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ABSTRACT

If ubiquitouslydeplo/ed, IP Multicast promisesto provide an ef-

ficient datagranservicefor an arbitrary sendinghostto reachan

arbitraryanddynamicsetof destinatiorhostsarnywherein the In-

ternet. Unfortunately two very difficult problems—interdomain
multicastroutingandviable end-to-endnulticasttransport—have

yetto besolvedanddeplo/edsatishctorily.

This paperproposeghat two existing but independenhetwork
mechanisms—the EXPRESSservicemodelandthe network com-
ponenbfthePragmatidulticastprotocolPGM)—besynthesized
in aschemave call theBreadcrumbForwarding Servic BCFS)to
simultaneouslyackletheproblem®finterdomaimmulticastrouting
andend-to-endeliablemulticast. Like EXPRESSBCFSutilizes
explicit-sourcegroupjoin andlike PGM, enhancethenetwork for-
wardingarchitecturevith finer-grainedgroupcontrol. In thispaper
we detail BCFS servicemodelandroutermechanismso support
the service.To demonstrat¢heflexibility andefficiency of BCFS,
we describethe applicationexamplesbuilt on this servicemodel,
which canaccommodat@ot only PGM and alsoa novel reliable
multicasttransporfprotocol.

1. INTRODUCTION

Thecornerstonef thelnternetsresoundinguccesss arguablythe
end-to-enddesignprinciple [27], which saysthat a given system
functionshouldoperateatthelowestcommunicatioayerin which
it canbewholly andcorrectlyrealized. Whenappliedto network
design,anend-to-enghilosophynaturallyleadsto anarchitecture
wherefew constraintsare placeduponthe network itself — e.g.,
the network candrop, delay replicate,andcorruptpaclets— and
richer serviceslike reliable, sequencedielivery are definedand
implementedat the edgeof thenetwork in an“endto end” fashion.
In the Internetarchitecturethe P network layeroffersa besteffort
delivery serviceandrichertransportservicedike TCParebuilt on
this best-efort IP service.

Thissplit betweeradeliberatelysimplenetwork layerandarich
transporfayernaturallyleadsto arobustandscalablesystem.Be-
causeso few presumptionsareplacedon the network, not only is
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suchanetwork relatively easyto engineeanddeploy atlargescale,
but end-to-endprotocolandapplicationdesignersnustconscien-
tiously accountfor theindeterminaciesf the underlyingnetwork.
In effect, the best-efort servicemodelcalibrateshe designers ex-
pectationdor an ervironmentlike the Internet,whereconsistent,
homogeneousand high-performance&ommunicationis often the
exceptionratherthantherule. Thus,the end-systensoftwarethat
resultstendsto be robust andasa consequencehe Internetasa
wholehascontinuedo scalegracefullydespiteanonslaughbf new
andevolving constituentechnologieshataredecentrallynanaged,
heterogeneousndimbuedwith mixedlevelsof reliability.

Quite naturally then,when DeeringproposedP Multicast[8]
— anenhancementf the traditionalInternetarchitectureor effi-
cientmultipointpacletdelivery— hevery deliberatelyappealedo
the end-to-enddesignprinciple. Like unicast,Deerings multicast
servicemodelis besteffort andricherservicedik e reliability must
beimplementedn the end-hosts Unfortunately whereaghe end-
to-endapproachhasenjoyed tremendousuccessas the bedrock
of the unicastinternet,its adaptatiorto the multicasthascreated
two very difficult designproblemsthat have yet to be satishcto-
rily solved: First, becausanulticastrouting is so more comple
thanits unicastcounterparta viableinterdomairmulticastrouting
protocol hasyet to be developed; and second transportservices
like reliable multicastare confoundedby the best-efort network
modelwherepaclet dropscanimpactindeterminatesubset®f the
recever group. Despitemorethana decades worth of research,
aviableinterdomainmulticastrouting hasyetto materializeanda
reliable multicasttransportprotocolthat offers congestiorcontrol
androhbustandscalablebehaior remainsaresearctproblem.

The failure of mary and varied researchefforts to beartruly
viableend-to-endnulticasttransporprotocolg10, 33, 17] or truly
viable wide-area,interdomainmulticastrouting protocols[9, 1,
15] brings into questionwhetherthe proposedmulticastservice
modelis in factthe appropriatecore building block. Noneof the
proposaldor reliablemulticasthave satisfiedthe requirementsor
“safe” deplayment on the public Internet[19], e.g., is scalable,
robust, congestioncontrolled, accommodateseterogeneityand
so forth. Nor have the routing protocolsprovided the degree of
control,stability, flexibility, robustnessandscalabilityrequiredby
serviceprovidersto deplgy themflexibly in the complex peering
relationshipghatwill berequiredfor universaldeployment.

Reactingto this mixed successseveral researchersiaze pro-
posedalternatve multicastservicemodelq11, 23]. TheEXPRESS
servicemodel[11], for example simplifiesmulticastservicemodel
through adwocating a model where a multicasttree is rooted at
a single sourceandreceversexplicitly indicatethat sourcewhen
subscribingo amulticastchannel.In contrastpragmatianulticast
(PGM) [29] and genericrouter assist(GRA) [5] attemptto tame



thecomplity of multicasttransporby moving richerabstractions
into the routing layer This paperpositsthat perhapsthe bestof
bothworlds couldbe hadby bothsimplifying the multicastservice
model with an explicit-senderconstraintand by simultaneously
augmentinghe routers core mechanismsvith the minimal func-
tionality necessaryo accomplishawide rangeof scalabldgransport
abstractions.

Insteadof introducingtransport-avare mechanismsén the net-
work layerassuggestedhy PGM andGRA, we believe theseser
vicesaresofundamentato a successfuimulticastservicethatthe
essencef thesdaransporimechanismshouldbeintegrateddirectly
intothenetwork-layer At thesametime,themeritsof single-source
multicastshouldbe adoptedto tamethe compleity of multicast
routing. To do this, a network multicastlayer can be developed
thatis basedon an explicit-sourcesubscriptionmodelthatis op-
timized with fast-join/lea@e anda label priority structurethatcan
be effectively exploited by transportabstractiongo build scalable
end-to-endnulticastprotocols. Our servicemodel,which we call
the BreadcrumbForwarding Service(BCFS),is a straightforvard
synthesisof the EXPRESSservicemodel and the network-layer
pieceof PGM. The novelty hereis not so muchthe definition of
this new multicastserviceabstractionbut ratherthe supposition
that this combinationcould provide adequat@ichnessfor the de-
velopmenbf scalableend-to-endnulticasttransportswhile simul-
taneouslyretainingenoughsimplicity to allow the deployment of
sucha servicein the global Internet. Thoughwe obviously have
notdemonstratethis claim definitively herein,we believe thatthe
approachs promisingandwarrantsfurtherinvestigationdasecn
the preliminaryresultsandproofsof conceptdevelopedthusfar.

To supportour hypothesiswe outline a novel reliablemulticast
transportprotocolfor bulk datatransfer which we call Rainbow
Ratherthan presentcompletedetailsof Rainbav, which are pub-
lishedelsavhere[32], we simply sketchthe overall framevork and
describehowv Rainbav builds on BCFS lending evidenceto this
papers thesis. Unlike mostall otherreliable multicastsincluding
PGM, which transmitdatausingthe normallP multicastdelivery
servicethenrecover from lossesusingsomeothermechanismsur
protocolis built exclusively uponthe BCFSservicemodel,demon-
stratingthe viability of the servicemodelasagenericreplacement
for IP multicast. Also unlike previous works, Rainbav includesa
congestiorcontrolalgorithmthatis modeledafterthatin TCPand
thus provides a viable solutionfor congestion-controlledeliable
multicast. In this approachgachrecever maintainsits own con-
gestionwindow andrunsslow-startandcongestioravoidance13]
individually by driving the equivalentof the TCP“ack clock” with
breadcrumbrequests.To enhanceRainbav’s scalabilityand sup-
portasynchronousceversubscriptionsRainbav utilizesaDigital
Fountain[4] at the sourceto temporallydecorrelatavhat datato
sendfrom whenit mustbe sent. This approactallows receversto
exerciseasynchronouandautonomouehaior while simultane-
ously enjoying the performancebenefitof synchronousnulticast
communication.

Ourcorecontritutionliesnotin theparticulamprotocoldescribed
herein,which we continueto investigateandrefine, but ratherin
the overall architectureandgeneraldirectionof the approach.We
readilyadmitthatseveralpracticalengineeringssuesnddetailsfor
hov BCFSwould be implementedareomittedfrom this first gen-
erationdesign.We have notimplementedhisin arouter nor have
detailsof statemaintenancet a routersandrequiremenbf mem-
ory and processobeendiscussedet. Justificationof Rainbav's
efficiengy alsoremainsfuture work. In a nutshell, BCFS brings
togetherseveral novel protocolidioms describecelsavhereinto a
new frameavork for multicastcommunicatiorthat not only repre-

sentsa viable methodfor deployment— asevidenceby Cisco’s
effortsin developinganddeplg/ing PGM— but providesaservice
thatcanbesuccessfullyusedacrossa wide variety of multicastap-
plicationsandprotocols.In additionto supportingRainbav, BCFS
can effectively supporta variantof PGM and, as describedater,
providesa supersebf the EXPRESSmulticastservicemodeland
thussharesnary of its attractive properties While we believe this
approaclshavs promise we arenot arguingthatit is thedefinitive
answerto multicastroutingandtransportyrather we acknavledge
thedifficulty andrichnessof theseproblemsandsimply claim that
the mechanismslescribechereinform the kernelof a numberof
interestingesearctinvestigationgo be conductedasfuturework.

In theremaindelof this paperwe discusgreviousworksin the
next section. In section3, we detail the BCFSservicemodeland
routermechanismso supportthe model. In section4, several ap-
plicationexamplesincluding Rainbav aredescribed We conclude
thepaperin section5.

2. PREVIOUS WORK

A fundamentathallengenherentin the original IP Multicastser
vice is the level of indirection afforded by the group addressing
model,which requiredroutersanywherein the Internetto build a
treethat interconnectednembersof a grouparywherein the In-
ternet. To avoid this complity andallow the multicastsystem
to reusethe unicastrouting system,the EXPRESSservicemodel
abandongheanorymity of theclassD groupaddres$11]. Instead,
EXPRESSadwcatesa modelwherea multicasttreeis rootedat
a single sourceandreceversexplicitly indicatethat sourcewhen
subscribingo a multicastchannel.Similarly, the simplemulticast
architecture[23] proposeghat the group addressingarchitecture
be extendedto explicitly embedthe IP addressof a “rendezwus
point” in the multicastgroup. In eithermodel,the normalunicast
routing infrastructurecan be usedto route multicastdataand/or
control traffic since unicastaddressesire explicit in the revised
addressingrchitecture.The premiseis thatthis approactsimpli-
fiestheso-calledrendezvouproblem andbecausef severalother
attractize properties purportedlyinducesa more viable multicast
architecture.

WhereaEEXPRESSandsimplemulticastre-examinethe multi-
castroutingarchitecturdrom first principles,otherwork adwocates
the stratgyic placemenbf intelligencewithin the network infras-
tructureto solve multicasttransporproblems.For example RMTP
proposeghat designatedeceives be placedwithin the network
infrastructureto carry out localizedretransmissionsising subtree
multicastgo enhancescalability[18]; LRMP proposeshedeplg-
mentof logging receversthatprovide a similar function[12]; and
theReliableMulticastproXy (RMX) architecturg6] reliesonproxy
agentswithin thenetwork to carry outformatandprotocolcorver
sionto accommodateetwork heterogeneityandeffect congestion
control.

Ratherthanrely on servicenodedeploymentwithin andacross
the network, otherworks addresghe problemof hov one might
jointly optimize the designof a new multicasttransportservice
with complementargnd-to-endransporprotocolstherebyretain-
ing mary of themeritsof theend-to-endpproachTheLightweight
MulticastService{LMS) architectur§22] pioneeredhisbasicap-
proach.In LMS, multicastroutersconspireto arrangetherecevers
into atree-basedierarchythatis congruentvith theunderlyingnet-
work topology Thishierarchyis exposedo theendclientsthrough
a servicemodelextensionthatallows a hostto senda paclet to its
logical parentin thetree. This extensionin turn enablesanend-to-
endmulticasttransporprotocolthatimplicitly exploitsthenetwork
topologyto optimizeits performance.Similarly, the AIM archi-



tecture[16] providesarich addressingtructurethatfrom within a
singke framavork offers mary differentforwarding servicese.g.,
subtreemulticast,standardyroup multicast,anycast,and so forth.
Ontop of AIM, several multicasttransportshave beenfashioned,
includingareliablemulticasttransport.Finally, therandomcador-
wardingservicewasproposedisanalternatve to LMS to enhance
robustnesy breakingthe hierarchyof parent/childrelationships
with randomizedorwardingthuseliminatingsinglepointsof fail-
ure. Reliable multicastprotocolscan then be layeredon top of
the randomcasforwardingservice,e.g., SearchParty and Rumor
Mill [7].

A similar, thoughlessmodular approachhasbeenundertakn
in thePraGmatidMulticast(PGM) protocol[29]. Here,routersare
enhancedvith transport-lgel knovledge and an end-to-endpro-
tocolis built on top of this transport-aare network infrastructure
yielding a monolithic solutionfor reliable multicastlossrecovery.
In PGM, recevers generateNACKSs to repair missing data, and
PGM-aware routerscoalesceNACKs by maintainingperpaclet
sequencingtatein the routers. This state,in effect, formsa “trail
of breadcrumbsfrom the recevers missinga given pieceof data
backto the sourceof thatdata. Whenthe sourcereceves notifi-
cationof new breadcrumtstate,it generates retransmissionhat
in turn follows the breadcrumbgo eachrequestingrecever and
simultaneouslyearsdowvn thebreadcrumistatethatrepresentthat
retransmissionequest.Thislossrecorery schemas optimalin the
senseahatretransmissionare sentto only thosereceversthatare
in needof thatdata.

Unfortunatelyin PGM,thenetwork servicas notclearlydefined
asaseparablandreusableomponenhetwork forwardingservice.
Insteadthe network components a PGM-specificouteroptimiza-
tion ratherthan a generalextensionto the multicastforwarding
service. We believe that this codependencbetweerthe network
andtransportlayersis unnecessaryin fact,the PGM routerassist
componentaninsteadbe castasan explicit-sourcemulticastser
vice thatis optimizedfor fastgroup establishmenandteardevn.
In thisinterpretationPGM NACKSs represenéxplicit-sourcegroup
joins, asin the EXPRESSservicemodel,andthe source-generated
PGM retransmissiongepresenspecialdatapaclets that simulta-
neouslyinducegroupteardevn. Thus,we canrecastPGM asa
EXPRESS-lile BreadcrumbForwarding Service(BCFS) and an
end-to-endransporiprotocollayeredontop of BCFS,wherePGM
is but oneof mary possibletransportprotocols. Whenviewed in
this light, eachPGM NACK requestcorrespondgo a multicast
subscriptiorinteractionin aframework in which multiple multicast
groupsprovide multicastlossrecorery [14].

3. SERVICE MODEL AND ROUTER MECH-
ANISM

3.1 Sewice Model
The BCFS unifiesthe EXPRESSservicemodeland the network
componenbf PGM into a single,flexible multicastservicemodel.
Tothisend , BCFSprovidesasingle-sourceequest-basaadulticast
service,wheregroupscan be efficiently setup andtorn down in
tandemwith a dataexchange,loosely analogougo how T/TCP
optimizesthe establishmenandteardevn of a TCP connectionin
a singleresponse/replgialogue[3]. BCFSis thusoptimizedfor
ephemerabroupsthat comeand go rapidly andis consequently
well-suitedas a building block for multi-group reliable multicast
schemes.

To avoid unnecessaryransport-lgel dependenceBCFS uses
an abstract'label” to identify a particularrequestwith respectto
somesource. The source/labepair (S,L) thusinducesan group-

Request & Setup

Reply & Teardown

Figure 1: Basic Service Model by BCFS.

oriented addressarchitecturethat is precisely analogousto the
source/channg8B,E)framevork proposedn EXPRESSBCFSdif-
fersfrom EXPRESShowever, in thatmessageare sentfrom the
receverstoward the sourcealong the multicasttree and are sup-
pressedf a messagavith the samelabelhasalreadybeensentup
thetree. The groupmembershipprotocolis exposedio andrun at
the applicationlayer, andarbitrarymessagesanbe piggy-bacled
ontothesecontrolmessages.

Figurel illustratesthis breadcrumborwardingmodel. Request
message®r somepieceof datadrop breadcrumbslongthe path
to asource:thebreadcrumbsn turn, guidethereply messagé&om
the sourcebackto all requestingecevers. Eachbreadcrumbs
identifiedby an (S,L) pair to differentiatethe forwarding pathsfor
all labelsin use.

To enhancehe rangeof transportservicesthat canbe built on
top of BCFS, the forwarding model includesa level-numbering
scheméfor selectvely tearingdowvn the breadcrumistate. Each
breadcrumbcarrieswith it a level numberand eachrequestand
responséncludesa level numberin the headerof the paclet. A
requespacletis propagatedpthetreetowardthesendeonly if its
level numberexceedghelevel numberin the breadcrumlistoredat
therouter(or if nosuchbreadcrumigxists). Similarly, breadcrumb
stateis torn down by arespons@aclet only if thelevel numberis
equalto or exceedshe breadcrumbevel storedin therouter The
straightforvardextensionfrom PGMis tearingdown thestatewhen
thecountof pacletsforwardedbecomegquivalentto therequested
number We adopta leveling mechanisnthat would have more
flexibility thana countingmechanisnsinceit canhave theconcept
of a higherlevel requestand cantear down forwarding stateby
onehigherlevel paclet. It needamorestudyto shav the usability
of the mechanismandinvestigationof alternatve mechanisnfor
controllingforwardingstatefrom transporiprotocols.

An applicationinteractswith BCFSthroughthe prototypeinter-
facedefinedin Figure?2. bcf bind allows anapplicationto register
itsinterestin receving breadcrumlipacletssentto aparticuladabel
or setof labelsusingan address/masgair. If multiple processes
matcha given label, a copy of the messages deliveredto each
process.

A requespacletis sentvia befrequestwhich includesthe ad-
dressof thesourceor treeroot (i.e.,thedestinatiorof themessage),
alabel, a level number andan optionalmessagdody Themes-
sagefield in arequestightincludetransporprotocolpayloadike
sequenca@umberf requestegaclets.

A reply messagés sentby befreply. Thereply containsalabel



bcf _bind(lab, mask);

bcf _request (src,lab,lev,msg) ;
bef _reply(lab,lev,msg );

bef _recv(src,lab,lev,msg);

src: data source address
(destination of request).

lab: BCF label.

lev: 1level number.

msg: transport message.

Figure 2: BCFS API for transport protocol

which is copiedfrom the correspondingequestpaclet. Thelevel
field containghelevel to betorn down.

In summarythe sequencef eventsfor effectingthe BCFSfor-
wardingserviceareroughlyasfollows:

(1) Request: A receversendsarequespacletwith alabeland
level.

(2) Setup: A routerthatrecevesa requestmessagenaintains
statefor forwardinglinks andthe level associatedvith the
label.

(3) Suppression: Therouterforwardstherequesimessagéeo-
ward the sourceif the label in the requestmessagés new
for thethatrouteror thelevel numberis largerthanthe high-
estlevel being maintained. Otherwise, the messagés not
forwarded.

(4) Reply: A sourcejn responséo therequesimessagesends
the requestediatatogetherwith the label embeddedn the
requesmessaganda level numberto betorndown.

(5) Forwarding: A routerdirectsa reply messageo thelinks
thatareassociateavith thelabel.

(8) Teardown: Therouterremovesthe forwardingstateof the
link associatedvith the label, if the reply messagéncludes
alevel numberthatis largerthanthelevel maintainedoy the
router

3.2 Router Behavior

We call arouterthatsupportBCFSa BCF Router A BCF Router
maintainsforwardinginformationassociateavith labels(BCF La-
bel). End hostsexchangeBCF Messaes which consistof BCF
Requesfrom receversandBCF Replyfrom the source.

To effect BCFS, routersmaintain “breadcrumbstate” tied to
a particularlabel, but they do not storea copy of the message.
Thebreadcrumlalsoincludeslevel numberthatcorrespondso the
highestrequestevel for thatlabelseensofar.

If arouterrecevesarequesimessagdor alabelthatis already
storedin the router and the level numberis lessthan or equal
to the level numberstoredin the breadcrumbthenthe message
dropped muchasDVMRP [8], EXPRESY11], andPIM [9] join
messagearecoalescedn a multicastdistribution tree. Otherwise,
themessagés propagatedipthetreetowardthesourceS usingthe
normalunicastroutingtables(i.e., alongthereverse-patimulticast
route backto S). Thus,asin PGM, routerscan fuse requestdy
suppressintabelmessageif thestatehasalreadybeenestablished.

If themessagealesit all thewaytothesourcesubnettherouter
incidentto the sourcedeliversit to that sourceandan application

(which has presumablybounditself to the label in questionvia
bctbind()) recevesthe message.Becausesuppressioris carried
outonaperlabelbasis|f differentreceiverssendmessagesnthe
sameabelatthe sametime, only onemessagevill be deliveredto
thesource.

Uponreceving arequestthe sourcemay respondwith anarbi-
trary messagéied to thelabelin question.Whena sourcesendsa
“reply” paclet boundto a particularlabel, the routersforward the
paclet alongall links that have breadcrumtstatetied that label.
As a side effect of forwardingthe paclet, the breadcrumtstateis
deletedwhichallows futuremessage® bepropagatetackupthe
treeandfreesup routerresources.

Unlike PGMNACKS, labeledrequesimessagearenotsentin a
hop-wisereliablefashionwhich meanshatonly breadcrumtstate
needgo be maintainedn therouter not the entiremessagdody
However, this also meansthat a lost requestmessagehat never
malesit tothesourcesuppressdsirthermessagesentor thatlabel.
To avoid this, label stateis refreshedn a soft-statefashion[24,
28]. To this end, when a router suppressethe propagationof
a label becauseof existing breadcrumbstate, it verifies that the
breadcrumtstatehasbeenrecently“refreshed”,e.g.,accordingto
thescalablesessiomessagealgorithmin [28]. If thelabelneedso
berefreshedanull messagéor thatlabelis senttowardthesource.
Thus, if the sourcereceves a speciallymarked null messageit
knowstheoriginalrequesimessagavasdroppedsomeavherein the
networkandcaninvokeahigherlayerrecoreryprocessf necessy.
By using data-drven stateupdates the router neednot manage
timersto otherwisetriggersoft-stataupdates.

To complementhesoft-stataipdatgorocesshbreadcrumkentries
maybedeletedby therouterif no updates recevedafteracertain
timeinterval. Yetunlike the normalmulticastgroupmanagement
machinery tearingdown this stateis not critical becausaipdates
aredatadriven from thereceversandgenerateanly if arecever
is explicitly present.Thus,thepool of breadcrumbsouldeitherbe
timed out by a soft-stateaging procesor entriescould simply be
reallocatedusing LRU replacement.Similar time-outmechanism
is usedfor repairstatein PGM becauseetransmissiopacletsare
sentin theunreliableway. Thustime-outanddeletionof the state
allows receversto sendthe samerequest{NACK) againwithout
suppressioln thefaceof retransmissiofost.

As defined BCFSis asupersedf andcanimplementEXPRESS.
Todoso,eactreceverperiodicallygenerateanull requestnessage
addressetb somechanne(S,L)with levelnumberl, andthesource
sendsdatapaclets asresponseso label L with level numberOQ.
Thus, the breadcrumistateis maintainedexactly asif it werean
EXPRESShannehndpacletsaresentbest-efort to everyrecever
in thesource-specifigroupidentifiedby thelabel.

3.2.1 SetupandRequesSuppession
A multicastchannelis setup when a requestpaclet arrives at a
routerby updatingstatein therouter

If alabel (S,L) in a requestmessages new for a router the
router appendsa new entry for the label and maintainsthe link
identifierfor thelink thatthemessageamefrom asadirectedink.
A level numberis maintainedcoupledwith eachforwardinglink.
Therequesmessagés thenforwardedtowarda source.

On the otherhand,if the routers statealreadyhasa entry for
(S,L), the routerexploresthe list of forwardinglinks. If thelink
is not in thelist, the link identifieris addedto the list of directed
links tied to the label and a level numberis also maintainedfor
thelink. If thelink is alreadydesignatecsa directedlink but the
requeshashigherlevel thanthatin therouters statefor thelink, the



(b) forward and tear down

(a) request and supression

Figure 3: Setup and Teardown: the numbers show
levels of packets and state in the router

level numbeiis updated.Only in thecasewherethelevel numbelis
largerthanary level numberof forwardinglinks tiedto (S,L)is the
messagdorwardedto the up-link. Otherwisetherequesmessage
is suppressed.

Figure 3 (a) shavs an exampleof how requestswith different
levels are forwarded(or suppressedby a routerand which state
remainsin it. In Figure3, we supposall requesthave the same
label(S,L) butdifferentlevelsthatthenumbershaw. At first,when
therequestessagwith level 3 arrivesattherouter thelevel 3 state
tied with the (S,L) labelis maintainecandtherequests forwarded
toward the source. After the stateis setup, the requestswith
level 1 and2 arrive but thesearesuppressetiecause¢helevelsare
lower thanthe maximumlevel maintainedn therouter However,
forwardingstatewith level 1 and2 is retainedfor eachrespectie
link. Finally in this example therequeswith level 4 arrivesatthe
routerandis forwardedtowardthe sourcesinceit hasahigherlevel
thanthe maximumlevel thatthe routermaintains.

3.2.2 TeardownandForwarding

A forwarding pathis torn down by deletinglinks from the list of
directedlinks in arouters statewhena reply paclet arrivesat the
routeror atimer expires.

Whena BCF reply messagearrives at a router the BCF reply
messages forwardedto the links listed as directedlinks tied to
(S,L). Furthermorethe router comparethe level in the message
with thelevel of eachdirectedink. If thelevel numberin thereply
is equalto or largerthanthelevel numberfor alink, theforwarding
stateof the link is deleted. Otherwise,the link is retainedas a
directedlink.

Figure3 (b) shavs anexampleof forwardingpacletsandtearing
down thestate.In this exampletheroutermaintaindifferentlevels
from 1to 4 for eachlink andthemessagé&om thesourcewith level
2 arrivesattherouter Becausall thelinks have forwardingstate
tied with the label of the arrival paclet, the paclet is forwardedto
all thedown links. Only thestateghatis equalto or lessthan2 are
deletedandasaresulttheforwardingstatedor thetwo links which
areleveledmorethan2 arestill maintained.

4. APPLICATION EXAMPLES

To illustratethe power andflexibility of BCFSasanindependent
andreusablaetwork service we explaingenerateploymentof the
concepof labelandlevel from applicationor transporfprotocols.
Thenwe describesomeapplicationexamples,which rangefrom
PGMto adifferenttype of multicasttransporiprotocol.

req: 1 packet

lev:3
req: 3 packets req: 2 packets

Figure 4: Request by the same label with different
levels.: each receiver receives different number of
packets

4.1 Label andLevel Use

How applicationsandprotocolsyeneratéabelsdepend®nhow the
protocoldesignemwishesto differentiateandaggreatehigherlayer
messagesFor example,in PGM, the transportsequenc@umber
could be hashedwith a port numberor someother application
specificidentifier to producea label for a retransmissiomequest.
Of course,hashingcanresultin addressconflicts so applications
mustbe preparedo dealwith superfluouslatacomingfrom other
unrelatedapplicationsor sessions But, if the label spaceis large
enoughandthelabelgeneratiorfunctionsarechoserwell, thenthe
probability of collision will remainlow andnot adwerselyimpact
protocol performance. Moreover, a separatejndependentabel
spaceexists for eachsource,so the impact of collisionsis quite
limited. Thiscontrastsvith theexisting IP multicastservicemodel
whereary hostin thenetwork cansendarbitrarydatato anarbitrary
groupandcollisionsareproneto happerespeciallyin the absence
of aglobally consistenmulticastaddressllocationscheméwhich
remainsadifficult researctproblem).

The level numberingschemecontrolsrequestforwarding and
teardown timing. For example,Figure4 shawvs how alevel num-
ber canbe usedto requesta specificnumberof pacletson some
labelin arecever-specificfashion.Here,arequesitmessagéor N
paclets usesa level numberof N, where N canvary amongthe
differentrecevers,sayN; ... Ng. Let M = maxy—1.. g Ni. The
requestwith the largestlevel M thenreacheghe sourcewithout
suppressionandasaresultthe sourcelearnsM . Thesourcethen
generated/ pacletswith levelnumberd ... M, andeactrecever
recevesexactly the numberof pacletsrequested.

4.2 PGM-lik e Multicast over BCFS

A PGM-like reliable multicasttransportcan be naturally adapted
to BCFS, becauseBCFS hasan aspectof generalizedGM. We
briefly describehov a PGM-like reliablemulticastcanberealized
over BCFS.In this approachpriginal datapaclets are sentto the
entire multicastgroup. When a recever detectslost paclets, a
NACK is sentvia a BCF requestmessagevith a label generated
by hashingsequenc@umberof the lost paclet into the low-bits of
alabel, with somewell-known upperprefix (perhapsselectechsa
hashof a session-specifiientifier). In responséo the NACK, the
sourceretransmitshe lost datavia a BCF reply messagevith the
samelabel. In turn, the BCF routersforward the reply paclet to
preciselythosereceversthatearliersentarequest.



Thelabelgeneratedby transporsequencaumberscanprevent
conflicts betweendifferent NACKs. Even if the label spaceis
smallerthanthe sequencaumberspacethe labelwith sequential
ordercanavoid conflict because sourceis expectedto senddata
pacletssequentially In PGM, thesizeof transmitwindow is large
enoughfor labelspaceo avoid conflict becausenly datapaclets
within the transmitwindow are supposedo be provided for loss
recovery.

4.3 FEC-basedLossRecovery
Thelevel-numberingchemeahavnin Figure4 interactsiicely with
previously proposedschemedor FEC-basedoss recovery [21].
Eachrecever generatea NACK for ablock of pacletsusingBCF
requestvith alevelindicatinghow mary pacletswereomittedfrom
theblock (i.e. correspondingo the N'sin sectiord.1). Thenthe
sourcewould generateasmary parity pacletsasthe maximumof
lost paclet numberamongrecevers(i.e. correspondingo M in
section4.1). The levels of recorery paclets for the sameblock
increaséby onefor eachpaclet(i.e. 1... M).

Thesepacletscanrecover thelost pacletsfor eachrecever, no
matterwhich pacletswerelost, andeachrecever canreceve the
exactly samenumberof recovery pacletsasnecessaryDetailsof
thismechanisnasappliedto thetraditionalmulticastservicemodel
aredescribedat lengthin [21].

4.4 Rainbow on Digital Fountain
Not only cana PGM:-like transportbe built on top of BCFS, but
becausdBCFSis a genericnetwork service,othertransportproto-
cols canexploit it aswell. In this section,we describea reliable
multicasttransportthat differs quite substantiallyfrom PGM even
thoughit is built uponpreciselythe samenetwork service.In par
ticular, our protocolexhibits a viable solutionto oneof the hardest
problemsin reliablemulticast,namelycongestiorcontrol.
Multicast congestioncontrol is greatly confoundedby hetero-
geneityamongsteceversin agroup:if usingonly asinglemulticast
group,asingle,uniform sendingratecannotsatisfythe conflicting
requiremenbf a diversesetof recevers attachedo the network
at differentbit rates. Thatis, a congestioncontrol stratgy must
forcethesendetto transmitdataaccordingto the mostconstrained
recever [2, 25]. This solutionis inherentlyunsatisfyingfor large-
scaledeploymentin heterogeneousrvironments. Alternatively,
thesourcecansendto multiple multicastgroupsallowing recevers
to individually adjusttheir receptionrate by joining and leaving
multicastgroups[20, 31, 26]. Unfortunatelythe granularityof the
layerslimits the degreeof adaptatiorandthe designof a control
law thatcanmanageecever membershipn a scalableandrobust
fashionis a hardproblemthathasnot beensatistctorily solved.
To addresshesegproblemsywe proposeareliablemulticasttrans-
port basedon BCFS, called Rainbow (ReliAble multicastby IN-
dividual BandwidthadaptatiorusingwindOW), which includesa
congestiorcontrolschemeRainbav is designedo accomplistthe
following:

e A receverrecevesdataatits availablerateasif therewerea
unicasfTCPconnectiorbetweerasourceandarecever (i.e.,
theprotocoldynamicsare“TCP friendly”).

o ThebottlenecHKink orlinks in amulticastdistributiontreeare
efficiently sharedy dataaggreationamongmary recevers.

e The sourceneednot managestateon a perrecever basis,
whichwould otherwisdimit the protocols scalability

4.4.1 Digital Fountain

The Rainbav congestioncontrol schemeutilizes a Digital Foun-
tain [4] ontop of BCFS.To establishthe context for Rainbav, we
first outlinethe Digital Fountainabstraction.

A Digital Fountainprovidesa robust mechanisnfor “implicit”
multicastlossrecovery asit requiresno feedbackrom the source.
Here,a sendersimply multicastsa streamof datapacletsthatare
generatedy thefountainasafunctionof afixedinput(e.g.,afile).
A recevertunesin atary pointandgathersup somefixednumber
of paclets. Oncethis critical numberof pacletsis attained,the
recever leavesthe groupanddecodeshefile from the paclets.

A key propertyof thedigital fountainis that(almost)ary subset
of pacletsmay be usedto decodetherebyalleviating ary needfor
feedbackrom thereceversto the source.Fromthe perspectie of
asendes load,the schemas extremelyefficient because sender
simplytransmitpacletswithoutinvolving ary sortof lossrecovery
scheme. Moreover, heterogeneitycan potentially be tamedsince
the fountain canstripe pacletsacrossmultiple ratesandrecevers
canadjusttheir receptionrate using multiple groupsasdescribed
abore. Thoughaschemédasednrecever-drivenadaptatioracross
multiple multicastgroupsmay eventually be shavn to be viable,
this approachhasnot beenfully and comprehensely developed
andwefelt it worthwhileto look for alternatves.

4.4.2 CongestionControl by usingBCFS

In a heterogeneousrvironment,it is difficult to satisfyall recever
bandwidthrequirementswvith asinglemulticastchannel.Toprovide
differentdataratesfor eachrecever without deterioratingnetwork
condition,congestiorcontrolusingBCFSis designedasfollows:

e Individual TCP-like window control: Eachrecever in-
dependentlyexecutesTCP-like window control [13]. Data
transmissiongretriggeredby the arrival of breadcrumbsit
the sender In turn, paclet arrivals at the recever causethat
hosttoincreaséts congestiomwindow (eitherby onefor each
paclet recevedin slow startor onepaclet perround-tripin
congestioravoidancemode). The invariantwe maintainis
thatthe numberof breadcrumbsutstandings lessthanor
equaltothecongestiorwindow. Thus,thenumberof paclets
in transitfrom the sourceto the recever is boundedby the
congestiorwindow. In addition,the congestionwindow is
controlledin responséo lost pacletsaccordingo measured
congestiorconditionson the pathfrom the sourceto thatre-
cever. Sincethewindow controlbehaesasif therewerea
TCP sessiorbetweena sourceanda recever, eachrecever
utilizesbandwidthin a TCP-friendlyway.

e Transmissionrequestby BCF messagesA recever sends
aTRQ(transmissiomequestpsaBCFrequestisingasmary
labelsasits window size. Thismeanghatreceversthathave
the samewindow size usethe samelabelsfor TRQs, and
a recever that hasa smallerwindow usesa subsetof the
labelsthatareusedby arecever with a largerwindow size.
If recevers sendTRQswith a label after anotherrecever
sendsa TRQ with the samelabel and the TRQs sentlater
arrivesataBCFrouterbeforethereply messagef theformer
TRQ arrives,the TRQsareaggrgatedandthe copiesof the
identicaldatapaclet aresentto all receverswhich sendthe
TRQswith thesamdabel. TRQ correspond ACK in TCP
in thesensehatit is sentatpacletreception.Howeverit does
notneedto includesequencaumberof receved paclets.

e Simple reply by a Digital Fountain source: By usinga
Digital Fountain thesourcecanmerelyrespondo eachTRQ
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Figure 5: Multicast Congestion Control using
BCFS: receivers maintain their individual window
and TRQ’s are spontaneously aggregated at a BCF
router.

by sendingone paclet after anotherasa BCF reply, which
includesthesamédabelasthe TRQ.

Figure5 (a) illustratesRainbav/BCFS dataaggreyation,where
two recevers have a sharedbottlenecklink, they are probableto
have the samewindow sizeandit is expectedthatmostTRQsare
aggr@atedat thelink. As aresult,mostof the datapacletsfrom
a sourcearedirectedto bothrecevers. In casethattwo recevers
have bottlenecksat down-links andonelink hashalf thebandwidth
of the otherlink as shawvn in Figure 5 (b), the slower recever
receveshalf of thedatadirectedto thefastemrecever, copiedatthe
diverging point. ThroughusingDigital Fountainsourcearecever
receves different paclets with high probability and reliability is
guaranteefly continuingto sendTRQsuntil enoughpacletsarrival
to reconstructheoriginal data,

Of course,thereis no guaranteghat all paclets are delivered
efficiently asin theexampleabove, becausevindow controlateach
recever is not synchronizedn ary explicit coordinatedvay, and
arecever accessedataasynchronouslyBut whenrecevershave
a sharedbottlenecKink, it could happerthatthe samepaclet loss
patterncausesamewindow controltiming, andbehae in anearly
synchronousvay. As aresult,moredataaggregationoccursatthe
sharedink, networkscanenjoy efficienttransmissiorof multicast,
andreceverscanrecevedataattheend-to-endvailablebardwidth.

4.4.3 SimulationResults

We ran simulationson ns [30] to investigateRainbav's perfor
mance. We shav someof the resultswhich explore the behaior
anddynamicsof Rainbav basedon two scenarioswith relatively
small scalesessionsasshavn in Figure6. More comprehense
scenariodor a large scalesessiorandheterogeneougceversare
currentlybeinginvestigated32].

[Topologies]

To satisfyeachrecever, thereceving rateshouldbecomeclose
to end-to-endavailable bandwidthfor eachsendeirecever pair.
However, 100% utilization of availablebandwidthis not expected
becauseof TCP-like oscillating window control. In the perfect
scenariofeceverssharingthe samelink would obsere complete
aggr@ation. However, this cannotbe alwaysrealizedbecausef
lack of explicit synchronizatiomechanismlt is still expectedhat
a “bottleneck”link shouldbe sharedefficiently by BCFSdataag-
gregationmechanismAnotherpointto exploreis whetherclusters
of receversunderthe samelink cansharethelink fairly.

Scenario A-(i)

400 Kb
40 mse

10 Mbps

O

256 Kbps
50 msec

Scenario A-(ii)

500 Kbps
or
40 msed 250 Kbps

Figure 6: Simulation Settings: Exploring behavior.

The topology of ScenaricA-(i) consistsof one sharedup-link
andfive differentdown-links. Onedown-link is narraver thanthe
shareduip-link, but othershave broadetink capacitythantheshared
bottleneck. Throughthis topology adaptationto heterogeneous
receversandsharingbandwidthatabottlenecHink isinvestigated.
While four fasterreceversshouldreceve the sameserviceat up-
link capacity the slowestrecever shouldreceve a portion of the
datadirectedto fasteronesatits down-link capacity

ScenaricA-(ii) hastwo clustersof five receverswith theshared
backbondink (L1) by all recevers andthe samecapacitydowvn-
link for eachcluster For the sharedbackbondink, we usethree
differentbandwidth.Receversin bothclustersshouldreceve data
at the sameratein all situationsin termsof intra-sessiorfairness,
and the degree of dataaggreation should changedependingon
the backbonecapacity We expectthat asthe backbonecapacity
becomesarraver, morepacletsareaggr@atedat the link andall
thereceverscometo receve thesamedatapacletsif thebackbone
becomesnend-to-endottleneck.

In all simulations,the datapaclet sizeis 512 bytes, and the
simulationrun comprises2000 paclets, which meansa recever
stopssendingTRQsafterreceving 2000 paclets. All routersare
RED gatevayswith a queuesize of 10 paclets. To “randomize”
eachrun, eachrecever initiatesits sessiorat a uniformly random
starttime in [0...5] seconds. In eachscenario,100 simulations
areexecutedwith randomizedifferentstarttime of receversand
averageresultsareshavn in thefollowing sections.

[Scenario A-(i)]

The resultsfor scenarioA-(i) areillustratedin Figure7. The
slowestreceverrecevesdataatover200Kbpsagainsits 256Kbps
bottleneckcapacityandthe averagereceving rate throughoutthe
durationof thesimulationis 224.1Kbps. Thisaverages calculated
from all 100 simulationruns,andwe usethe averageratefor later
explanationof simulationresults. The receving rate of all four
fastereceversreachesround350Kbpsagains400Kbpsup-link
bottleneckbandwidthafterslow startphaseandthe averagerateof
four receversis 346.2Kbps.

In thisscenariofourfastereceversshouldbedealtwith asif ona
singlemulticastchannebecaus¢hey shargheidenticalbottleneck
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Figure 7: Simulation Result (scenario A-(i)): Re-
ceiving rate of five different receivers.

link. Theoverheadf sentpacletsthroughthesharedink is 8.3%,
which is calculatedby four timesof the paclet numbersentfrom
the sourceover the total paclet numberreceved by thefour faster
receversduringthe stablecondition,betweenl0 and20 secondn
thesimulation.Furthermore1237.4pacletsout of 1265.6paclets
for the slowestrecever (R1) aresharedwith at leastoneof other
fasterreceverswhile atleastoneotherrecever is receving data.

From this simulation, we have seenall recevers can receve
at their appropriateratesaccordingto eachavailable bandwidth
throughdataaggregationat bottlenecKink. Someoverheadexists
evenfor receverssharingabottlenecHKink, but this overheads not
expectedo grov asthenumberof receversincreaseshecausehe
morereceversexist underthe samebottlenecHKink, the higherthe
probability TRQsareaggr@ated.As aresult,the samedatapaclet
is sentto morereceversatthesametime.

nineb[ScenarioA-(ii)]

In Table 1, the averagereceving rate for eachclusterof five
receversandthe averagetotal packet numbersentfrom the source
areshawn for differentbandwidthbackbon€L 1) caseof scenario
A-(ii). Accordingto theaveragereceving ratein Tablel, recevers
on both subtreegC1,C2)attainapproximatelyequalthroughputs,
around225Kbps,for all bandwidthcases.

Whenthesharedackbonédink hasenoughbandwidth(1 Mbps)
to accommodaté¢he two down-links, all receverswould receve
dataatthedown-link capacityrate. In this case pacletaggreation
atlink L1 is not expectedoecausehereis no mechanisnfor syn-
chronization. The paclets for recevers underthe bottlenecklink
(i.e. within C1)is totally aggreyatedasif they wereon the same
multicastchannelas receving rate around225 Kbps in Table 1
shaws. As aresultentirebehaior becomesimilar to the situation
wheretwo multicastgroupsareformedfor eachsubtree. The av-
eragetotal numberof sentpacletsis 3326.9,whichis lessthanthe
doubleof thenecessarpacletnumberfor asinglereceverbecause
somepacletsareeventuallyaggrgyatedacrossheclusters.

Whenthebandwidthof thesharedackbondink is 500Kbps, its
capacityis alittle lessthanaggregationof dowvn-links bandwidth.
Evenin this case the samereceving rateis realizedasin 1 Mbps
case,asshawvn in Tablel. Thereasonis that more paclets are
aggr@atedat the the backbonelink (L1) and directedto more
receversat the sametime, which is alsoevidentby lesstotal sent
pacletsthanl Mbpscasen Tablel.

Whenthe sharedbackbondink is 250 Kbps, the link becomes
the bottleneckandall receivers shouldbe dealtwith asif on one
multicastchannel.In Table1, a decreasén overall pacletsshavs
that more dataare aggrgatedat the node of the backbonéink.
Further averagereceving ratesfor both clustersare consistent

independenof backbonecapacity

As theresultsshaw, dependingon the placementsf bottleneck
link, Rainbav aggreyatesdatapacletsin differentways,andasa
result,traffic behaesasif asubtreesf bottlenecHink is formedas
thesamemulticastchannelvithoutexplicit coordinateanechanism
for synchronization.

Table 1: Simulation Results (scenario A-(ii)): Rate
for two clusters and total packet number.

L1 Bandwidth || Average rate (Kbps) | Packet number
1 Mbps C1 226.2 3326.9
Cc2 224.8
500 Kbps C1 224.2 3241.7
Cc2 2235
250 Kbps Ci1 226.3 2411.2
Cc2 226.0

5. CONCLUSION
In this paper we have presentecdhn alternatve multicastservice
model,BCFS,andapplicationexamplesbuilt ontop of the BCFS.

Asfuturework, weplantotacklepracticaimplementatiorissues
for BCFSin termsof a routers requiredmemoryand processing
load, anddescribemoredetailedprotocolspecification.Otheref-
ficientapplicationexampleson BCFSwill enforcethesignificance
of the servicemodelandexaminethe usability of the BCFSfunc-
tionality.

Webelieve BCFSprovidesanew directionfor multicastforward-
ing service.By factoringPGM into areusablenetwork component
thatis modeledafterEXPRESSwe have createdanetwork service
thatis notonly agoodbuilding block for PGM, but alsoprovidesa
foundationfor new transporiprotocolslike Rainbav.

6. REFERENCES
[1] T.Ballardie,P. Francis,andJ. Crowcroft. CoreBasedTrees
(CBT): An Architecturefor Scalabldnter-DomainMulticast
Routing.In Proceedings of Sigcomm ’93, pagesB5-95,
SanFranciscoCA, Sept.1993.ACM.

[2] S.BhattacharyyaD. Towsley, andJ.Kurose.The LossPath
Multiplicity Problemfor MulticastCongestiorControl.In
Proceedings of IEEE Infocom 99, New York, NY, March
1999.

[3] R.Braden.T/TCP — TCP Estensions for Transactions
Functional Specification, Jul1994.RFC-1644.

[4] J.Byers,M. Luby, M. MitzenmacherandA. Rege.A Digital
FountainApproachto ReliableDistribution of Bulk Data.In
Proceedings of Sigcomm ’98, Vancouer, Canada,
Septembel998.

[5] B. Cain,T. SpeakmanandD. Towsley. GenericRouter
Assist(GRA) Building Block, Oct. 1999.InternetDraft
(Work in Progress).

[6] Y. Chawathe,S.Fink, S.McCanneandE. Brewer. A Proxy
Architecturefor ReliableMulticastin Heterogeneous
Environmentsin Proceedings of ACM Multimedia,
Bristol, England Septembe998.

[7] A. CostelloandS.McCanne SearchParty: Using
Randomcasdior ReliableMulticastwith Local Recaery. In
Proceedings of IEEE Infocom 99, New York, NY, March
1999.



(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

S.Deering.Multicast Routing in a Datagram
Internetwork. PhDthesis StanfordUniversity Dec.1991.

D. Estrin,D. Farinacci,A. Helmy, D. Thaler S. Deering,

M. Handlgy, V. JacobsonC. Liu, P. SharmaandL. Wei.
Protocol Independent Multicast-Sparse Mode
(PIM-SM): Protocol Specification, Jun1998.RFC-2362.

S.Floyd, V. JacobsonC. Liu, S.McCanneandL. Zhang.A

ReliableMulticastFramavork for Light-weightSessionsind
ApplicationLevel Framing.IEEE/ACM Transactions on
Networking, 1995.

H. HolbrookandD. Cheriton.IP MulticastChannels:
EXPRESSSupportfor Large-scaleSingle-source
Applications.In Proceedings of Sigcomm ’99, Cambridge,
MA, Septembei999.

H. Holbrook,S. Singhal,andD. Cheriton.Log-Based
Recever-ReliableMulticastfor Distributedinteractve
Simulation.In Proceedings of Sigcomm 95, Boston,MA,
Sept.1995.ACM.

V. JacobsonCongestioravoidanceandcontrol.In
Proceedings of Sigcomm ’88, Stanford,CA, Aug. 1988.

S.KaseraJ.Kurose,andD. Towsley. ScalableReliable
MulticastUsingMultiple MulticastGroups.In Proceedings
of ACM Sigmetrics Conference. ACM, Junel997.

K. Kumar P. Radoslaov, D. Thaler C. Alaettinoglu,

D. Estrin,andM. Handlg.. The MASC/BGMP Architecture
for Inte-DomainMulticastRouting.In Proceedings of
Sigcomm ’98, Vancouer, CanadaSeptembe 998.

B. Levine,, andJ. Garcia-Luna-Acees.Improving Internet
Multicastwith RoutingLabels.In Proceedings of IEEE
International Conference on Network Protocols,
Atlanta,GA, October1997.

B. Levine,D. B. Lavo, andJ.J. Garcia-Luna-Acees.The
Casefor ConcurrenReliableMulticastingUsing SharedAck
Trees.In Proceedings of ACM Multimedia, Boston MA,
Nov. 1996.ACM.

J.Lin andS. Paul. RMTP: A ReliableMulticast Transport
Protocol.In Proceedings IEEE Infocom ’96, pages
1414-1424sanFranciscoCA, Mar. 1996.

A. Mankin,A. Romanwv, S.BradnerandV. PaxsonIETF
Criteria for Evaluating Reliable Multicast Transport
and Application Protocols, Jun1998.RFC-2357.

S.McCanneV. JacobsonandM. Vetterli. Recever-driven
layeredmulticast.In Proceedings of Sigcomm ’96,
Stanford,CA, Aug. 1996.ACM.

J.NonnenmachekE. Biersack.andD. Towsley. Parity-Based
LossRecwery for ReliableMulticast Transmissionln
Proceedings of Sigcomm 97, CannesFranceSepl1997.
ACM.

C. PapadopoulosG. Parulkar andG. VargheseAn Error
ControlSchemdor Large-ScaléMulticastApplications.In
Proceedings IEEE Infocom ’98, SanFranciscoCA,
March1998.

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

R.PerimanC.-Y. Lee,A. Ballardie,J. Crowcroft, Z. Wang,
T. Maufer, C. Diot, J. Thoo,andM. Green.SimpleMulticast:
A Designfor Simple,Low-OverheadViulticast,Feh 1999.
InternetDraft (Work in Progress).

S.RamanandS. McCanne A Model, Analysis,andProtocol
Framevork for Soft State-base@ommunicationln
Proceedings of Sigcomm ’99, CambridgeMA, September
1999.

I. Rhee N. Ballaguru,andG. RouskasMTCP: Scalable
TCP-like CongestiorControlfor ReliableMulticast.In
Proceedings of IEEE Infocom 99, New York, NY, March
1999.

D. Rubenstein). Kurose andD. Towsley. The Impactof
MulticastLayeringon Network Fairnessin Proceedings of
Sigcomm ’99, CambridgeMA, Septembe999.

J.H. SaltzerD. P. Reed,andD. D. Clark. End-to-end
argumentsn systemdesign. ACM Transactions on
Computer Systems, 2(4),Nov. 1984.

P. SharmaD. Estrin,S. Floyd, andV. JacobsonScalable
timersfor soft stateprotocols.In Proceedings IEEE
Infocom ’97, Kobe,JapanApr. 1997.

T. SpeakmanD. Farinacci,S.Lin, andA. Tweedly PGM
ReliableTransportProtocolSpecificationAug. 1998.
InternetDraft (Work in Progress).

UCB/LBNL/VINT. Network Simulator- ns(version2).
http://www-mash.cs.beekey.edu/ns/.

L. Vicisano,L. Rizzo,andJ. Crowcroft. TCP-like congestion
controlfor layeredmulticastdatatransfer.n Proceedings of
Infocom ’98, SanFranciscoCA, March1998.

K. YanoandS. McCanneTheBreadcrumb-orwarding
Serviceandthe Digital FountainRainbav: Towarda
TCP-FriendlyReliableMulticast. Technicalreport,
University of California,Berkeley, Oct. 1999.

R. Yavatkar J. Griffioen,andM. SudanA Reliable
DisseminatiorProtocolfor Interactve Collaboratve
Applications.In Proceedings of ACM Multimedia ’95,
SanFranciscoCA, Nov. 1995.ACM.



