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ABSTRACT

We presenta low-overheadmediastreamingsystemcalledSRMS
(ScalableResilientMedia Streaming)Xhat canbe usedto scalably
deliver streamingdatato a large group of recevers. SRMS uses
overlay multicastfor datadistribution. SRMS leveragesa proba-
bilistic lossrecovery techniqueto provide high datadelivery guar

anteesven underlarge network lossesand overlay nodefailures.
Theclientsin the SRMSsystemareableto interoperatavith exist-

ing mediastreamingsenersthatuseRTP for datatransport.Oneof

theinterestingfeaturesof SRMSis thatit cansimultaneoushsup-
port clientswith disparateaccessandwidths.It enableshe nec-
essarybandwidthadaptationaising standardReal-timeTransport
Protocol(RTP) mechanismsg.g. RTP translatorsWe have imple-

mentedand evaluatedthe SRMS systemin detail on an emulated
network aswell ason a wide-areatestbedwith up to 128 clients.
Our resultsshav that clientsusing SRMS achieve high ( 97%)

datadelivery ratios with low overheady 5%) even for a very

dynamicnetwork (upto ve membershighangegperminute).

Categoriesand SubjectDescriptors: C.2.2Network Protocols—
Applications

General Terms: Design,Experimentation
Keywords: mediastreamingpverlaynetwork, multicastresilience

1. INTRODUCTION

We presentSRMS(ScalableResilientMedia Streaming):a sys-
temfor scalabledelivery of streamingmediadatato a large num-
ber of recevers using application-layemulticast. The designof
SRMSis independenbf ary speci ¢ application-layemulticast
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delivery protocolor mediaformat. SRMSincorporates protocol-
independentossrecovery techniquecalled ProbabilisticResilient
Multicast (PRM) [3], which permitshigh datadelivery ratioseven
underhigh network lossesandnodefailures. The SRMSarchitec-
ture logically admitsmediatranscodingor handlingclients with
disparateaccesdandwidthsWe describea full implementatiorof
the SRMSarchitectureincluding wide-areadeploymentwith over
one hundredsimultaneouglients. We believe this paperpresents
the rst implementatiorexperiencehatexplicitly addressetheis-
suef dataresiliencewith largeapplication-layemulticastgroups.

Thedatadelivery mechanisnof SRMSis basedn overlay mul-
ticast(alsoknown asapplication-layemulticast)[7, 9, 2, 6]. Logi-
cally, theend-hostdorm anoverlay network, andthe eventualdata
delivery pathin application-layemulticastis anoverlaytree. The
SRMSsystemcanbeimplementedvith ary application-layemul-
ticastprotocolto constructthe underlyingdatadelivery paths. In
our currentimplementationwe chosethe NICE application-layer
multicastprotocol[2]. Our choicewasbasedon thefollowing: (1)
NICE achiezesgoodbest-efort delivery ratios[2], (2) NICE hasa
scalableconstructiorandthereforeis suitablefor large application
groups,and(3) thesource-codéor NICE is publicly available.

A key challengen building a resilientmediastreamingsystem
basednapplication-layemulticastis to provide fastdatarecovery
whenoverlay nodefailurespartition datadelivery paths.Although
datapacletscanbelostin the network level (e.g. dueto conges-
tion), thissortof lossrecoveryis relatively easyandcanbehandled
usingretransmissionsr FEC. In contrast,overlay nodesare pro-
cesse®nregularend-hostsvhich arepotentiallymoresusceptible
to failuresthanthe routers.Eachsuchfailure of a non-leafoverlay
nodecauseslataoutagefor nodesdownstrearuntil thedatadeliv-
ery treeis reconstructedThis outagedurationcanbe on the order
of tensof secondge.g.the Naradaapplication-layemulticastpro-
tocol [7] setsdefault timeoutsbetweerB0-60seconds).

In this paper we describeSRMS, the rst implementatiorof a
resilientvideo delivery systembasedon application-layemulti-
cast.UsingPRM, the probabilisticlossrecovery technique SRMS
is ableto achieve high datadelivery ratiosevenwith frequentover
lay nodefailures.Ourimplementatiorenablesvide-areastreaming
of multimediato large groups.Apart from goodresilienceproper
ties, the proposedSRMS systemalso enablesselectve datarate
adaptatiorfor clientswith disparateaccesdandwidths.

Roadmap.in Section2 we presentan architecturabverview of
the SRMS system. In Section3 we describethe implementation
of the system.In Section4 we reportthe experimentresultswith
SRMSon anemulatednetwork aswell asa wide-areaestbed.In
Section5 we describesomerelatedwork and presentour conclu-
sionsin Section6.
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Figure 1: Architectural overview of the SRMS System.

2. SRMSARCHITECTURE

A SRMSsystencomprise®fthe SRMSRendezousPoint(SRMS-
RP)andasetof recevers. Eachmediastreamsenedby the SRMS
systenrequiresa separatenulticastgroup. To receve therelevant
mediastream,a recever hasto join the appropriateapplication-
layer multicastgroup. Oneof thereceversin the groupsenesas
the multicastsource. The sourceis responsibl€or acquiringthe
mediafrom the streamingsener andforwardingit to the remain-
ing groupmembersThemediastreamingsener neednotbeaware
of the multicastdelivery tree. This constructiorallows ary media
streamingsener to interoperatevith the SRMS system.We defer
thediscussiorof speci ¢ protocolissuego Section3.

In SRMSary client can potentially operateas a sourceto the
multicastgroup. However, in atypical deployment,we expectthe
serviceprovider to designatea speci ¢ hostasthe source(which
will beco-locatedwvith the mediastreamingsener andthe SRMS-
RP). Otherwise the SRMS-RPwill selecta sourceamongthe ex-
isting clients. In this paperwe focusonthe rst scenario.

In Figure 1 we shaw a typical sequenceof operationsof the
SRMS system. We de ne a new applicationprotocol,srms, for
communicationbetweenthe mediaclients and the SRMS-RP A
mediastreamis uniquelyidenti ed by a SRMSURL which con-
sistsof the srms protocolidenti er; the hosthameport number
pair of the SRMS-RP;the hostnameport numberpair of the me-
dia streamingsener and the mediastreamidenti er. (The syn-
tax is intentionally similar to the Real-time StreamingProtocol
(RTSP)[19] URL format.)

In PanelO, Figurel, aclient, , requestghe following URL:
srms://rp.b.org:5000/ms.a.org:554/StarWar S.
Thisidenti es SRMS-RPatrp.b.org:5000 ,thestreamingsener
atms.a.org:554 ,andtheStarWars mediastream.TheSRMS-
RPinstructs to join the application-layemulticastgroupiden-
tied asms.a.org:554/StarWars (Panel 1). Application-
layer multicastprotocolstypically have a groupRendezeusPoint
(group-RP)which is responsiblgor bootstrappinghe join proce-
dure. The SRMS-RPcorveys this group-RPinformation to
Note thatthe SRMS-RPandthe group-RPare two logically sep-
arateentities,but will likely be co-locatedon the samehost. This
logical separatiorallows usto decoupleSRMSfrom unduedepen-
denceon ary speci c application-layemulticastprotocol.

In our example,the designatedourcefor this mediastream, ,

has alreadyjoined the correspondingapplication-layemulticast
group. It hasalso contactedthe mediastreamingsener, , us-
ing the URL: rtsp://ms.a.org:554/StarWars (Panell)
andis subsequentlyeceving themediastreanfrom thesener. On
receving the mediastream, multicastsit on the overlay tree of
theapplication-layemulticastgroup. Thereforewhen joinsthe
group, it startsreceving the mediastreamfrom . Subsequently
whenotherclients, , and requesthe samemediastream,
they eventuallyjoin thesameapplication-layemulticastgroupand
dataforwardedby reachesll theseclients.

3. IMPLEMENT ATION OF SRMSSYSTEM

Wenow describgheimplementatiorof the SRMSsystem.SRMS
consistof the SRMS-RPandasetof recevers.Onreceving ame-
dia streamrequesusingthesrms protocol,the SRMS-RPdirects
the client to the appropriateapplication-layemulticastgroup on
whichit canreceie the mediastream While SRMScanbeimple-
mentedusingary application-layemulticastprotocol,for reasons
explainedin Sectionl we usetheNICE protocolenhancethy PRM
to constructhe application-layemulticastdatapaths. The imple-
mentationof the SRMS-RRPis relatively straightforvard. Therefore
we focuson theclientimplementatiorin this paper

3.1 PRM-enhancedNICE

PRM [3] is a lossrecovery techniquefor resilientapplication-
layer multicast. PRM usesrandomizedforwarding, which is a
novel proactve techniquethat quickly recovers lost data due to
overlay nodefailures.In PRM, eachoverlay nodechooses small
numberof otheroverlay nodesuniformly at randomandforwards
datato eachof themwith alow probability(e.g.0.01). Suchacon-
structioninterconnectshedatadelivery treewith somecrossedges
andis responsibldor fastdatarecovery. Randomizedorwarding
operatesn conjunctionwith theusualdataforwardingmechanisms
alongthe treeedgesandmay leadto a smallnumberof duplicate
pacletdeliveries.Dueto ourchoiceof parametergheseduplicates
contribute to lessthan5% dataoverheadsn SRMSin comparison
to a non-resilient best-efort scheme.Clientsin the group detect
andsuppressuchduplicatesusing sequenceaumbers. Addition-
ally, clientsin PRM canalsodetectgapsin sequence@umbersand
initiate Negative Acknowledgment(NAK)-basedrecovery, awell-
known reactive techniqueg17]. SuchNAKs enablerecosery from
network lossesonly, and randomizedforwarding is essentiaffor
clientsto recover datalossesdueto nodefailuresin the multicast
tree.More detaileddescriptionof PRM canbefoundin [3].

Integration of NICE andPRM

Our current SRMS implementationusesNICE application-layer
multicast[2] for the underlyingdatadelivery path. We alsoadded
the PRM extensionsto NICE, which is lessthan 500 lines of C
code.Oneof thekey requirementsf PRMis theability to forward
datato a few other overlay nodes,chosenuniformly at random.
Thereforein our PRM extension we let eachoverlay nodeperiod-
ically discover a setof randomothernodeson the overlay asde-
scribedin [3] 1. ToimplementtriggeredNAKs, eachoverlay node
piggybacksa bit-maskwith eachforwardeddatapaclet indicating
which of the prior sequenc@umberst hascorrectlyreceved. The
recipientof the datapaclet detectamissingpacletsusingthe gaps
in the receved sequencendsendsNAKSs to the previous nodeto
requestheappropriataetransmissions.

If anoverlay constructionprotocollike Narada[7] wasused,no
suchdiscorery mechanismwould be neededbecausen Narada
eachnodemaintainsstateinformationaboutall othernodes.
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3.2 RTP and DesignatedSource

Totransporencodednedia,SRMSusegheReal-timeTransport
Protocol(RTP)[18]. Thedatacomponenbf RTP carriesencoded
mediain the payload timing andsynchronizationnformationand
thesourceidenti er. Thecontrolcomponenbf RTPis calledReal-
time TransferControlProtocol(RTCP)[18] andperformsavariety
of relatedcontroloperationge.g. quality of servicefeedbackirom
recevers,synchronizatiorof differentmediastreams).

In conformancewith the RTP standard$18], the mediastream-
ing sener sendsthe contentusingtwo separatdRTP streamspne
for audioandonefor video. Also, eachRTP streamhasanaccom-
parying RTCP stream.In the SRMS systenthe designatedource
recevesthesestreamsn four differentports. Then,it multiplexes
theRTP datapaclets(transcodedf necessaryandthere-generated
RTCP pacletsonto a single overlay multicastport, which arefor-
wardedto receversalongthe overlay delivery tree(Figure?2).

3.3 SRMS-client
A SRMS-clienthasthreelogical componentgFigure?):

Overlay-multicastThisis thePRM-enhancedlICE application-
layermulticastprotocol.

RTP translator:This performsary necessargatarateadap-
tationsbheforepaclet forwardingon the overlayhops.

Audio/Visual Output: For the playbackof themedia,we use
the playercodefrom the MPEGA4IPtool publicly available
from http://sourceforge.mpeg4ip.net .

Eachclient recevesthe RTP and RTCP paclets throughthe sin-
gle overlay multicastport. The overlay multicastcodedeliversthe
pacletto theappropriateRTP or RTCP portinternally.

The SRMS-clientcanbeimplementedn two differentways. An
integrated client implementsall the threecomponentsn a single
procesgHost in Figure2). Thisis themostefcient implemen-
tation of the client. In particular thereis no redundaniRTP code
(unlike in the alternatve approachdescribechext). Additionally it

canclosely integratethe differentcomponents.For example,the
duplicatedetectionand suppressioiouffers of PRM andthe play-
backbuffer of theaudio/videcoutputcomponentanbesharedand
thereis noredundantiatamovement.

Ontheotherhand,a proxy-basedlientneedswo processethat
togethersene asa singleclient (Host  in Figure2). One pro-
cesscalled streamingproxy implementsthe overlay multicastand
the RTP translatorfunctionalities. Additionally it forwardsa copy
of the receved RTP and RTCP paclets to the stand-alonemedia
player In this scenarioRTP functionalityis replicatedin boththe
playerandthe proxy. While sucha constructionis comparatrely
inefcient, it decouplesthe implementationof the media player
from the restof the SRMS-system.This implementationgives a
userthe e xibility to useoff-the-shelfmediaplayerbinariesaspart
of the SRMSsystem.

3.4 RTP Translation

RTP enablesapplicationsourcesto perform quality of service
adaptationdy de ning mechanism$or receversto sendappropri-
atefeedback.Basedon sequencenumbersin receved datapack-
ets,receversinfer lossrateson thedatapath,andperiodicallysend
Recever Report(RR) RTCP pacletsto the source.The sourceap-
plicationcanusethis feedbacko appropriatelyadaptthe datarate.
Ef cient implementation®f mediatranscodingand compression
canbefoundin [1, 20].

If network-layermulticastis usedfor streamingmediato agroup
of clients,datarateadaptation®y thesourcewould affectall clients.
However, the useof application-layemulticastin SRMSprovides
a new opportunityfor more subtlerate adaptation.In SRMS,we
treateachclientontheoverlaydatadelivery pathasa potentialRTP
translator[18], anddatatranscodings performedatthegranularity
of overlayhopsbasedn bandwidthsavailableto individual clients.
As aresultclientsarenot constrainedo the minimum bandwidth
on the entirenetwork, but areableto receve dataat the maximum
permissiblebandwidthon the pathto the source Eachoverlay hop
in SRMSis treatedasanindependenRTP session.SomeRTCP
paclets (e.g. RR paclets) carry control information meaningful
only to suchindividual RTP sessionsandthey arenot forwarded
to theentiredatadelivery tree.

Interactionof RTPtranslationand PRM

In PRM randomizedforwarding, the mediaencodingin the pay-
load of the forwardedpaclet may potentiallybe inconsistentwvith
the mediaencodingat the recever dueto intermediateRTP trans-
lations. We describesolutionsto sucha caseaswell asdatarate
adaptatiormechanismin SRMSin a TechnicalReport[4].

4. EXPERIMENTAL RESULTS

In this sectionwe focuson the resultsfrom our implementation
of the SRMS system. In contrastto the simulationstudyin [3],
the resultspresentechere demonstratehe performanceof PRM
whenintegratedwith realmediastreamingapplicationson a more
realisticervironment.

4.1 Experiment Testbed

Ourexperimentsvereperformedn two differentervironmentg23]:
(1) a publicly available emulatednetwork (Emulabin University
of Utah), and(2) a public wide-areatestbedMIT' s RON testbed
which formsadistributedversionof the Emulab).In all our exper
iments,we streamednultimediadatafrom the Darwin streaming
mediasener?. Thesenerstreamedfour minuteMPEG4encoded

publicly availableathttp://wwwapplecom/quiktime/poducts/qtss/
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Domain A
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‘ FailureandJoinrate(permin)

Scheme 1.2 4.8

BE 0.81 0.72
PRM-128(3,0.01) | 0.98 0.98
PRM-256(3,0.01) | 0.99 0.98

Table 1: Comparison of data delivery ratio for differ ent overlay
nodefailur e rates. The averagenumber of overlay nodeswas 64
and the experimentduration was30 minutes.

movie to theclientsusingSRMS.Eachexperimentlastedbetween
15 minutesandonehour. The Darwin mediastreamingsener and
thedesignatedourceof themulticastgroupwereco-locatedn the
samehostfor all theseexperiments.The averagebandwidthof the
mediastreamwasabout250Kbps.

For the emulatedexperiments,we modeleda group of clients
distributedgeographicallyin differentpartsof theworld asshavn
in Figure 3. The choiceof parametersvere basedon ping mea-
surementsve performedon the Internet. Our wide-areatestbed
consistsof 32 hosts. Out of these4 hostswerein Europe,2 in
Asia, 1 in Canadaandthe remainingin differentlocationsin the
USA. More detailsaboutthe emulatedandwide-areaestbedsan
befoundin [23].

4.2 Experiment Scenarios

We have evaluatedthe performanceof the SRMS systemfor a
rangeof differentsystemparameterse.g. groupsizesup to 128,
with differentjoin-leave patterns.In theseexperimentsall depar
turesof clients were modeledas “ungracefulleaves; wherethe
departingmemberis unableto senda Leavemessagéo thegroup.

In the experimentsreportedin thesesection,we rst let a set
of end-hostgoin the multicastgroup. Subsequentlgnd-hostgoin
and leave the multicastgroup, which wasvariedfor differentex-
periments. The join andthe leave ratesfor membersare chosen
to be equalso that the averagesize of the groupremainednearly
constant.In all resultsreportedin this section,we usethe notation
PRM- to indicatean SRMScon gurationwherethe param-
etersof PRM aresetasfollows: denoteghe size of the bitmask
usedfor NAK-basedretransmissions, denotegshe numberof ran-
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Figure 4: Data delivery ratio achievedfor a group of 64 clients
asthey join and leave the multicast group. Overlay nodefail-
ure and join rate was 4.8 per minute. Betweentime 850 and
860seconddour intermediate overlay nodeson the data deliv-
ery tr eeleft the multicast group.
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Figure 5: The cumulative distrib ution of the largestdata out-

ageperiod seenby all the clientsfor a 64 client experimentwith
overlay nodefailur eand join rate of 4.8 per minute.

domly chosemeighborsand denoteghe probability of forward-
ing to eachof theserandomneighbors.

In theseresultswe comparethe performanceof SRMS-based
resilient mediastreamingto a baselineoverlay media streaming
systemwithout resilience(e.g. the basicNICE application-layer
multicastprotocol[2]).

4.3 Experiments on Emulated Network

We rst describeesultsfrom experimentperformedontheem-
ulatednetwork environmentusingthetopologyin Figure3.

Resilience

We measureresilienceby datadelivery ratio — the fraction of
pacletssuccessfullydeliveredto receversout of all pacletstrans-
mitted by thesource.In Table1 we shav the averagedelivery ratio
of SRMS.For example with 4.8 nodefailuresandjoins perminute,
SRMS delivers 98% of datapacletswhile the best-efort scheme
achieves72%datadelivery. We canalsoobsere thatalongerbit-
mask(for NAK-basedretransmissiondgadso bettermperformance.
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We now presenta detailed100-secondnapshobf datadelivery
ratio from a speci ¢ experiment(with nodefailure andjoin rateof
4.8 perminute)in Figure4. Both SRMSandbest-efort schemes
usedthesamgoin-leave pattern.Unlike thebest-efort schemethe
PRM-basedschememaintainsa high datadelivery ratio ( 95%)
for all receversatall times.For example four intermediateverlay
nodesdepartedrom the groupbetweertime 850and860seconds.
The effect of thesedeparturewas quite severe for the best-efort
caseandthe datadelivery ratio decreaseto lessthan 10%, while
the performancef SRMSwaslargely unafected.

In Figure5 we plot the cumulatie distribution of the maximum
dataoutageperiodexperiencedy the differentclientsin the same
experimentasin Figure4. The PRM-basedchemewith abitmask
size of 256 performsextremelywell — about98% of the clients
have a maximumdataoutageperiod of lessthan 10 seconds.This
is a signi cant improvementover the best-efort case wheremore
than90% of themexperiencedataoutageof 30 second®r more.

The dataoverheaddfor SRMSin all theseexperiments,dueto
dataduplicationin randomizedorwarding,was3%. This follows
from the parameterchoiceof PRM: eachclient chosethreeother
randomclients( ) andforwardeddatato themwith probabil-
ity, 0.01.

Latency

In Figure6 we plot the distribution of overlay lateny experienced
by differentclientsin the sameexperiment(with 4.8 failuresand
joins perminute). The best-efort schemegeliversall datausing
the single overlay path along the overlay tree. In contrast,path
lengthsin SRMSarelonger— someof theclientsreceve the data
along potentially longer paths(traversingrandomoverlay hops).
For example,64% of theclientsobsere datalatencief upto 500
msin the best-efort case while about58% of the clientsobsenre
the samelateny boundin the caseof PRM schemesHowever, as
shavn in Table1, this maginally higheroverlay lateny in SRMS
allows signi cantly higherdatadelivery ratio (98%for PRM, 72%
for best-efort).

Lastly, we reportthatthecontroloverheadgtypically lessthan2
Kbps at eachoverlay node)wasessentiallyinsigni cant compared
to the datarate.

60 clients on wide-area testbed
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Figure 7: Data delivery ratio achieved by a group of 60 clients
(on average) on the wide-areatestbedfor a 30 minute exper
iment. The media stream was started thr ee minutes into the
experiment. The data delivery ratio is averagedover each20
secondinterval for clarity. The overlay node failur e and join
rate was4.8 per minute each.
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Figure 8: Cumulative distrib ution of data lossesfor a 30
minute experimenton agroup with 60clients (on average)per-

formed on the wide-areatestbed. The overlay nodefailur e and
join rate was4.8 per minute each.

4.4 Wide-areaExperiments

The wide-areaexperimentwas performedusing 60 clients dis-
tributedacros®22hostoon MIT' sResilientOverlayNetworkstestbed.
The Darwin sener andthe designategourcewas co-locatedn a
singlehost(locatedin the US) andthe distribution of one-vay la-
tenciefrom thesourceto the otherclientsvariedbetweerlessthan
1 msto 225ms. To limit theloadimposednthiswide-aredestbed,
we hadreducedthe datarate sentout from the Darwin sener to
about32 Kbps. We alsousedcorrespondinghsmallerbitmasksfor
NAK basedretransmissionsAs before,the overlay nodefailure
andjoin ratewas4.8 perminute.

In Figure 7 we shav the datadelivery ratio achieved over the
entire duration of this experiment. We can obsere that SRMS
achieesa high datadelivery ratio for nearlythe entire 30 minute
duration,while the best-efort baseddatadelivery suffers signif-
icantlosses. In Figure 8 we shawv the cumulatve distribution of
datathatwaslost at the differentclientsfor the sameexperiment.
We canobsenre thatfor the PRM-basedsystem(with a 64 bit bit-



mask)about20% of the clientsdo not experienceany datalosson
the wide-areaestbed.About 90% of the clientsexperiencea loss
of lessthan5%. The additionaldataoverheadgor boththe PRM-
basedschemesvere 3%. This is a signi cant improvementover
the best-efort system,in which about50% of the clients experi-
encemorethan20%dataloss.

5. RELATED WORK

A large numberof researchefforts (IVS [22], RendezVous 2,
vic, vat 4, rat®, CUSeeMé’, etc.) have addressedeal-timemedia
streamingn thelastdecade Mediastreamingo agroupof usersn
thesesystemaypically relied on network-layermulticastsupport.
A numberof commercialefforts (e.g. Real Networks, Windows
Media Player FastForward Networks) handlemediastreamingo
groupsof usersusingproprietaryprotocols.

Ontheotherhand,anumberof projectshave addressetheprob-
lem of constructingefcient datadelivery pathsfor application-
layer multicast[7, 9, 2, 6]. Of these the Naradaprotocol[7] has
beenusedto deliver mediastreamso a setof clients. However the
protocolitself doesnot addresghe issueof resilienceandrecos-
eryin theway PRM and SRMSdoes. The Overcastprotocol[11]
is de ned speci cally to provide reliable multicastservicesusing
overlays.Eachoverlay hopin OvercastusesTCP for datatransfer
andsucha constructionis not suitablefor streamingmediaappli-
cationswith real-timerequirementsln factnoneof theseprotocols
explicitly addressheissueof resiliencewhichis essentiato media
streamingapplications.

A large numberof researchproposalshave addressedeliable
delivery for multicastdata,mostnotablyin the context of network-
layer multicast[8, 17, 14, 13]. In contrastto the PRM approach
usedin SRMS, all thesetechniquesemplg/ reactve mechanisms
for providing datareliability andthereforeincursmoderateor high
deliverylatencies A comparatie suney of theseprotocolsis given
in [12] and[21]. Ontheotherhand proactie schemesisingredun-
dantdataencodinge.g.FECs)have beenusedto provide multicast
datareliability [10, 16, 5, 15]. All theseFEC basedapproaches
canrecover from network losses However, they alonearenot suf-
cient for resilientmulticastdatadelivery whenoverlaysareused.
We presente@detailedcomparisorof thesereliability mechanisms
(includingPRM)in [3].

SRMSdiffersfrom all theseotherscheme®y providing aproac-
tive componentthat allows the recevvers to recover from losses
due to overlay nodefailures. To the bestof our knowvledge the
SRMS systemis the rst application-layemulticastbasedmedia
streamingapplicationthat explicitly addressesesilience.Second,
all the network-layermulticastbasedscheme&mplo/ completely
reactve mechanisméor providing datareliability andthereforen-
cursmoderateor high delivery latencies.In contrastour proactve
mechanism{i.e. randomizedforwarding) signi cantly improves
resiliencefor applicationsthat requirelow lateng datadelivery.
SRMSalsode nesaframeavork in which variousbandwidthadap-
tationtechnique$l, 14] canbeappliedwithin the context of media
streamingo usergroups.

6. CONCLUSIONS

In this paper we have describedSRMS, an application-layer
multicastbasedsystenfor resilientmediastreamingo alargegroup
of clients. The systemis implementedsuchthatit caninteroperate

Rendea/ousis availableatwww.lyonnet.og/IVStng

Bothvic andvat areavailableatwww-nrg.ee.lbl.ge
http://www-mice.cs.ucl.ac.uk/multimedia/sotive/rat/indg.html
CUSeeMss currentlyavailablecommerciallyat www.fvc.com

with existing tools for mediastreamingand playback. Basedon
thePRM lossresilienceschemeSRMSis ableto achieve very high
datadeliveryratiosin spiteof network lossesandoverlaynodefail-
ures. Anotherinterestingcomponeniof SRMSis its architecture
thatallows e xible implementatiorof datarate adaptatiorto suit
applicationneeds We useexisting techniquesndprotocolsto en-
ableselectve datarateadaptatiorbasedn the network conditions
andaccesdandwidthof individual clients.

We have studiedthe performancef SRMSthroughdetailedex-
perimenton publicemulatechetwork ervironmentsandwide-area
testbedsOurresultsshav thatSRMSprovidesgooddataresilience
( 97%deliveryratio) evenunderadwerseconditionswith lessthan
5% overheads.
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