-
ationof end-hosts.Giventhe rapidexpansionof the Inter-
net and the commercialpressuresthat comewith it, it is
no longerpossibleto rely on voluntarycooperationof end-
hosts.A growing numberstreaming-contentprovidersuse
UDP-basedprotocolswith little or no congestioncontrol.
For example,RealAudio,oneof themajorstreamingappli-
cations,usesoneof several fixed dataratesdependingon
thebandwidthavailable;theRealBroadcastNetwork uses
Robust UDP [14] (i.e., UDP with retransmissionsbut no
congestioncontrol).

Since the benefits of an uncongested(or under-
congested)network areavailableonly if all (or most)end-
hostscooperatein respondingto congestion,growth in un-
responsive traffic will provide an incentive for even more
end-hoststo eliminatecongestioncontrol. To ensurethe

continuedstabilityof theInternet,it is, therefore,important
for thenetwork to regulateunresponsivetraffic [4, 11].

In this paper, we proposeand examinerouter mecha-
nismsto regulateunresponsive best-effort traffic. By unre-
sponsivetraffic wemeanflowsthatdonotreducetheirsend-
ing rateon congestionnotification(or worsestill, increase
their sendingrate[15]). Thegoalof theproposedapproach
is to drop undeliverablepackets (i.e., packets that will be
droppedsomewherein the network) asascloseto the pe-
ripheryof thenetwork aspossible.Droppingundeliverable
packetsearlyfreesnetwork resourcesfor otherpacketsthat
canmakebetteruseof them.

Therearethreekey aspectsof our approach,which we
refertoasEarlyRegulationofUnresponsiveFlows(ERUF).
First, edgerouterskeeptrack of incomingflows andtheir
arrival rates. Second,core routersusethe RandomEarly
Detection(RED)algorithm[12] for queuemanagementand
generatesourcequencheson packetdropto advicesources
to reducetheirsendingrates.Weassumethatthegeneration
of sourcequenchesis suitably rate-limited[1]. Finally,
edgerouterssnoopon sourcequenchespassingthrough
them and usethem to control flow-specifictoken-bucket-
basedregulators[31]. Theseregulatorsadjusttheir max-
imum sendingrate,referredto asthe regulator bandwidth,
usingamultiplicative-decrease/additive-increasediscipline.
A decreaseis triggeredby thearrival of oneor moresource
quencheswithin a single round-trip time (RTT) estimate;
increasesaretriggeredby non-arrival of sourcequenches
over two or more RTT estimates. UDP-basedstream-
ing protocolsusuallydon't acknowledgeindividual pack-
ets.Therefore,thereis nodirect,protocol-independentway
to estimateround-triptime betweentwo routersin thepath
of a flow thatdoesnot involve injectingadditionalpackets
into thenetwork. We evaluateaneasy-to-computeapproxi-
mationin thispaper.

Previous researchinto handlingunresponsive flows has
takenoneof two approaches.Theallocationapproachiso-
latesindividual flows by performinga fair allocationof the
available bandwidthbetweencompetingflows [2, 6, 13,
22, 27, 28, 29]. Most allocation-basedschemesrequireall
routersto maintainstateand perform all operationson a
per-flow basis.Recently, Stoicaet al [29] proposedCSFQ,
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a Core-State-lessallocationscheme,which maintainsper-
flow stateonly in edgerouters.CSFQmakesagoodtradeoff
betweenimplementationcomplexity and fairness. ERUF
resemblesCSFQin trying to move per-flow operationsto
the peripheryof the network. However, CSFQmakes its
decisionslocally at eachrouterandignorescongestionthat
maybeoccurringdownstream.Therefore,it doesn't try to
dropundeliverablepacketsasearlyaspossible.

In theidentificationapproach,routersidentify unrespon-
sive flows and then explicitly managethe bandwidthof
theseflows [10, 11]. Floyd&Fall [11] proposea well-
designedtechniquewhichusesREDfor queuemanagement
and usesthe RED packet drop history to estimatearrival
rates. It identifiesunresponsive flows using this informa-
tion. Their techniqueprovidesanincentive for flows to use
end-to-endcongestionas flows marked unresponsive can
be penalized. We sharetheir goal of droppingundeliver-
ablepackets. However, sincetheir techniquedoesnot in-
cludeabackwardfeedbackmechanismsimilarto thesource
quenchesusedby ERUF, it is not able to drop undeliver-
ablepacketsasearly aspossible. Furthermore,by mov-
ing theflow identificationoperationsto theperipheryof the
network, ERUF canreducethecomputationalloadat con-
gestedcorerouters.

A relatedresearchdirectiondealswith developmentof
UDP-basedprotocolsthat are“TCP-friendly” [19, 21, 26,
32]. Theseprotocolsusesomeform of end-to-endcon-
gestioncontrol to try to limit the sendingrate to a value
closeto that of a conformantTCP. We believe that this is
an importantresearchdirection. However, someform of
router-basedregulationwill alwaysbenecessaryaswe can
no longerassumecooperationof all end-hosts.

WedescribetheERUF schemein Section2. Wedescribe
the algorithmsused to install/maintain/remove the flow-
specificregulators.We have evaluatedthe performanceof
ERUF for a variety of simulatednetwork topologiesand
traffic patterns.Our results,presentedin Section3, show
that ERUF is ableto move mostof the packet dropsfrom
unresponsiveflowsto theperipheryof thenetwork. There-
sourcesfreedby droppingthesepacketsearlyallows other
flows to achieve significantperformanceimprovement.Fi-
nally, wepresentconclusionsanddiscussopenquestions.

2 Early Regulation of Unresponsive Flows
(ERUF)

ERUF placesthe major burdenof managingunrespon-
sive flows on edgerouters. Edgeroutersneedto classify
incomingpackets,computeflow-specificarrival ratesand
rate-limit individual flows. Sinceedgeroutersaretypically
not on high-speedbackbonelinks andtypically do not deal
with very largenumberof flows, theresourcerequirements
are likely to be tractable. This approachof moving flow-

specificoperationsto theperipheryof thenetwork hasbeen
takenby otherresearchersaswell asby someIETF working
groups[3, 5, 29].

ERUF requires that congestedrouters generaterate-
limited sourcequenchesin responseto packetdrops.These
sourcequenchesareusedby edgeroutersto detectconges-
tion (or incipient congestion)further downstream. There
areprosandconsto usingsourcequenchesfor thispurpose.
Usingsourcequenchesfor propagatingcongestioninforma-
tion to edgeroutershastwo advantagesover settinganex-
plicit congestionnotification(ECN)bit in thepacketheader
(the other main explicit congestionnotification technique
proposedin the literature[9, 24]). First, sourcequenches
are protocol-independentand can be used for protocols
which do not have acknowledgment(ack) packetsflowing
back to the source;ECN-bit-basedapproacheswork only
for protocolsthatincludeack packets.Second,in a source-
quench-basedapproach,edgeroutersneedto inspectthe
relatively rareICMP packetsto extractcongestionnotifica-
tionswhereasextractingcongestioninformationfrom ECN
bitswouldrequireedgeroutersto inspectthefairly frequent
ack packets.

The primary disadvantageof using sourcequenchesis
that it addstraffic in the reversedirection of the original
flow. This could increasecongestionalongpathsthathave
multiple congestedroutersin bothdirections.Citing stud-
ies donein late 80s [7, 20], the authorsof RFC 1812 [1]
have recommendedthatroutersshouldnot generatesource
quenches. The cited studies,however, were done using
routerswith a Drop-Tail packet-droppingdisciplinewhich
cangeneratein alargenumberof sourcequenchesin ashort
time. Along with others[9, 18], we believe that the in-
troductionof active queuemanagementtechniquessuchas
REDwill limit theoverheadof sourcequenchmessages.In
Section3,wepresentsomesimulationresultsfor theimpact
of sourcequenchesoncongestedreversepaths.

In the rest of this section,we describethe details of
the ERUF architecture. We presentalgorithms for in-
stalling/maintaining/removing the flow-specificregulators.
Wewouldliketoemphasize,however, thatthemainpointof
this paperis theoverallERUF technique;while we believe
thespecificalgorithmsdescribedwork reasonablywell for
thewide varietyof topologiesandtraffic patternswe have
consideredin thispaper, weexpectthemto evolveastheIn-
ternetcommunitygainsmoreexperiencewith thedynamics
of unresponsiveflows.

2.1 Managing flow regulators

Edgeroutersclassifypacketsanddetectflows. They also
estimatethe arrival rate for eachflow.

�
Edgeroutersuse

�
Wecurrentlyuseasimplewindow-basedalgorithmto estimatearrival

rates. The sizeof the window is dynamicallyadjusteddependingon the
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LongestQueueDrop (LQD) [30] for per-flow buffer man-
agement.Initially, no regulator is associatedwith a flow.
As longasaflow receivesnosourcequenches,it is allowed
to continueunregulated.Whena sourcequencharrivesat
an edgerouter, it identifiesthe flow the quenchis associ-
atedwith, recordsthe arrival rateof the flow at that point
and imposesa token-bucket-basedregulatorwhich halves
its sendingrate. Theseregulatorsadjust their bandwidth
usingamultiplicative-decrease/additive-increasediscipline.
A decreaseis triggeredby thearrival of oneor moresource
quencheswithin a single round-trip time (RTT) estimate
andreducestheregulatorbandwidthby half. Notethatonly
the first quenchcausesa decreasein the regulator band-
width; subsequentquencheswithin a singleRTT estimate
areignored.This protectstheregulatorfrom beingrapidly
drivendown by a sequenceof sourcequenchesbeforethe
sourcehashada chanceto respondto thecongestion.

�
No

changesaremadein theregulatorbandwidthfor aquenched
flow for oneRTT estimateafterasourcequencharrives.Af-
ter this, thebandwidthof a regulatorassociatedwith a flow
is increasedby oneaverage packet size

�
for everyRTT es-

timatethatpasseswithout anarrival of a sourcequenchfor
the flow. Whenthe regulatorbandwidthis greaterthanor
equalto the link bandwidth,the regulator is removedand
theflow is allowedto continueunimpeded.

In theabsenceof ack packets,anedgerouterhasno re-
liable way of determiningthe round trip time betweenit-
selfandthecongestedrouterthatdoesnot involveinjecting
additionalpacketsinto thenetwork. We consideraneasy-
to-computeapproximation:twice thepropagationdelayon
thenext link towardsthe congestedrouter[10]. This ap-
proximationis a strict lower boundon theactualRTT and
is likely to leadto theregulatorbandwidthincreasingfaster
thana conformantTCPwould increaseits congestionwin-
dow. As a result,with this RTT estimate,ERUF will not
penalizeconformantTCPflows.

ERUF doesnot requirefine-grainflow identificationand
canwork with flows of any granularity. However, ERUF
works bestif a small numberof sourcequenchescansig-
nificantly reducetheamountof databeingsenttowardsthe
congestedrouter. ERUF doesnot work well for traffic
patternswith a large numberof small unaggregatedflows
since eachsourcequenchresults in only a small reduc-
tion in theamountof databeingsenttowardsthecongested

burstinessof theflow – it is initially setto onepacket andis increasedby
onepacket for every packet till theestimateof thearrival rateconverges.
This algorithmworked well (i.e., converged rapidly usingwindows with
4-7 packets)for all network topologiesandtraffic patternsusedin our ex-
periments.In the long run, we expecta lessmemory-intensive scheme–
e.g.,theexponentialaveragingalgorithmproposedby Stoicaetal [29].�

A rapidsequenceof sourcequenchescanbegeneratedeitherby acon-
gestedDrop-Tail routeror (morerarely)by a RED routerin thepresence
of extremelyburstytraffic.�

Edgerouterskeeptrackof the averagepacket sizefor eachflow that
hasa regulatorin place.

router(eachquenchcanat bestreducethe sendingrateof
a singlesmall flow).

�
Given that routerslimit the rateat

which sourcequenchesare generated(as they should), it
may not be possibleto simultaneouslyquenchenoughof
the flows. Note that this problemis not specificto ERUF.
Traffic consistingof a large numberof small unrespon-
siveflowsposesaproblemfor any congestion-management
algorithm. Floyd&Fall [11] show that this traffic pattern
causescongestioncollapseevenfor schedulingtechniques
suchasweightedround-robin which try to isolateindivid-
ual flows. To handlethis situation,we proposethat edge
routersusesomedegreeof flow aggregationand identify
flows either by source-destinationpairs or by destination
alone.Eachaggregateis regulatedasa wholeanda source
quenchgeneratedfor any flow in an aggregateresultsin a
decreasein theregulatorbandwidthfor theentireaggregate.
We evaluatetheimpactof usingaggregationin Section3.

The ERUF algorithmis similar, in spirit, to the SQuID
algorithmproposedby Prue&Postelin RFC1016for spec-
ifying end-hostresponseto sourcequenches[23]. There
are, however, several differences. First, the SQuID al-
gorithm adjusts the per-packet regulator delay instead
of the regulator bandwidth. For flows with variable
packet size, this can lead to undesirablevariations in
the sendingrate. Second,the SQuID algorithm usesa
additive-increase/additive-decreasediscipline for respond-
ing to sourcequenches. Subsequentresearchand expe-
rience has shown that a multiplicative-decrease/additive-
increasedisciplineprovidesbetterstability [16, 17].

3 Experiments

We evaluatedtheperformanceof ERUF for a varietyof
simulatednetwork topologiesandtraffic patterns.We used
the ns-2 simulator for our experiments. For simulating
scenarioswith ERUF, we modifiedns-2 to: (1) generatea
sourcequencheverytimeREDdropsapacket,(2) estimate
arrival ratesfor flows, (3) snoopsourcequenches,and(4)
install/maintain/removeregulators.

For the coresetof experiments,we simulatedfive net-
work topologiescorrespondingto frequentlyoccurringsce-
narios. We ran eachexperimentfor 500 secondsof simu-
latedtime. For eachtopology, we comparedthe perfor-
manceachievedwith andwithout ERUF. For unresponsive
flows,weusedconstant-bit-rateUDPflowsasmightbegen-
eratedby streamingaudio/videoapplications.For respon-
siveflows,weusedftp-typelong-termTCPflows.

�
Weused

100bytepacketsfor theCBR flows and1500bytepackets
for theTCPflows.
�
By smallflows,wemeanflowswhosesendingrateis smallrelativeto

thebandwidthof thecongestedlink.	
The resultspresentedin this paperwereobtainedusingTCP SACK.

Werepeatedtheentirecoresetof experimentswith TCPTahoe,Renoand
Vegasbut saw nosignificantdifferencein theresults.
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To evaluatetheability of ERUF to regulateunresponsive
flows, we usedthreemetrics: goodput, aggregatepacket
droprateat edgeroutersandaggregatepacket drop rateat
non-edgerouters.Floyd&Fall [11] definegoodputof aflow
asthebandwidthdeliveredto thereceiver, excludingdupli-
catepackets. The goodputmetric shows the performance
improvementsachievedby thenetwork by droppingunde-
liverablepacketsas early as possible. It also shows how
well ERUF is ableto shieldresponsive flows from the im-
pactof unresponsive ones. The other two metrics,aggre-
gatepacket drop rateat edgeroutersandaggregatepacket
droprateat non-edgerouters,jointly provide anindication
of theresourcesconservedby droppingundeliverablepack-
etsearly.

To examinetheimpactof sourcequenchesoncongested
reversepaths,weconductedasetof experimentswith anet-
work topologythatis congestedin bothdirections.Ourgoal
wasto determinehow effectivesourcequenchesarein such
a situationandwhat impact they have on performanceof
competingtraffic. To evaluatetheefficacy of ERUF for traf-
fic patternswith a largenumberof smallflowsandto exam-
ine the impactof flow aggregation,we simulatedtwo con-
gestionscenarios:onethat hasa varyingnumberof flows
with the sametotal sendingrateandthe other that aggre-
gatesall flows to thesamedestination.

In addition,we evaluatedthe impactof ERUF on com-
petingTCPflows for several topologiesandup to 10 com-
peting flows. We repeatedtheseexperimentswith TCP
Reno/Tahoe/Vegas/SACK. ERUF did not causemorethan
oneadditionalpacketdropin any experiment.

3.1 Coreexperiments

Dumbbell scenario: this scenario,shown in Figure1, cor-
respondsto a long-haullink connectingtwo local-areanet-
works andan ISDN line. The congestedlong-haullink is
sharedby oneTCP flow (H1 to H3) andthreeCBR flows
(from H2 to H4). This scenariowasoriginally usedin [11]
to demonstratecongestioncollapsedueto lack of end-to-
endcongestioncontrol. Figure1 shows that for this sce-
nario,ERUF dropsalmostall undeliveredpacketsat thepe-
ripheryof thenetwork. Notethatthetotal numberof pack-
etsdroppedwith andwithoutERUF is aboutthesame.The
goodputgraphsin Figure1 show thattheresourcesfreedby
droppingpacketsearlyallows theTCPflow from H1 to H3
to increaseits goodputby a factorof up to 3.5.

Multi-dumb bell scenario: in the dumbbellscenario,all
three CBR flows being regulated were from the same
source. We usedthe multi-dumbbellscenario,shown in
Figure2, to evaluatethe effectivenessof ERUF for multi-
ple unresponsive flows from differentsourcesto the same
destination.This scenariois a variantof thedumbbellwith
two CBR flows from H2 to H4 and one CBR flow from

H5 to H4. Like dumbbell, it hasone TCP flow from H1
to H3. As in the dumbbellscenario,ERUF is successful
in droppingmostof the undeliverablepacketsearly. The
impactof ERUF on the goodputof the TCP flow is much
higherin thiscase(upto 35timeshigher).In theabsenceof
ERUF, thegoodputof theTCPflow continuesto dropbelow
400Kb/s(whereit levelsoff for dumbbell) asits packetscan
bedroppedatmultiple routers(R1 andR2) [8].

Cross-Traffic scenario: in thefirst two scenarios,thecom-
petingflows wereeithersourcedfrom thesamedomainor
sink'ed in thesamedomain. This scenario,shown in Fig-
ure 3, representscross-traffic situationswherecompeting
flows shareneithersourcenor sink. The traffic consistsof
two CBR flows from H1 to H3, two CBRsfrom H2 to H4
andoneTCP flow from H5 to H6. As shown in Figure3,
ERUF is ableto movenearlyall packetdropsto theperiph-
ery of thenetwork andallows the TCPflow to achieve up
to a 20-fold improvementin goodput. Without ERUF, the
TCPgoodputfallstoabout50Kb/s;with ERUF, it stabilizes
around1 Mb/s. Notethatthegoodputof TCPin thiscaseis
lower thanin thedumbbellscenario.This is to beexpected
astheTCPflow traversesmorecongestedrouters[8].

Waist scenario: this scenario,shown in Figure 4, repre-
sentssituationsin whichasinglelink sharedby therespon-
sive andunresponsive flows is the only congestedlink in
theirpaths(e.g.,flowsbetweentwo campus-sizenetworks).
The traffic patternconsistsof threeCBR flows (H2 
 H6,
H3 
 H7, H4 
 H8) andoneTCPflow (H1 
 H5). With-
out ERUF, thereare no appreciablepacket drops till the
offered load is more than the long haul link' s bandwidth.
The packet drop rateclimbs rapidly thereafter. Note that
theunresponsiveflows hogasmuchof thelong haul link' s
bandwidthas possibleresulting in poor performancefor
TCP. With ERUF, the regulatorsareableto dropa signifi-
cantnumberof packetsfromunresponsiveflowsbeforethey
reachthe waist which significantly improves the goodput
for theTCPflow (thepacket drop rategraphsfor this sce-
nariowereleft outdueto spacelimitations;pleasesee[25]).

Video-server scenario:previousscenariosconsideredtraf-
fic patternswith competitionbetweenresponsiveandunre-
sponsiveflows. Thisscenario,shown in Figure5, represents
situationsin all competingflows areunresponsive. Sucha
situationcouldoccurfor a streaming-contentproviderwith
multipleservermachines.Thetraffic patternconsistsof one
CBRflow from H1 to H4,oneCBRflow from H2 to H5 and
threeCBR flows from H3 to H6. Notethat this scenariois
similar to the dumbbellscenario,the main differencebe-
ing thatall competingflows areunresponsive. As for other
scenarios,ERUF is able to move almostall packet drops
to the network periphery(the packet drop rategraphsfor
this scenariowereleft out dueto spacelimitations; please
see[25]). A largefractionof thedropsoccurfrom thethree
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Figure 1. Description and results for dumbbell. “Total UDP arrivals” refers to UDP arrivals at R1.

flowsfrom H3 to H6 whichsharea128Kb/s link. Without
ERUF, theR1 
 R2 link saturateswhenthetotal UDP ar-
rival rate(from all flows) reaches1.5Mb/s; withoutERUF,
thethreeflows from H3 to H6 useat most130Kb/s of this
link.

3.2 Impact of source quencheson congestedre-
versepaths

To examinetheimpactof sourcequenchesoncongested
reversepaths,we useda variantof the dumbbellscenario
with additionaltraffic in thereversedirection(seeFigure6).
Theadditionaltraffic is a singleCBR flow from H5 to H6
with a variablesendingrate(8.89-2000 Kb/s). The other
traffic consistsof threeCBR flows with anaggregatesend-
ing rateof 1 Mb/s from H2 to H4 andoneTCPflow from
H1 to H3. Weconductedtwo experiments- onewith ERUF
enabledin all routersandtheotherwith ERUFenabledin all
routersexceptR4. Thegoalof doingthesecondexperiment
was to evaluatethe impactof sourcequencheson the re-

versetraffic thatcompeteswith thesourcequenchesfor the
forwardtraffic (usingERUF in R4 reducesthesendingrate
for theflow from H5 to H6 whichcompeteswith thesource
quenches).Without ERUF in R4,we seenosignificantim-
pactof sourcequencheson thegoodputof any flow. With
ERUF enabledin all routers,thesourcequenchesgenerated
by dropsat R4 resultin regulationof thebackwardflow –
thiseffectoccurswhenthesendingratefor thereverseflow
reachesthebandwidthof thereverselink. Thereis no sig-
nificantdifferencein thegoodputof theotherflows. From
theseresults,we believe thatwith ERUF andRED, theim-
pactof sourcequenchesis likely to bepositive evenin the
presenceof a congestedreversepath.

3.3 Handling largenumber of small flows

To evaluatethe efficacy of ERUF for this situationand
to examinetheimpactof flow aggregation,we simulateda
scenariowith avaryingnumberof flowswith thesametotal
sendingrate(seeFigure7). Weconductedtwo experiments:
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Figure 2. Description and results for multi-dumbbell.

one with fine-grainflow identificationand the other with
flow aggregationthataggregatesall flows to thesamedes-
tination.Thetraffic patternconsistedof oneTCPflow from
H1 to H4 and1-50CBR flows from H2 to H3 (with anag-
gregatesendingrateof 1.5 Mb/s). Without ERUF, we find
that the unresponsive flows useup almostall of the band-
width in theR2-R3link. With ERUF, theperformancede-
pendson thenumberof competingCBR flows. For a small
numberof flows, ERUF dropsa significantfraction of the
packetsfrom theunresponsiveflows whichallows theTCP
flow to achievesignificantlybettergoodput.As thenumber
of CBR flows increases(and the sendingrate of individ-
ualflowsdrops),eachsourcequenchresultsin fewerdrops.
As a result,the total numberof dropsreduces;asdoesthe
goodputof the TCP flow. If, however, we aggregateall
the50 CBR flows betweenH2 andH3, ERUF achievesthe
sameperformancefor this aggregateasit doesfor a single

largeflow. This resultarguesfor flow-aggregationat edge
routers.SeveralIETF workinggroupsrecommendasimilar
aggregate-at-edge-routersapproach[3, 5].

4 Conclusionsand openquestions

In this paper, we have presentedroutermechanismsto
regulateunresponsive best-effort traffic. The goal of the
proposedmechanismsis to dropundeliverablepackets(i.e.,
packetsthatwill bedroppedsomewherein thenetwork be-
fore reachingtheir destination)ascloseto theperipheryof
thenetwork aspossible.

Simulationresultsfor a variety of network topologies
andtraffic patternsshow thattheproposedmechanismsare
able to move mostpacket dropsfrom unresponsive flows
to the peripheryof the network. The resourcesfreed by
droppingthesepacketsearlyallows otherflows to achieve

6



5
 m

s

10Mb/s

2 ms

1
.5

M
b

/s

5 ms

1.5Mb/s

10Mb/s

2 ms

10Mb/s
2 ms

128 Kb/s

5 m
s

128 Kb/s5 ms

1.5Mb/s

5 ms

1.5Mb/s

5 ms

10Mb/s

2 ms

1
.5

M
b

/s

5
 m

s

H1

H2

H5 H6

H3

H4

R1 R2 R3 R4

R5 R6

Thetraffic consistsof oneTCPflow from H5 to H6, two CBR flows from H1 to H3 andtwo CBR flows from H2 to H4. All CBR flows
haveequalsendingrate;thetotalsendingrateof theCBRflows is variedbetween8.89Kb/s to 2000Kb/s.

0

500

1000

1500

2000

2500

3000

266.67
400

800

888.89
1000

1142.9

1333.3
1600

2000

Total UDP Arrivals (Kbps)

Pa
ck

et
-d

ro
ps

/S
ec

on
d

Edge Drops Non-Edge Drops

Packet droprateswithoutERUF

0
500

1000
1500
2000
2500
3000

266.67
400

888.89
1000

1142.9

1333.3
1600

2000

Total UDP Arrivals (Kbps)

Pa
ck

et
-d

ro
ps

/S
ec

on
d

Edge Drops Non-Edge Drops

Packet droprateswith ERUF

0

200

400

600

800

1000

1200

1400

1600

1800

2000

400 800 1200 1600 2000

Go
od

pu
t 

(K
b/

s)

Total UDP arrivals (Kb/s)

TCP
UDP arr
UDP1-3
UDP2-4

GoodputswithoutERUF

0

200

400

600

800

1000

1200

1400

1600

1800

2000

400 800 1200 1600 2000

Go
od

pu
t 

(K
b/

s)

Total UDP arrivals (Kb/s)

TCP
UDP arr
UDP1-3
UDP2-4

Goodputswith ERUF

Figure 3. Description and results for cross-traffic.

significantperformanceimprovement.ERUF worksbestif
asmallnumberof sourcequenchescansignificantlyreduce
theamountof databeingsenttowardsthecongestedrouter.
To handlealargenumberof smallbandwidthflows,wepro-
posethatedgeroutersaggregateflows.

Currently, ERUF is targetedtowardsunicasttraffic. To
extendERUF for multicasttraffic, onehasto dealwith a
potentialquench implosionproblem- similar to the well-
known ack-implosionproblemthatoccursfor reliablemul-
ticast transportprotocols. We plan to borrow and adapt
techniquesfrom reliable multicast researchto handlethe
quenchimplosionproblem.

In this paper, we have focusedon regulation of unre-
sponsive flows. Many companiesaredeveloping“f aster”

TCP implementationsthat eliminateoneor moreconges-
tion control mechanisms. Sincethe currentversionof
ERUF underestimatestheRTT betweentheedgerouterand
the congestedrouter, it increasesthe regulatorbandwidth
fasterthanaconformantTCPwould increaseits congestion
window. Thisdifferencecanbeexploitdby non-conformant
TCPimplementations.We plan to extendERUF to reduce
this difference. Currently, we areconsideringa hybrid of
ERUF andthetechniqueproposedin [11]. Theideais to es-
timatethemaximumbandwidthfor aTCP-conformantflow
at thecongestedrouter(asproposedin [11]) andto piggy-
backthis informationonsourcequenches.Thiscouldallow
theedgerouterto imposetighterregulatorsonerrantflows.
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