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Abstract

In this paper we proposerouter metanismgo regulate
unresponsivéest-efort traffic. By unresponsiveraffic we
meanflowsthatdonotreducetheir sendingatein response
to congestion. Thegoal of the proposedmedianismsis to
drop undeliveable padetsas closeto the peripheryof the
networkaspossible Thekey ideasof our approad are: (1)
edce routers keeptradk of incomingflowsandtheir arrival
rates;(2) core routers useREDfor queuemanayementand
geneate rate-limited souice quendieson padet dropsto
advicesourcesto reducetheir sendingrates;and (3) edge
routeis snoopon source quentes passingthrough them
and usethemto contwol per-flow regulators. Regulators
adjusttheir maximumsendingrate usinga multiplicative-
decease additive-inceasediscipline A deceaseis trig-
geredbythearrival of a sourcequend; anincreaseis trig-
gered by non-arrival of source quentesfor a time period.
We examinetheimpactof thesemedhanismdor a variety of
simulatednetworktopolagiesandtraffic patterns.

1 Intr oduction

The stability of the currentinternetarchitecturaelepends
to alargeextentontheend-to-end:ongestiortontrolmech-
anismsprovidedby TCPR This stability dependon cooper
ation of end-hosts Giventhe rapid expansionof the Inter-
net and the commercialpressureghat comewith it, it is
no longerpossibleto rely on voluntarycooperatiorof end-
hosts. A growing numberstreaming-conterpirovidersuse
UDP-basedorotocolswith little or no congestioncontrol.
For example,RealAudio,oneof the major streamingappli-
cations,usesone of several fixed dataratesdependingon
the bandwidthavailable;the RealBroadcastNetwork uses
Rolust UDP [14] (i.e., UDP with retransmissionsut no
congestiorcontrol).

Since the benefits of an uncongested(or under
congestedpetwork areavailableonly if all (or most)end-
hostscooperaten respondingo congestiongrowth in un-
responsie traffic will provide anincentve for even more
end-hostgo eliminate congestioncontrol. To ensurethe

continuedstability of theInternet,it is, thereforejmportant
for the network to regulateunresponsietraffic [4, 11].

In this paper we proposeand examinerouter mecha-
nismsto regulateunresponsie best-efort traffic. By unre-
sponsvetraffic we mearflowsthatdonotreduceheirsend-
ing rateon congestiomotification(or worsestill, increase
their sendingrate[15]). Thegoalof the proposedapproach
is to drop undeliverablepaclets (i.e., pacletsthat will be
droppedsomeavherein the network) asascloseto the pe-
ripheryof the network aspossible .Droppingundeliverable
pacletsearlyfreesnetwork resourcesor otherpacletsthat
canmale betteruseof them.

Therearethreekey aspectof our approachwhich we
referto asEarly Regulationof Unresponsiv&lows(ERUF).
First, edgerouterskeeptrack of incomingflows andtheir
arrival rates. Second,coreroutersusethe RandomEarly
Detection(RED)algorithm[12] for queuemanagemerdnd
generatesourcequenche®n paclketdropto advicesources
toreduceheirsendingates.We assuméhatthegeneration
of sourcequenchess suitablyrate-limited[1].  Finally,
edgerouterssnoop on sourcequenchespassingthrough
them and usethemto control flow-specifictoken-tucket-
basedregulators[31]. Theseregulatorsadjusttheir max-
imum sendingrate, referredto asthe regulator bandwidth
usingamultiplicative-decrease/addit-increasaliscipline.
A decreasés triggeredby thearrival of oneor moresource
guencheswithin a single round-triptime (RTT) estimate;
increasesare triggeredby non-arrival of sourcequenches
over two or more RTT estimates. UDP-basedstream-
ing protocolsusually don't acknavledgeindividual pack-
ets. Thereforethereis nodirect,protocol-independentay
to estimateround-triptime betweertwo routersin the path
of a flow thatdoesnot involve injecting additionalpaclets
into the network. We evaluatean easy-to-computepproxi-
mationin this paper

Previous researchinto handlingunresponsie flows has
takenoneof two approachesTheallocationapproachiso-
latesindividual flows by performinga fair allocationof the
available bandwidth betweencompetingflows [2, 6, 13,
22,27, 28, 29]. Mostallocation-basedchemesequireall
routersto maintainstateand performall operationson a
perflow basis.Recently Stoicaetal [29] proposedCSFQ,



a Core-State-lesallocationschemewhich maintainsper
flow stateonly in edgerouters.CSFQmakesagoodtradeof
betweenimplementationcompleity and fairness. ERUF
resemble<CSFQin trying to move perflow operationgo
the peripheryof the network. However, CSFQmalesits
decisiondocally at eachrouterandignorescongestiorthat
may be occurringdownstream.Thereforejit doesnt try to
dropundeliverablepacletsasearlyaspossible.

In theidentificationapproachroutersidentify unrespon-
sive flows and then explicitly managethe bandwidth of
theseflows [10, 11]. Floyd&Fall [11] proposea well-
designedechniquevhichusesREDfor queuananagement
and usesthe RED paclet drop history to estimatearrival
rates. It identifiesunresponsie flows usingthis informa-
tion. Theirtechniqueprovidesanincentie for flowsto use
end-to-endcongestionas flows marked unresponsie can
be penalized. We sharetheir goal of droppingundelver-
able paclets. However, sincetheir techniquedoesnot in-
cludeabackwardfeedbackmechanisnsimilarto thesource
guenchesisedby ERUF, it is not ableto drop undelver-
ablepacletsasearly aspossible. Furthermorepy mov-
ing theflow identificationoperationgo the peripheryof the
network, ERUF canreducethe computationaload at con-
gesteccorerouters.

A relatedresearchdirectiondealswith developmentof
UDP-basedrotocolsthat are“TCP-friendly” [19, 21, 26,
32]. Theseprotocolsuse someform of end-to-endcon-
gestioncontrol to try to limit the sendingrateto a value
closeto that of a conformantTCP. We believe that this is
animportantresearchdirection. However, someform of
routerbasedegulationwill alwaysbenecessargswe can
nolongerassumeooperatiorof all end-hosts.

We describehe ERUF schemeén Section2. We describe
the algorithmsusedto install/maintain/remee the flow-
specificregulators. We have evaluatedthe performanceof
ERUF for a variety of simulatednetwork topologiesand
traffic patterns. Our results,presentedn Section3, show
that ERUF is ableto move mostof the paclet dropsfrom
unresponsie flows to the peripheryof the network. There-
sourcedreedby droppingthesepacletsearly allows other
flows to achieve significantperformancemprovement.Fi-
nally, we presentonclusionanddiscusdpenguestions.

2 Early Regulation of Unresponsve Flows
(ERUF)

ERUF placesthe major burdenof managingunrespon-
sive flows on edgerouters. Edgeroutersneedto classify
incoming paclets, computeflow-specificarrival ratesand
rate-limitindividual flows. Sinceedgeroutersaretypically
not on high-speedackbondinks andtypically do notdeal
with very large numberof flows, theresourceequirements
arelikely to be tractable. This approachof moving flow-

specificoperationgo the peripheryof thenetwork hasbeen
takenby otherresearcheraswell asby somelETF working
groups[3, 5, 29].

ERUF requiresthat congestedrouters generaterate-
limited sourcequenchesn responséo pacletdrops.These
sourcequenchesreusedby edgeroutersto detectconges-
tion (or incipient congestion)urther downstream. There
areprosandconsto usingsourceguenchesor this purpose.
Usingsourcegquenches$or propagatingongestiorinforma-
tion to edgeroutershastwo advantagesver settingan ex-
plicit congestionnatification(ECN)bit in thepacletheader
(the other main explicit congestionnatification technique
proposedn the literature[9, 24]). First, sourcequenches
are protocol-independenand can be usedfor protocols
which do not have acknavledgment(ack) pacletsflowing
backto the source;ECN-bit-basedapproachesvork only
for protocolsthatincludeack paclets. Secondjn a source-
guench-basedpproach,edgeroutersneedto inspectthe
relatively rareICMP pacletsto extractcongestiomotifica-
tionswhereasxtractingcongestiorinformationfrom ECN
bitswould requireedgeroutersto inspecthefairly frequent
adk paclets.

The primary disadwantageof using sourcequenchess
that it addstraffic in the reversedirection of the original
flow. This couldincreasecongestioralongpathsthathave
multiple congestedoutersin both directions. Citing stud-
ies donein late 80s[7, 20|, the authorsof RFC 1812[1]
have recommendethatroutersshouldnot generatesource
guenches. The cited studies,however, were done using
routerswith a Drop-Tail paclet-droppingdisciplinewhich
cangeneratén alargenumberof sourcequencheg ashort
time. Along with others[9, 18], we believe that the in-
troductionof active queuemanagemertechniquesuchas
REDwill limit theoverheadf sourcequenchmessagedn
Section3, we presensomesimulationresultsfor theimpact
of sourcequenche®n congestedeversepaths.

In the rest of this section,we describethe details of
the ERUF architecture. We presentalgorithms for in-
stalling/maintaining/reming the flow-specificregulators.
Wewouldliketo emphasizehowever, thatthemainpointof
this paperis the overall ERUF techniquewhile we believe
the specificalgorithmsdescribedvork reasonablyvell for
thewide variety of topologiesandtraffic patternswe have
consideredh this paperwe expectthemto evolve astheln-
ternetcommunitygainsmoreexperiencewith thedynamics
of unresponsie flows.

2.1 Managing flow regulators

Edgeroutersclassifypacletsanddetectflows. They also
estimatethe arrival rate for eachflow.! Edgeroutersuse

1we currentlyusea simplewindow-basedalgorithmto estimatearrival
rates. The size of the window is dynamicallyadjusteddependingon the



LongestQueueDrop (LQD) [30] for perflow buffer man-
agement. Initially, no regulatoris associatedvith a flow.
As longasaflow recevesno sourcequenchest is allowed
to continueunregulated. Whena sourcequencharrivesat
an edgerouter it identifiesthe flow the quenchis associ-
atedwith, recordsthe arrival rate of the flow at that point
and imposesa token-hucket-basedegulatorwhich halves
its sendingrate. Theseregulatorsadjusttheir bandwidth
usingamultiplicative-decrease/addit-inaeaseliscipline.
A decreasés triggeredby thearrival of oneor moresource
guencheswithin a single round-triptime (RTT) estimate
andreducesheregulatorbandwidthby half. Notethatonly
the first quenchcausesa decreasén the regulator band-
width; subsequenuencheswithin a single RTT estimate
areignored. This protectsthe regulatorfrom beingrapidly
drivendown by a sequencef sourcequenchedeforethe
sourcehashada chanceto respondo the congestior?. No
changesremadein theregulatorbandwidthfor aquenched
flow for oneRTT estimateafterasourcequencharrives.Af-
terthis, thebandwidthof a regulatorassociatedavith aflow
is increasedy oneaveiage paclet size® for every RTT es-
timatethat passesvithout anarrival of a sourcequenchfor
the flow. Whenthe regulatorbandwidthis greaterthanor
equalto the link bandwidth,the regulatoris remosed and
theflow is allowedto continueunimpeded.

In the absencef ack paclets,an edgerouterhasno re-
liable way of determiningthe roundtrip time betweenit-
selfandthe congestedouterthatdoesnotinvolveinjecting
additionalpacletsinto the network. We consideran easy-
to-computeapproximationitwice the propagatiordelayon
the next link towardsthe congestedouter[10]. This ap-
proximationis a strict lower boundon the actualRTT and
is likely to leadto theregulatorbandwidthincreasingaster
thana conformanflT CP would increasets congestiorwin-
dow. As aresult,with this RTT estimate ERUF will not
penalizeconformanfrCPflows.

ERUF doesnot requirefine-grainflow identificationand
canwork with flows of ary granularity However, ERUF
works bestif a small numberof sourcequenchesansig-
nificantly reducethe amountof databeingsenttowardsthe
congestedouter ERUF doesnot work well for traffic
patternswith a large numberof small unaggrgatedflows
since eachsourcequenchresultsin only a small reduc-
tion in theamountof databeingsenttowardsthe congested

burstinesof theflow — it is initially setto onepaclet andis increasedy
onepaclet for every paclet till the estimateof the arrival rateconverges.
This algorithmworked well (i.e., converged rapidly usingwindows with
4-7 paclets)for all network topologiesandtraffic patternsusedin our ex-
periments.In the long run, we expecta lessmemory-intensie scheme-
e.g.,theexponentialaveragingalgorithmproposedy Stoicaetal [29].

2A rapidsequencef sourcequenchesanbegenerategitherby acon-
gestedDrop-Tail routeror (morerarely) by a RED routerin the presence
of extremelyburstytraffic.

3Edgerouterskeeptrack of the averagepaclet sizefor eachflow that
hasaregulatorin place.

router (eachquenchcanat bestreducethe sendingrate of
a singlesmall flow).# Given that routerslimit the rate at
which sourcequenchesare generatedas they should), it
may not be possibleto simultaneouslyquenchenoughof
the flows. Note thatthis problemis not specificto ERUF.
Traffic consistingof a large numberof small unrespon-
sive flows posesaproblemfor any congestion-management
algorithm. Floyd&Fall [11] shaw that this traffic pattern
causesongestiorcollapseevenfor schedulingtechniques
suchasweightedround-wobin which try to isolateindivid-
ual flows. To handlethis situation,we proposethat edge
routersusesomedegreeof flow aggreationand identify
flows either by source-destinatiopairs or by destination
alone.Eachaggreateis regulatedasa whole anda source
guenchgeneratedor any flow in an aggregateresultsin a
decreas@ theregulatorbandwidthfor theentireaggreyate.
We evaluatetheimpactof usingaggreyationin Section3.
The ERUF algorithmis similar, in spirit, to the SQuID
algorithmproposedy Prue&Postein RFC 1016for spec-
ifying end-hostresponsdo sourcequencheg23]. There
are, however, several differences. First, the SQuID al-
gorithm adjusts the perpaclet regulator delay instead
of the regulator bandwidth. For flows with variable
paclet size, this can lead to undesirablevariations in
the sendingrate. Second,the SQuID algorithm usesa
additive-increase/addite-deceasediscipline for respond-
ing to sourcequenches. Subsequentesearchand expe-
rience has shovn that a multiplicative-decrease/addit-
increasalisciplineprovidesbetterstability [16, 17].

3 Experiments

We evaluatedthe performanceof ERUF for a variety of
simulatednetwork topologiesandtraffic patterns.We used
the ns-2 simulator for our experiments. For simulating
scenariowith ERUF, we modifiedns-2to: (1) generatea
sourcequenchevery time RED dropsa paclet, (2) estimate
arrival ratesfor flows, (3) snoopsourcequenchesand (4)
install/maintain/remee regulators.

For the core setof experimentswe simulatedfive net-
work topologiescorrespondingo frequentlyoccurringsce-
narios. We ran eachexperimentfor 500 secondf simu-
latedtime. For eachtopology we comparedhe perfor
manceachiezed with andwithout ERUF. For unresponsie
flows,we usedconstant-bit-rate)DPflowsasmightbegen-
eratedby streamingaudio/videoapplications.For respon-
siveflows, we usedtp-typelong-termTCPflows? Weused
100 byte pacletsfor the CBR flows and 1500byte paclets
for the TCPflows.

4By smallflows, we meanflows whosesendingateis smallrelativeto
thebandwidthof the congestedink.

5The resultspresentedn this paperwere obtainedusing TCP SACK.
We repeatedheentirecoresetof experimentswith TCP Tahoe Renoand
Vegasbut sav no significantdifferencein theresults.



To evaluatetheability of ERUF to regulateunresponsie
flows, we usedthree metrics: goodput aggreyate paclet
droprateat edgeroutersandaggregatepaclet drop rateat
non-edgeouters.Floyd&Fall [11] definegoodputof a flow
asthe bandwidthdeliveredto therecever, excludingdupli-
catepaclets. The goodputmetric shavs the performance
improvementsachiezed by the network by droppingunde-
liverablepaclets as early as possible. It also shaovs how
well ERUF is ableto shieldresponsie flows from the im-
pactof unresponsie ones. The othertwo metrics,aggre-
gatepaclet drop rateat edgeroutersandaggreyatepaclet
droprateat non-edgeouters,jointly provide anindication
of theresourcesonseredby droppingundeliverablepack-
etsearly.

To examinetheimpactof sourcequenchesn congested
reversepathswe conducteda setof experimentawvith anet-
work topologythatis congestedh bothdirections.Ourgoal
wasto determinehow effective sourcequenchesgrein such
a situationand what impactthey have on performanceof
competingraffic. To evaluatetheefficacy of ERUF for traf-
fic patternswith alargenumberof smallflows andto exam-
ine the impactof flow aggreyation,we simulatedtwo con-
gestionscenarios:onethat hasa varying numberof flows
with the sametotal sendingrate andthe otherthataggre-
gatesall flows to the samedestination.

In addition,we evaluatedthe impactof ERUF on com-
peting TCP flows for severaltopologiesandup to 10 com-
peting flows. We repeatedtheseexperimentswith TCP
Reno/Bhoe/\¢gas/SACK. ERUF did not causemorethan
oneadditionalpacletdropin ary experiment.

3.1 Coreexperiments

Dumbbell scenario: this scenarioshavn in Figurel, cor

respondgo along-haullink connectingwo local-areanet-
worksandan ISDN line. The congestedong-haullink is
sharedby one TCP flow (H1 to H3) andthreeCBR flows
(from H2 to H4). This scenariavasoriginally usedin [11]

to demonstrateongestioncollapsedueto lack of end-to-
end congestioncontrol. Figure 1 shaws that for this sce-
nario, ERUF dropsalmostall undeliveredpacletsatthe pe-
ripheryof the network. Notethatthetotal numberof pack-
etsdroppedwith andwithout ERUF is aboutthesame.The
goodputgraphsn Figurel shav thattheresourcefreedby
droppingpacletsearlyallows the TCPflow from H1 to H3
to increasets goodputby afactorof upto 3.5.

Multi-dumb bell scenario: in the dumbbellscenario,all
three CBR flows being regulated were from the same
source. We usedthe multi-dumbbellscenario,shovn in
Figure 2, to evaluatethe effectivenessf ERUF for multi-
ple unresponsie flows from differentsourcego the same
destination.This scenarids a variantof the dumbbeliwith
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 undeliverablepacletsearly The

impactof ERUF on the goodputof the TCP flow is much

higherin this casgupto 35timeshigher).In theabsencef

ERUF, thegoodputof theTCPflow continuego dropbelow

400Kb/s(whereit levelsoff for dumbbel) asits pacletscan

bedroppedat multiple routers(R1 andR2) [8].

Cross-Taffic scenario:in thefirst two scenariosthecom-
petingflows wereeithersourcedrom the samedomainor

sink'ed in the samedomain. This scenarioshovn in Fig-

ure 3, representgross-trafic situationswhere competing
flows shareneithersourcenor sink. Thetraffic consistsof

two CBR flows from H1 to H3, two CBRsfrom H2 to H4

andone TCP flow from H5 to H6. As shavn in Figure 3,

ERUF is ableto move nearlyall paclet dropsto the periph-
ery of the network andallows the TCP flow to achiese up

to a 20-fold improvementin goodput. Without ERUF, the
TCPgoodpufallsto about50Kb/s; with ERUF, it stabilizes
aroundl Mb/s. Notethatthegoodputof TCPin this casds

lower thanin the dumbbeliscenario.Thisis to be expected
asthe TCPflow traversesnorecongestedouters[8].

Waist scenario: this scenario,shavn in Figure 4, repre-
sentssituationsn which asinglelink sharedy therespon-
sive and unresponsie flows is the only congestedink in
their paths(e.g.,flowsbetweerntwo campus-sizeetworks).
Thetraffic patternconsistsof threeCBR flows (H2 —H6,
H3 — H7,H4 — H8) andoneTCPflow (H1 — H5). With-
out ERUF, there are no appreciablepaclet dropstill the
offeredload is more thanthe long haul link's bandwidth.
The paclet drop rate climbs rapidly thereafter Note that
the unresponsie flows hog asmuchof thelong haullink's
bandwidthas possibleresultingin poor performancefor
TCPR With ERUF, theregulatorsareableto drop a signifi-
cantnumberof pacletsfrom unresponsieflowsbeforethey
reachthe waist which significantly improvesthe goodput
for the TCP flow (the paclket drop rategraphsfor this sce-
nariowereleft outdueto spacdimitations;pleaseseg25]).

Video-sewner scenario: previousscenariogonsideredraf-
fic patternswith competitionbetweerresponsie andunre-
sponsieflows. Thisscenarioshovnin Figureb, represents
situationsin all competingflows areunresponsie. Sucha
situationcouldoccurfor a streaming-contergrovider with
multiple senermachinesThetraffic patternconsistof one
CBRflow fromH1 to H4,oneCBRflow from H2 to H5 and
threeCBR flows from H3 to H6. Notethatthis scenarids
similar to the dumbbellscenario the main differencebe-
ing thatall competingflows areunresponsie. As for other
scenariosERUF is ableto move almostall paclet drops
to the network periphery(the paclet drop rate graphsfor
this scenariowereleft out dueto spaceimitations; please
seg[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 which sharea 128Kb/slink. Without
ERUF, theR1 — R2link saturatesvhenthetotal UDP ar
rival rate(from all flows) reached..5Mb/s; without ERUF,
thethreeflows from H3 to H6 useat most130Kb/s of this
link.
3.2 Impact of source quencheson congestedre-
versepaths

To examinetheimpactof sourcequenchesn congested
reversepaths,we useda variantof the dumbbellscenario
with additionaltraffic in thereversedirection(seeFigure6).
The additionaltraffic is a single CBR flow from H5 to H6
with a variablesendingrate (8.89-2000 Kb/s). The other
traffic consistsof threeCBR flows with anaggreyatesend-
ing rateof 1 Mb/s from H2 to H4 andone TCP flow from
H1 to H3. We conductedwo experiments onewith ERUF
enabledn all routersandtheotherwith ERUF enabledn all
routersexceptR4. Thegoalof doingthesecondexperiment
wasto evaluatethe impact of sourcequenchesn the re-

versetraffic thatcompetesvith the sourcequenchesor the
forwardtraffic (usingERUF in R4 reduceghe sendingrate
for theflow from H5 to H6 which competesvith thesource
guenches)Without ERUF in R4, we seeno significantim-
pactof sourcequenche®n the goodputof ary flow. With
ERUF enabledn all routersthesourcequenchegenerated
by dropsat R4 resultin regulationof the backward flow —
this effectoccurswhenthesendingatefor thereverseflow
reacheghe bandwidthof thereverselink. Thereis no sig-
nificantdifferencein the goodputof the otherflows. From
theseresults,we believe thatwith ERUF andRED, theim-
pactof sourcequenchess likely to be positive evenin the
presencef a congestedeversepath.

3.3 Handling largenumber of small flows

To evaluatethe efficacy of ERUF for this situationand
to examinetheimpactof flow aggreyation,we simulateda
scenariavith avaryingnumberof flows with the sametotal
sendingate(seeFigure7). We conductedwo experiments:
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Figure 2. Description and results for multi-dumbbell

one with fine-grainflow identificationand the other with

flow aggreyationthataggreyatesall flows to the samedes-
tination. Thetraffic patternconsistedf oneTCPflow from

H1 to H4 and1-50 CBR flows from H2 to H3 (with anag-
gregatesendingrate of 1.5 Mb/s). Without ERUF, we find

thatthe unresponsie flows useup almostall of the band-
width in the R2-R3link. With ERUF, the performancele-
pendson the numberof competingCBR flows. For asmall
numberof flows, ERUF dropsa significantfraction of the
pacletsfrom the unresponsie flows which allows the TCP
flow to achieve significantlybettergoodput.As thenumber
of CBR flows increaseqand the sendingrate of individ-

ualflows drops),eachsourcequenchresultsin fewerdrops.
As aresult,the total numberof dropsreducesasdoesthe
goodputof the TCP flow. If, however, we aggreyateall

the 50 CBR flows betweerH2 andH3, ERUF achie/esthe
sameperformancdor this aggreateasit doesfor a single

large flow. This resultarguesfor flow-aggreyationat edge
routers.Several[ETF working groupsrecommendh similar
aggrejate-at-edge-raarsapproach3, 5.

4 Conclusionsand openquestions

In this paper we have presentedouter mechanismso
regulate unresponsie best-efort traffic. The goal of the
proposednechanismss to dropundeliverablepaclets(i.e.,
pacletsthatwill bedroppedsomevherein the network be-
fore reachingtheir destination)ascloseto the peripheryof
thenetwork aspossible.

Simulationresultsfor a variety of network topologies
andtraffic patternsshov thatthe proposednechanismsire
able to move mostpaclet dropsfrom unresponsie flows
to the peripheryof the network. The resourcedreed by
droppingthesepacletsearly allows otherflows to achieve
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Thetraffic consistsof one TCP flow from H5 to H6, two CBR flows from H1 to H3 andtwo CBR flows from H2 to H4. All CBR flows
have equalsendingrate;thetotal sendingrateof the CBR flows is variedbetweer8.89Kb/s to 2000Kb/s.
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Figure 3. Description and results for cross-taffic.

significantperformancemprovement.ERUF works bestif
asmallnumberof sourcequenchesansignificantlyreduce
theamountof databeingsenttowardsthe congestedouter
To handlealargenumberof smallbandwidthflows, we pro-
posethatedgeroutersaggreyateflows.

Currently ERUF is tamgetedtowardsunicasttraffic. To
extend ERUF for multicasttraffic, one hasto dealwith a
potentialquend implosionproblem- similar to the well-
known adk-implosionproblemthatoccursfor reliablemul-
ticast transportprotocols. We plan to borronv and adapt
techniquedrom reliable multicastresearchio handlethe
guenchimplosionproblem.

In this paper we have focusedon regulation of unre-
sponsie flows. Many companiesare developing “f aster”

TCP implementationghat eliminate one or more conges-
tion control mechanisms. Sincethe currentversion of
ERUF underestimatethe RTT betweertheedgerouterand
the congestedouter, it increaseghe regulator bandwidth
fasterthana conformanfTCPwould increasets congestion
window. Thisdifferencecanbeexploitd by non-conformant
TCPimplementationsWe planto extend ERUF to reduce
this difference. Currently we are consideringa hybrid of
ERUF andthetechniqueproposedn [11]. Theideaisto es-
timatethemaximumbandwidthfor a TCP-conformantiow
atthe congestedouter(asproposedn [11]) andto piggy-
backthisinformationon sourcequenchesThis couldallow
theedgerouterto imposetighterregulatorson errantflows.
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Thetraffic consistsof one TCP flow from H1 to H5, oneCBR flow from H2 to H6,0neCBR flow from H3 to H7 andoneCBR flow from
H4 to H8. All CBR flows have equalsendingrates;thetotal sendingrateof the CBR flows is variedbetweerB8.89Kb/s to 2000Kb/s.
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Figure 4. Description and results for waist See [25] for the packet drop rate graphs.
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The traffic consistsof one CBR flow from H1 to H4, one CBR flow from H2 to H5 and three CBR flows from H3 to H6.
All CBR flows have equal sendingrates; the total sendingrate of the CBR flows is varied between8.89 Kb/s to 2000 Kb/s.
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Figure 5. Description and results for video-server See [25] for the packet drop rate graphs.
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Thetraffic consistsof oneTCPflow from H1 to H3, threeCBR flows with a total sendingrateof 1 Mb/s andone CBR flow with different

sendingratesfrom H5 to H6.
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Figure 6. Impact of source quenches for networks congested in both directions. See [25] for the
packet drop rate graphs.
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The traffic consistsof one TCP flow from H1 to H4, and 1-50 CBR flows from H2 to H3. The total sendingrate of the CBR flows is

1.5Mb/sfor all configurations.
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Figure 7. Impact of source quenches for large number of small flows and for flow-aggregation. The
TCP- agg and UDP- agg lines correspond to the experiment with one TCP flow and 50 CBR flows
grouped into a single aggregate.
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