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Abstract

We analyzethe maximunthroughputthat the knownclasseof
reliable multicastprotocolscan attain. A new taxonomyof reli-
able multicastprotocolsis introducedbasedon the premisethat
themedanismsausedto releasedataat the sourceafter correctde-
livery shouldbe decoupledrom the medianismausedto pacethe
transmissiormf dataandto effecterror recovery Receivesinitiated
protocols,which are basedentirely on negativeacknowledgments
(NAKS) sentfromthe receivergo the senderhavebeenproposed
to avoid the implosionof acknowledgmentéacks) to the source
However, theseprotocolsare showrto requireinfinite buffersin or-
derto preventdeadlods. Two othersolutiongo theAck-implosion
problemare tree-basedrotocolsand ring-basedprotocols. The
first organizethereceiversn a treeandsendAacksalongthetree;
thelatter sendAacksto the senderalonga ring of receives. These
two classef protocolsare shownto operate correctlywith finite
buffers. Following our taxonomythe maximunattainablethrough-
putbytheknownclasse®freliablemulticastprotocolsis analyzed.
It is shownthat tree-basedgrotocolsconstitutethe mostscalable
classof all reliablemulticastprotocolsproposedo date

1. Introduction

The increasingpopularity of real-timeapplicationssupporting
eithergroupcollaboratioror thereliabledisseminatiorf multime-
diainformationoverthelnternetis makingtheprovision of reliable
andunreliableend-to-endnulticastservicesan integral partof its
architectureAlthoughreliablebroadcasprotocolshave existedfor
quite sometime (e.g.,see[3]), viable approachesn the provision
of reliablemulticastingover the Internetarejustemeging. There-
liable multicastproblemfacingthe future Internetis compounded
by its currentsize and continuinggrowth, which makesthe han-
dling of acknavledgments majorchallengecommonlyreferrecto
astheacknowledgmenfack) implosionproblem.

Thetwo mostpopularapproacheso reliablemulticastingpro-
posedto dateare calledsenderinitiated andreceiverinitiated In
the sendetinitiated approachthe sendemaintainsthe stateof all
thereceversto whomit hasto sendinformationandfrom whomit
hasto recevve ACKs. Eachsenders transmissioror retransmission
is multicastto all recevers;for eachpacketthateachrecever ob-
tainscorrectly it sendsaunicastack to the senderIn contrastjn
therecever-initiatedapproacheachreceverinformsthe sendeof
theinformationthatis in erroror missing;the sendemulticastsall
packetsgiving priority to retransmissionsanda recever sendsa
negative acknavledgmeni{NAK) whenit detectsan erroror a lost
packet.

This work was supportedn part by the Office of Naval Researchunder
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The first comparatie analysisof sendetinitiatedandrecever
initiated reliable multicastprotocolswas presentedy Pingali et
al. [15, 16]. This analysisshaved that receverinitiated proto-
cols arefar morescalablethansendetinitiated protocols,because
the maximumthroughputof sendetinitiated protocolsis depen-
denton the numberof recevers, while the maximumthroughput
of recever-initiated protocolsis independenbf the numberof re-
ceivers (whenthe probability of packetlossis negligible). How-
ever, asthis paperdemonstratesthe receverinitiated protocols
proposedo datecannotpreventdeadlocksvhenthey operatewith
finite memory

This paperaddresseshe questionof whethera reliable multi-
castprotocolcanbedesignedhat enjoysall the scalingproperties
of receverinitiatedprotocolswhile still beingableto operatecor-
rectly with finite memory To addresghis question the previous
analysisby Pingalietal. [15, 16] is extendedto considerthe max-
imum throughputof genericring-basedrotocols,andtwo classes
of tree-basegbrotocols. Theseclassesrethe otherthreeknown
approacheshat canbe usedto solve the ACK-implosionproblem.
Our analysisshows that tree- and ring-basedprotocolscan work
correctlywith finite memory thatbotharescalableandthattree-
basedrotocolsarethebestchoicein termsof processinggndmem-
ory requirements.

Theresultspresentedn this paperaretheoreticain natureand
applyto genericprotocolsratherthanto specificimplementations;
however, we believe that they provide valuablearchitecturalin-
sightfor thedesignof futurereliablemulticastprotocols.Section2
presents new taxonomyof reliable multicastprotocolsthatorga-
nizesknown approachesnto four protocol classesand discusses
how mary key papersin the literaturefit within this taxonomy
This taxonomyis basedon the premisethat the analysisof the
mechanismsisedto releasedatafrom memoryafter their correct
receptionby all recevvers canbe decoupledrom the study of the
mechanismsisedto pacethe transmissiorof datawithin the ses-
sionandthe detectionof transmissiorerrors.Usingthis taxonomy
we arguethatall reliableunicastand multicastprotocolsproposed
to datethat useNAks andwork correctlywith finite memoryuse
ACKS to releasememoryand NAKS to improve throughput. Sec-
tion 3 addresseshe correctnes®f the variousclassef reliable
multicastprotocolsintroducedin our taxonomy shaving that the
typeof recever-initiated protocolsproposedo daterequireinfinite
memory Sectiord extendstheanalysisy Pingalietal. [15, 16] by
analyzingthe maximumthroughpubf threeprotocolclassestree-
based tree-basedvith local NAK-avoidanceand periodic polling
(tree-NAPP), and ring-basedprotocols. Although the maximum
throughpubf receverinitiated, tree-basel] andring-basedroto-
colsareall independensof the numberof receversasthe probabil-
ity of errorgoesto zero,we shav thatonly tree-basegrotocolscan
becompletelyscalablainderary condition,i.e.,whentheprobabil-

1To avoid confusioncommenton “receiver-initiated” and“tree-based”
protocolsareinclusive of all respectie subclasses.
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ity of erroris non-ngligible. Section5 providesnumericalresults
on the performancef the protocolclassesinderdifferentscenar
ios, anddiscusseshe implicationsof our resultsin light of recent
work on reliable multicasting. Section6 providesconcludingre-
marks.

2. A New Taxonomy of Reliable Multicast
Protocols

We now describehefour genericapproacheknown to datefor
reliablemulticasting. Well-known protocols(for unicastandmul-
ticastpurposesare mappednto eachclass.Our taxonomydiffers
from prior work [15, 16, 8] addressingecever-initiated stratgies
for reliable multicastingin that we decouplethe definition of the
mechanismaeededor pacingof datatransmissioirom themech-
anismsneededor the allocationof memoryat the source. Using
this approachthe protocolcanbe thoughtasusingtwo windows:
a congestiorwindow (cw) that advanceshasedon feedbackfrom
receversregardingthepacingof transmissionanddetectiorof er
rors, anda memoryallocationwindowv (mw) that advancesbased
on feedbackrom receiversasto whetherthe sendeicanerasedata
from memory In practice protocolsmay usea singlewindow for
pacingand memory (e.g., TCP [10]) or separatewvindows (e.g.,
NETBLT [4]). It will becomeapparenthatthis decouplings criti-
calin obtaininganaccurateinderstandingf why reliableunicast-
ing andmulticastingprotocolsscaleandwork correctlywith finite
memory

Eachreliableprotocolassumeshe existenceof multicastrout-
ing tree(s)thatareprovided by underlyingmulticastrouting proto-
cols.In theinternetthesetreeswill bebuilt usingsuchprotocolsas
DVMRP [6], CoreBasedTrees(CBT) [1] or Protocolindependent
Multicast(PIM) [7].

2.1. Sender-Initiated Protocols

In the past[15, 16], sendefinitiated protocolshave beenchar
acterizedas placing the responsibilityof reliable delivery at the
senderHowever, this characterizatiois overly restrictve anddoes
notreflectthewayin which severalreliablemulticastprotocolsthat
rely on positive acknavledgmentdrom thereceversto the source
have beendesigned. In our taxonomy a sendefinitiated reliable
multicastprotocolis onethat requiresthe sourceto receive AcCKs
from all the recevers, beforeit is allowed to releasememoryfor
the dataassociatedavith the ACKs. It is clearthatthe sourceis re-
quiredto know the constitueng of the recever set, and that the
schemesuffers from the Ack-implosion problem. However, this
characterizatioteavesunspecifiedhe mechanisnusedfor pacing
of transmissionandfor thedetectiorof transmissiorerrors.Either
the sourceor the recevverscanbein chage of the retransmission
timeouts!

The traditional approacho pacingandtransmissiorerror de-
tection(e.g., TCP in the contet of reliable unicasting)is for the
sourceto bein chage of the retransmissiotimeout. However, as
suggestedy the resultsreportedby Floyd et al. [8], a betterap-
proachfor pacinga multicastsessioris for eachrecever to setits
own timeout. A recever sendsAacks to the sourceat a rate that
it canaccept,andsendsa NAK to the sourceafter not receving a
correctpacketfrom the sourcefor anamountof time thatexceeds
its retransmissiotimeout. An Ack canreferto a specificpacket
or awindow of packetsdependingon the specificretransmission
strateyy.

Notice that, regardlessof whethera sendetbasedor recever
basedretransmissiostratgy is used,the sourceis still in chage
of deallocatingmemory after receving all the Acks for a given
packetor setof packets.The sourcekeepspacketdin memoryun-
til every recever nodehaspositively acknavledgedreceiptof the

data. If asendetbasedetransmissiostratgy is used,the sender
“polls” thereceversfor ACKsby retransmittingafteratimeout.If a
recever-basedetransmissiostratey is used therecevers“poll”
the source(with anAck) afterthey time out’.

It isimportantto notethat,just becausareliablemulticastpro-
tocol usesNAKS it doesnot meanthatit is receverinitiated, i.e.,
that NAK s arethe basisfor the sourceto ascertairwhenit canre-
leasedatafrom memory The combinationof AcksandNAKshas
beenusedextensiely in the pastfor reliableunicastandmulticast
protocols. For example,NETBLT is a unicastprotocolthatusesa
NAK schemdor retransmissioriut only on smallpartitionsof the
data(i.e., its cw). In betweenthe partitions,called“buffers” are
Acksfor all thedatain thebuffer (i.e.,themw). Only uponreceipt
of this Ack doesthe sourcereleasedatafrom memory;therefore,
NETBLT is really sendetinitiated. In fact, NAKS areunnecessy
in NETBLT for its correctness, e., a buffer canbe consideredne
large packethateventuallymustbe Acked,andareimportantonly
asa mechanismto improve throughputby allowing the sourceto
know soonemwhenit shouldretransmitsomedata.

A protocolsimilarto NETBLT is the “Negative Acknowledg-
mentswith PeriodicPolling” (NAPP) protocol[17]. This protocol
is abroadcasprotocolfor LANs. Like NETBLT, NAPPgroupsto-
gethedarge partitionsof thedatathatareperiodicallyacked,while
lost packetswithin the partitionareNaked. NAPPadvanceghecw
by NAKs andperiodicallyadvanceghe mwby Acks Becausehe
useof NAK S cancausea NAK-implosionatthe source NAPP uses
aNAK-avoidanceschemeAs in NETBLT, NAKSsincreaseNAPP's
throughput,but are not necessaryor its correctoperation,albeit
slow. The useof periodicpolling limits NAPPto LANs, because
the sourcecanstill suffer from an Ack-implosionproblemevenif
ACKsoccurlessoften.

Othersendeiinitiatedprotocols]ike the XpressTransferProto-
col (XTP) [18], werecreatedfor useon aninternet,but still suffer
from the Ack-implosionproblem.

The main limitation of sendetinitiated protocolsis not that
ACKS are used,but the needfor the sourceto processall of the
AckKsandto know thereceier set. The two known methodshat
addresshislimitation are: (a) usingNAK sinsteadf Acks, and(b)
delggatingretransmissionesponsibilityto memberof therecever
setby organizingthereceversinto aring or atree.We discussoth
approachesubsequetty.

2.2. Receiver-Initiated Protocols

Previouswork[15, 16] characterizeseceverinitiatedprotocols
asplacingtheresponsibilityfor ensuringreliablepacketdelivery at
eachrecever. The critical aspecbf theseprotocolsfor our taxon-
omy s thatno Acksareused.ThereceverssendnAk sbackto the
sourcewhena retransmissiois neededdetectedby eitheran er
ror, askipin thesequencaumberaised,or atimeout.Becausehe
sourcerecevesfeedbackrom receversonly whenpacketsarelost
andnot whenthey aredelivered,the sourceis unableto ascertain
whenit cansafelyreleasedatafrom memory Thereis no explicit
mechanisnin areceverinitiated protocolfor the sourceto release
datafrom memory(i.e., advancethe mw), eventhoughits pacing
andretransmissiomechanismsarescalableandefficient (i.e., ad-
vancingthe cw).

2.3. Receiver-Initiated Protocolswith
NAK-avoidance

Becauserecevers communicateNAKS back to the source,
recever-initiated protocolshave the possibility of experiencinga
NAK-implosion problem at the sourceif mary recevers detect

20f coursethesourcestill needsatimerto ascertairwhenits connection
with areceverhasfailed.



transmissiorerrors. To remedythis problem, previous work on
recever-initiated protocols[15, 16, 8] adoptsthe NAK-avoidance
schemdirst proposedor NAPP, which is a sendetinitiatedproto-
col. Receverinitiatedwith NAK-avoidance(RINA) protocolshave
beenshownn [15, 16] to have improved the performanceover the
basicreceverinitiated protocol. TheresultinggenericRINA pro-
tocolis asfollows [15, 16]: The sendemulticastsall packetsand
stateinformation, giving priority to retransmissionsWheneer a
receverdetectsa packetoss,it waitsfor arandomtime periodand
thenmulticastsa NAK to the senderandall otherreceiers. When
arecever obtainsa NAK for a packetthatit hasnot receved and
for which it hasstarteda timer to senda NAK, the recever setsa
timerandbehaesasif it hadsentaNAK. Theexpirationof atimer
withoutthereceptiorof thecorrespondingackets thesignalused
to detecta lost packet.With this schemeit is hopedthatonly one
NAK is sentbackto the sourcefor alost transmissiorior anentire
recever set. Nodesfartheraway from the sourcemight not even
getachanceo requestretransmissionThegenericprotocoldoes
not describehow timers are setaccurately;in this paper we as-
sumeperfectsettingof timersbecauseve areonly interestedn the
maximumattainablehroughputof protocols.

The genericRINA protocolwe have just describedconstitutes
the basisfor the operationof the scalablereliable multicasting
(SRM) algorithm[8]. SRM hasbeensuccessfulllembeddednto
a internetcollaboratve whiteboardapplicationcalledwb. SRM
setstimersbasedon low-rate, periodic,“session-mesgges multi-
castby everyreceier. The messagespecifythe highestsequence
numberacceptedrom the sourcé and a time-stampusedby the
receversto estimatehe delayfrom the source . The averageband-
width consumedby sessiomrmessageis keptsmall(e.g.,by keeping
thefrequeng of sessioimessagel®w). SRM'simplementatiome-
quiresthatevery nodestoresall packetga schemeouldbeusedto
supporta “distributedmemory”) or thatthe applicationlayer store
all relevantdata. However, it is clearthatthe sequencaumberin
a sessionmessagés an ACK to the last packetfrom the source,
andthatarecever cankeep“polling” thesourceperiodicallyto en-
surethatthe sourceeventuallydeliversmissingpacketaot caught
by the NAK schemeHereagain,NAKsareusedto advancethecw,
whichis controlledby thereceversandsessiormessagewouldbe
usedto advancethe mw. We do not placeSRM within our sender
initiatedcateyory, becausén it doesnottakeadvantageof theAcks
implicit in thesessiormessagedn practice the persistencef ses-
sionmessageforcesthe sourceto know therecever setover time.
Accordingly, asdefined SRM doesnotscalebecausé defeatone
of the goalsof thereceverinitiated paradigmj.e., to keepthere-
ceiver setanorymousfrom the sourcefor scalingpurposes.

Thereareotherissuesthat limit the useof definedRINA pro-
tocolssuchas SRM for reliablemulticasting.First, SRM requires
thatdataneededor retransmissiotve retuilt from theapplication.
SRM's approachs reasonabl@nly for applicationsin which the
immediatestateof thedatais exclusively desiredwhichis thecase
of a distributedwhiteboard However, the approactdoesnot apply
for multimediaapplicationsthat have no currentstate,but only a
streamof transitionstates.

Second,NAKS and retransmissionsnust be multicastto the
entire multicastgroupto allow suppressiorof NAKS The NAK-
avoidancewasdesignedor a limited scope,suchasa LAN, or a
smallnumberof Internetnodes(asit is usedin tree-NAPP proto-
cols). Thisis becausehe basicNAK-avoidancealgorithmrequires
thattimersbe setbasedn updatesnulticastby everynode.As the
numberof nodesincreaseseachnodemustdo increasingamount
of work! Evenworse,nodesthat are on congestedinks, LANs
or regionsmay constantlybotherthe restof the multicastgroupby
multicastingnAk s(oftenreferredto asthe“crying baby” problem).

SMultiple sourcesaresupportedn SRM, we focusonthe single-source
caseor simplicity.

Another example of a receverinitiated protocolis the “log-
basedecever-reliablemulticast”(LBRM) [9], whichusesa hierar
chy of log senersthatstoreinformationindefinitely andrecevers
recover by contactinga log sener. Using log senersis feasible
only for applicationsthat canafford the senersand leaves mary
issuesunresoled. If a singlesener is used,performancecande-
gradedueto the load at the sener; if multiple senersare used,
mechanismsnuststill beimplementedo ensurethat suchseners
have consistentnformation.

Thefollowing two classe®rganizethereceversetin waysthat
permitthe strengthf receverinitiated protocolsto be appliedon
alocalscalewhile providing explicit mechanism$or thesourceto
releasamemorysafely(i.e., efficient managemeraf the mw).

2.4. Tree-Based Protocols

Tree-basegrotocolsarecharacterizedby dividing therecever
setinto groups,distributing retransmissiomesponsibilityover an
acknavledgmentree (Ack tree)structure.Withoutlossof gener
ality, our genericprotocoldefinitionassumeshateachgroupcon-
sistsof no morethan B childrenanda groupleader Childrenare
likely to be the group leadersof a subgroup. Acknowledgments
from childrenin agroup,includingthe sourcewn group,aresent
only to theleader A child in a group sendsits acknavledgment
to its parentassoonasit recevesa correctpacket,not whenall
its own children(if any) have senttheiracknavledgmentsClearly,
theseacknavledgmers differ from ACksor NAKSusedin sender
andreceverinitiated protocolsandwe referto themashierarchi-
calacknavledgmentgHACKS). Theuseof HACKs is importantfor
throughputNoticethat,if thesourcehadto waitfor ACKsto beag-
gregatedall theway from theleaf nodesjt would have to be paced
basedntheslowestpathin theacktree.

Tree-basegrotocolsdelegateto leadersof subtreeshedecision
of whento deletepacketdrom memory whichis conditionalupon
receiptof HACKs from the childrenin the group. HACKs aresent
upa B-aryin-treecomposeaf upto threetypesof nodes:asource
node,leaf nodesandhopnodes.Thesourcenodeis the originator
of a new packet,which it multicaststo all the recevers,andhas
at most B childrenfrom which to processHACKs andto sendre-
transmissionslLeaf nodesareat the bottomof thetreeandarenot
responsibldor ary children. They play the samerole asrecevers
in the sendetinitiated protocol,exceptthatthey sendtheir HACKS
only to their groupleaderghop nodes)nsteadof sendingacksto
thesourcenode.Hop nodesaregroupleadersn betweerthesource
andleaf nodes.They sendHACKs to their own groupleadersone
stephigherin theacktree,andthey collectHAcksfrom thechildren
in their group,retransmittingf necessaryThey do notreleasalata
from memoryuntil all childrenhave acknavledgedcorrecttrans-
mission.Obviously anacktreeconsistingof the sourceastheonly
leaderandleaf nodescorrespond$o the sendesinitiatedscheme.

To simplify our analysiswe assumehatthe sourceandgroup
leadersontroltheretransmissiotimeoutshowever, suchtimeouts
canbe controlledby the childrenof the sourceandgroupleaders.
Accordingly, whenthe sourcesendsa packet,it setsa timer, and
eachhopnodesetsatimer asit becomeswareof a new packet.If
thereis atimeoutbeforeall HACKS have beenreceved,the packet
is assumedo be lost andis retransmittedy the sourceor group
leaderto its children. We assumeéhata selectve repeatstratey is
used sothatonceapacketis recevedcorrectly it is neverrebroad-
castto thegroupagain.Becauseuranalysifocuseon maximum
attainablethroughputof protocolclasseswe will assumehatthe
acktreeperfectlymirrorsthe multicastrouting tree createcby the
underlyingmulticastrouting protocol.

The first applicationof tree-basegbrotocolsto reliable multi-
castingovertheinternetwasreportedby Paul etal. [14], who com-
parethreebasicschemedgor reliablepoint-to-multipointmulticast-
ing usinghierarchicaktructures.Their resultshave beenfully de-



velopedasthe reliable multicasttransportprotocol (RMTP) [12].
While our genericprotocolsendsa HACK for every packetsentby
thesourceRMTP sendsHAcksonly periodically soasto consere
bandwidth. RMTP hasbeenimplementedn severalplatformsand
hasbeenusedsuccessfullyn AT&T' s“call detaildatadistribution
network”[13].

Tree-basedprotocols eliminate the Ack implosion problem
and free the sourcefrom having to know the recever set, work
with finite memory provide maximumend-to-enddelaysthat are
boundedandoperatesolelyonmessagesexchangedn localgroups
(betweena nodeandits childrenin the ack tree). As we shaw in
Sectiord, theamountof work requiredat eachnodefor tree-based
protocoldoesnotincreasavith thenumberf groupmembersi.e.,
thethroughpubof suchprotocolsis notdependenvn the numberof
groupmembers.

We definea tree-NAPP protocol as a tree-basegrotocol that
usesNAK-avoidanceandperiodicpolling [17] in thelocal groups.
NAKS aloneare not sufficient to guaranteeeliability with finite
memory so recevers senda periodic positive (hierarchical)ac-
knowledgmento their parentg¢o advancethe cw. Note that mes-
sagessentfor the settingof timersneededor NAK-avoidanceare
limited to the local group,which is scalable.The tree-baseanul-
ticasttransportprotocol(TMTP) [20] is the only specificatiorof a
tree-NAPP protocolto date.

2.5. Ring-Based Protocols

Token-ringbasedprotocolsfor reliable multicastwere origi-
nally developedto provide supportfor applicationghatrequirean
atomicandtotal orderingof transmissionst all receiers. One of
thefirst proposaldor reliablemulticastingis the tokenring proto-
col (TRP)[3]; its aimwasto combinethethroughputadvantage®f
NAKswith thereliability of Acks TheReliableMulticastProtocol
(RMP) [19] discusse@n updatedVAN versionof TRP. Although
multiple rings are usedin a naminghierarchy the sameclassof
protocolis usedfor theactualrings. Therefore RMP hasthe same
throughpuboundsasTRP.

We baseour descriptionof genericring-basedrotocolson the
LAN protocolTRPandthe WAN protocolRMP. Thebasicpremise
is to have only onetokensite responsibldor AcKing packetdack
to the source. The sourcetimes out and retransmitgacketsif it
doesnotreceveanAck fromthetokensitewithin atimeoutperiod.
TheAack alsosenesto timestamppacketssothatall recevernodes
have aglobalorderingof the packetdor delivery to theapplication
layer Theprotocoldoesnotallow receversto deliver packetsuntil
thetokensite hasmulticastits ACK.

ReceverssendNak sto thetokensitefor selectve repeabf lost
packetsthat were originally multicastfrom the source. The Ack
sentbackto the sourcealsosenesasa tokenpassingnechanism.
If notransmissiongrom the sourceareavailableto piggybackthe
token,thena separateinicastmessagés sent. Sincewe areinter
estedin the maximumthroughput,we will not considerthe latter
casein this paper Thetokenis not passedo the next memberof
the ring of receversuntil the new site hascorrectly receved all
packetghattheformersite hasreceved. Oncethetokenis passed,
a sitemay clearpacketdrom memory;accordingly thefinal dele-
tion of packetsfrom the collectve memoryof the recever setis
decidedby the tokensite,andis conditionalon passinghe token.
Thesourcewill only deletepacketsvhenanAck/tokenis receved.
Notethatboth TRP andRMP specifythatretransmissionaresent
unicastfrom thetokensite. Becauseut analysisfocuseon maxi-
mumattainableéhroughpubf protocolclasseswe will assumehat
thetokenis passeaxactly oncepermessage.

3. Protocol Correctness

To addresghe correctnes®f protocolclasseswe assumehat
nodesnever fail duringthe durationof a reliablemulticastsession
andthata multicastsessionf establishedorrectly Thereforeour
analysisf correctnesfocusesontheability of theprotocolclasses
to sustaimpacketiosseor errors.We assuméhatthereexistssome
non-zergprobabilitythata packetis recevederrorfree,andthatall
sendersindreceivershave finite memory Extension®f thegeneric
tree-basegrotocolghatensurdivenessandsafetywhennodesan
fail arediscussedy Levine, Lavo, andGarcia-Luna-Acees[11].

The proof of correctnesdor ring-basedprotocolsis given by
ChangandMaxemchuk3]. Theproofthatsendetinitiatedunicast
protocolsaresafeandlive is availablefrom mary sourcege.g.,see
Bertsekasand Gallager[2]). The proof doesnot changesignifi-
cantly for the sendeiinitiated classof reliable multicastprotocols
andis omittedfor brevity. The safetypropertyat eachreceveris
notviolated,becauseachnodecanstorea counterof thesequence
numberof the next packetto be deliveredto a higherlayer The
livenessproperty proof is also essentiallythe same,becausehe
sourcewaitsfor Acksfrom all membersn therecever setbefore
sliding the cw forward. Theoremsl and2 belonv demonstratéhat
thegeneridree-basedeliablemulticastprotocol(TRMP for short)
is correctandthatrecever-initiatedreliablemulticastprotocolsare
notlive.

Theorem 1. TRMPis safeandlive.

Proof: Let R bethesetof all thenodesthatbelongto thereliable
multicastsessionincludinga sources. Thereceversin thesetare
organizedinto a B-ary tree of heighth. The proof proceeddy
inductionon h.

For the casein which h = 1, TRMP reducesto a non-
hierarchicalsendetinitiated schemeof R = B + 1 nodes,with
eachof the B receverspracticinga given retransmissiorstratgy
with the source.Thereforethe prooffollows from the correctness
proof of unicastretransmissiomprotocolspresentedy Bertsekas
andGallager2].

For h > 1, assumethe theoremholds for ary ¢ suchthat
(1 <t < h). Wemustprove thetheoremholdsfor somet = h.

Safety: We mustprove thateachrecever of atree of height
t delivers all datain orderto a higherlayer Eachone keepsa
variablestoringthe sequenc@umberof the packetto be delivered
next. Only thefirst errorfree packetof thatsequenceecevedthat
wastransmittedby the source por retransmittedy thegroupleader
is delivered,andthenthe variableis incremented This procedure
is continueduntil the sessiorhasended.Therefore,TRMP is safe.

LivenessWe mustprove thateachmemberof atreeof heightt
neverreaches deadlock Considera subsebf thetreethatstartsat
thesourceandincludesall nodeof thetreeupto aheightof (¢—1);
the leavesof this subtreearealsohopnodesin thelargertree,i.e.,
groupleadersof the nodesat the bottomof the largertree. By the
inductive hypothesisthe livenesspropertyis true in this subtree.
We mustonly shav that TRMP is live for a secondsubsedf nodes
consistingof leavesof the larger tree andtheir hop nodeparents.
Eachgroupin this secondsubsefollows the sameprotocol,andit
sufficesto prove thatanarbitrarygroupis live.

Thearbitrarygroupin thesecondsubsebdf thetreeconstitutesa
caseof sendefinitiatedreliablemulticast,with the only difference
thattheoriginaltransmissiolis sentfrom thesourcgexternalto the
group),notthegroupleader Sincethe availability of aretransmis-
sionfrom a groupleaderis guaranteetby theinductive hypothesis,
eachgroupis live; thereforethe entiretreeis live. Q€D

Theorem 2: A receverinitiatedreliableprotocolis notlive.

Proof: The proofis by examplefocusingon the senderandan ar
bitrary memberof thereceversetR (whereR > 1).



e Sendemnode, X, hasenoughmemoryto storeupto M pack-
ets.

e Eachpackettakesl unit of time to reacharecever nodeY'.
NAk stakea finite amountof time to reachthe sender

e Letp; denotethei*" packet; beginningfrom zero.po is sent
atstarttime O, but it is lostin the network.

¢ X sendghenext (M — 1) packetgo Y successfully

e Y sendsaNAK statingthatp, wasnotreceved. The NAK is
eitherlostor reacheshesendeiaftertime M whenthesender
decidedo sendout packetpas.

e Since X canonly storeupto M packetsandit hasnot re-
ceivedary NAKsfor pg by time M, it mustclearp, assuming
thatit hasbeenreceved correctly

e X thenrecevestheNAK for po attime M + ¢ andbecomes
deadlockedynableto retransmipo. QED

The above indicatesthat the receverinitiated protocolspro-
posedo daterequireaninfinite memoryto work correctly In prac-
tice, this requirementmpliesthatthe sourcemustkeepin memory
every packetthatit sendsduringthe lifetime of a sessionThis be-
comedmpracticalin long-livedsessionsr in sessioni whichthe
likelihoodof lost packetor NAKsis notnegligible. Fortunatelythe
next sectionshowvsthattree-basegrotocolswhichwe have shavn
to work correctlywith finite memory provide all the scalingbene-
fits of recever-initiated protocols.

4. Maximum Throughput Analysis

To analyzehe maximumthroughputhateachof thegeneriae-
liable multicastprotocolsintroducedin Section2 canachiese, we
usethesameamodelusedby Pingalietal. [15, 16], whichfocusen
theprocessingequirementsf genericreliablemulticastprotocols,
ratherthanthe communicatiorbandwidthrequirements Accord-
ingly, the maximumthroughputof a genericprotocolis a function
of the perpacketprocessingate at the senderandrecevers,and
the analysisfocuseson obtainingthe processingimesper packet
atagivennode.

We assumaea singlesender X, multicastingto R identicalre-
ceivers. The probability of packetlossis p for ary node. Figurel
summarizesll the notationusedin this section. For clarity, we
assuma singleacktreerootedatthesourcen theanalysisof tree-
basedprotocols. A selective repeatretransmissiorstrateyy is as-
sumedin all the protocolclassessinceit is well known to be the
retransmissiostratgy with the highestthroughpute.g.,seeBert-
sekasand Gallager[2]), andits requiremenbf keepingbuffers at
the receversis a non-issuegiven the small of costmemory As-
sumptionsspecificto eachprotocolarelistedin Section2, andare
in theinterestof modelingmaximumthroughput.

We maketwo additionalassumptions(1) all losseventsat ary
nodein themulticastof a packetaremutuallyindependentand(2)
no acknavledgmentsreever lost. Our assumptionslearlyfail to
modelreal systemsaccuratelybut greatlyincreasethe tractability
of themodel.

SuchmulticastroutingprotocolsasCBT, PIM, andDVMRP [1,
7, 5] organizeroutersinto trees,which meansthat thereis a cor
relation betweenpacketloss at eachrecever. Our first assump-
tion is equivalentto a scenarioin which thereis no correlation
amongpacketiossesatreceversandthelocationof thoserecevers
in the underlyingmulticastrouting tree of the source. We amgue
thatthe resultsof our analysisconstitutea lower boundon maxi-
mum throughputfor ary protocolclassthat cantake advantageof
the relative position of receversin the multicastrouting tree for
thetransmissiorof ACKsor NAKS We have notgivenary classan
adwantagewith this assumption.

Our secondassumptiorbenefitsall classeshut especiallyfa-
vorsprotocolghatmulticastacknavledgmentsFor example NAK-
avoidancds mosteffective if all receversareguaranteetb receve
thefirst NAK multicastto thereceier set. As the numberof nodes
involvedin NAK-avoidanceincreasesthe taskof successfutleliv-
eryof aNAK to all receversbecomesessprobable BothRINA and
tree-NAPP protocolsarefavoredby theassumptionbut RINA pro-
tocolsmuchmore so, becausehe probability of delivering NAKS
successfullyto all receversis exaggerated.Tree-NAPP protocols
benefitfrom the assumptionbut the numberof receversinvolved
in theexchangeof NAKsis boundedy thesizeof thelocal groups,
and thereforethe advantagesf assumingperfectNAK transmis-
sionsarelimited. Evenwith this handicappur analysisshowvsthat
tree-NAPP protocolsarebetterthanRINA protocols.

Following the notationintroducedby Pingalietal. [15, 16], we
placeasuperscriptA onary variablerelatedto the sendetinitiated
protocol, N1 and N2 on variablesrelatedto the receverinitiated
and RINA protocols,respectiely, and H2 on tree-NAPP proto-
cols. Tablel summarizeshe boundson maximumthroughputfor
all the known classef reliable multicastprotocols. The results
for sendetinitiated,receverinitiated,andtree-NAPP protocolsare
takenfrom the analysigpresentedby theseauthorq11] andPingali
etal. [15, 16]. Therestof thissectionanalyzedree-andring-based
protocols.

4.1. Tree-Based Protocols

We denotethis classof protocolssimply by H 1, andusethatsu-
perscriptin all variablesrelatedto the protocolclass.In thefollow-
ing, wederve andboundtheexpectedtostateachtypeof nodeand
thenconsiderthe overall systemthroughput.To makeuseof sym-
metry, we assumewithout lossof generalitythatthereareenough
receversto form afull treeateachlevel.

Source node. To makeuseof symmetrywe will assumewithout

lossof generalitythatthereareenoughreceversto form afull tree

ateachlevel. We consideffirst X¥!, the processingostsrequired
by the sourceto successfullynulticastanarbitrarily choserpacket
to all receversusingtheH 1 protocol. The processingequirement
for anarbitrarypacketcanbeexpresse@sa sumof costs:

XH' = (initial transmissiop+ (retransmissiorjs
+ (receving ACKS)
M
X = X+ Xp() + ) (Xulm) + Xp(m)
m=2
LHl
+37 X, &)
=1

where X s is thetime to geta packetfrom a higherlayer, X, (m)
is the time takenon attemptm at successfutransmissiorof the
packet, X, (m) is thetime to processatimeoutinterruptfor trans-
missionattemptm, X (z) is thetimeto processHAck ¢, M is the
numberof transmissionshatthe sourcewill have to makefor this
packet,and L7 is the numberof HACKS receied usingthe H1
protocol. Takingexpectationsye have

EX™'] = E[X/]+ E[M]ELX,] + (E[M] - 1) E[X/]
+ E[LT E[X]. @)
Whatwe have derived sofar is extremelysimilar to Equationg1)
and(2) in theanalysisby Pingalietal. [15, 16]. In fact,we canuse
all of thatanalysiswith theunderstandinghat B is the sizeof the

recever subsefrom which the sourcecollectsHAcKs. Therefore,
theexpectedhumberof HACKS recevedatthe sendeiis

E[L™'] = E[M](B)(1 —p)- ©)



B - Branchingfactorof atree,thegroupsize.
R - Sizeof thereceverset.
Xy - Timetofeedin new packetfrom the higherprotocollayer
P - Timeto procesghetimeto procesghetransmissiorof a packet.
Xa, Xn,Xn - Timesto procesgransmissiorof a ACK, NAK, O HACK.
X, Y: - Timeto processatimeoutata sendemor recever noderespectiely.
Y - Timeto processanewnly receved packet.
Yy - Timeto deliver acorrectlyrecevedpacketto a higherlayer
Yo, Yo, Yn - Timesto processandtransmitan ACK , NAK , Or HACK respectiely.
p - Probabilityof lossatarecever; lossesatdifferentreceversareassumedo beindependengvents.
LH - Numberof HACKs sentby recever r perpacketusingatree-basegrotocol.
LY - Numberof Ackssentby areceverr perpacketusinga unicastprotocol.
L - Totalnumberof HACKs receivedfrom all receversperpacket.
M, - Numberof transmissiongsecessarjor recever r to successfullyeceve a packet.
M - Numberof transmission$or all receversto receve the packetcorrectly; M = max,{ M.}
xXvyv - Processingime perpacketat sendeandrecever respectiely in protocolw € {A, N1, N2, H1, H2, R}.
HH? - Processingime perpacketatahopnodein tree-basegrotocols.
Tk - Processingime perpacketat thetoken-sitan ring-basedrotocols.
AY - Throughpufor protocolw € {A, N1, N2, H1, H2, R} wherez is oneof thesources, recever (leaf) r,
hop-nodéh, or token-sitet. No subscripdenoteverall systemhroughput.

Figure 1. Notation.

tocol irement pasa 0
protoco processorequirements ometant | P =
Sendesinitiated[15, 16] 0 (R(1+528)) O(RInR) | O(R)
Recever-initiated NAK-avoidance[15, 16] | O (1 + %) O(InR) | O(1)
Ring-basedunicastretrans) 0 (1 + @) O(R) o(1)
Tree-based O(B(1 —p)+pBInB) o(1) o(1)
Tree-NAPP[11] o1+ =itz | o) o(1)

Table 1. Analyticalbounds.

SubstitutingEq. 3 into Eq. 2, we canrewrite the expectedcostat
thesourcenodeas

EIX" = E[X/]+ E[M]E[X,] + (E[M] — 1) E[X]
+ E[M]B(1 — p) E[X4]. 4
Becausen H 1 thenumberof recevers R = B, theexpectednum-
berof transmissionperpacketis [17, 15, 16]

B
E[M] = Z (7)o a0 5)
Pingalietal. [15, 16] shav E[M] is boundedoy
E[M]€O<1+ lfplnB). (6)
UsingEg. 6, we canboundEg. 4 asfollows
EX"] € 0 (3(1 +2200 —p))
€ O(B(1-p)+ BphB). @

It thenfollows thatwhenp is aconstanE[X™'] € O(BIn B).

L eaf nodes. Let Y7 denotetherequiremenon nodeshatdo not
have to forward packetqleaves). Noticethatleaf nodesin theH 1

protocolwill procesgewerretransmissionandthussendfewerac-
knowledgmentghanreceversin the A protocol. We canagainuse
ananalysissimilarto theoneby Pingalietal. [15, 16] for recevers
usinga sendeiinitiatedprotocol.

y#!' = (receiingtransmissions+ (sendingHAcKs)
M1
yro=y (Yp(i) + Yh(i)) +Yy, ®)

i=1
whereY;, (1) isthetimeit takesto procesgre)transmission, Y3 (z)
isthetimeit takesto sendHACK 7, Y isthetimeto deliverapacket

to a higherlayer, and ! is the numberof HACKs generatedy
this nodet (i.e., the numberof transmissiongorrectlyreceved).
Sinceeachreceveris sentM transmissionsvith probabilityp that
apacketwill belost, we obtain

E[L] = E[M](1 - p).
Taking expectation®f Eq. 8 andsubstitutingeq. 9 we have
EYF) = E[LE(EY,] + EY)) + E[Yy]
= E[M](1 - p) (E[Yp] + E[Y2]) + E[Y;]. (10)
Again, notingtheboundof E[M] givenin Eq.6,
E[Y?"'1e O(1 —p+phn B).

Whenp is treatedasa constan€[Y*'] € O(In B).

©

11)



Hop nodes. To evaluatetheprocessingequiremenatahopnode,
h, we notethata nodecaughtbetweerthe sourceanda nodewith

no childrenhasa two jobs: to receive andto retransmitpackets.
Becauset is convenient,andbecause hop nodeis both a sender
andrecever, we will expressthe costsin termsof X andY. Our
sumof costsis

H®' = (receiing transmissions+ (sendingHACKs)
+ (collectingHACKS) + (retransmissions
M1 pH1

HHl —

> ()/p(z') + Yh(z')> +Yr 4> Xa(k)

i=1 k=1

+> (Xt(m) + Xp(m)).

m=2

12

Justasin the casefor thesourcenode, 77! is the expectechumber
of HACKs receivedfrom nodeh's childrenfor this packetand Zi!
is thenumberof HACK sgeneratedby nodeh.

E[H"Y] = E[LE)(EY,) + EVA) + E[Y]]
+ (E[M] — 1)(ELX,] + E[X.])

+ E[LF E[X2). (13)
We cansubstituteEquations3 and9 into Eq. 13to obtain
E[H"] E[M](1 — p)(E[Yp] + E[Y4]) + E[Y/]
+ (E[M] — 1)(E[X,] + E[X.])
+ BE[M](1 — p) E[X4]. (14)

Thefirst two termsare equivalentto the processingequirements
of aleaf node. Thelasttwo arealmostthe costfor a sourcenode.
Substitutingandsubtractinghe differenceyields

E[H™"'] = EV™'] + EIX™'] - E[X;] - E[X,].  (15)
In otherwords,the coston a hopnodeis the sameasa sourceand
aleaf, withoutthecostof receving the datafrom higherlayersand
onelesstransmissior(the original one). Substitutingequations?
andl1linto 15we have
E[H"] € O(1—-p+phB)
UO(B(1 —p)+ Bpln B)
€ O(B(1-p)+ Bpln B). (16)
Whenp is aconstan€[H7'] € O(B In B), whichis thedominant
termin thethroughputanalysisof theoverall system.

Overall system analysis. Let thethroughputat the senderA”?
be 1/ E[X™'], at the hop nodesAf! be 1/ E[H"'], at the leaf

nodesA”! be 1/ E[Y™']. The throughputof the overall system
is

AT = man{ AT AT AT (17)
FromEquations7, 11,and16it follows that
1/A"" € O(B(1 - p) + Bpln B). (18)
If p isaconstanendif p — 0, we obtain
1/A"' € O(BInB)=0(1) ; pconstant  (19)
/A" eo(By=0(1) ; p—o. (20)

Thereforethemaximumthroughputof this protocol,aswell as
the throughputwith non-ngligible packetloss, is independenbf
thenumberof recevers. Thisis theonly classof reliablemulticast
protocolsthatexhibits suchdegreeof scalabilitywith respecto the
numberof recevers.

4.2. Ring-Based Protocols

In this sectionwe analyzethe throughputof ring-basedproto-
cols,which we denoteby a superscript?, usingthe sameassump-
tionsasin Sectiord.1. Becausave areassumingconstanstream
of packetswe will ignorethe overheadhatoccurswhenthereare
no Acksonwhichto piggybackioken-passingnessages.

Source. Sourcenodespracticea specialform of unicastwith a
roamingtokensite. The sumof costsincurredis

X® = (initial transmissioh+ (processing\cks)
+ (retransmissions
LY
X = Xy X0+ Xa(i)

=1

3 (m + X)),

m=1

(1)

whereM,. isthenumberof transmissionsequiredfor thepacketo
berecevedby thetokensite,andhasamearof E[M,] = 1/(1—p);

andlet LY bethe numberof Acks from areceier r (in this case
the token site) sentunicast i.e., the numberof packetscorrectly

recevedatr. This numberis alwaysl, accordingly:
LY = E[M,](1—p) = 1. (22)

Taking expectationof Eq.21, we obtain
E[X™ = EX;]+EM]EX,]+ (E[M,]—1)E[X/]

+ E[L;TE[X.]
= ELX/)+ 7 B+ T2 ELX)
+ E[X4]. (23)

If weagainassumeonstantostgor all operationsit canbeshovn

that
R 1
E[X ]€O<1_p)’

which, whenp is a constantjs O(1) with regardto the sizeof the
recever set.

(24)

Token site. Thecurrenttokensite hasthefollowing costs:(Note
both TRPandRMP specifythatretransmissionaresentunicastto
otherR — 1 recevers.)

T% = (recevingtransmissioi

+ (multicastingack/token)

+ (processingVAKS)

+ (unicastingretransmissions
T =

Ll;f LB
v (50 )+ D)

My
+ (R —=1)Prob{M, >1} " X,(m),  (25)

m=1

where L™ is the numberof NAKS receved at the tokensite when
using a ring protocol. To derve L%, considerM,., the number
of transmissiongiecessaryor recever r to successfullyeceve a
packet.M, hasanexpectedvalueof 1/(1 — p), andthelasttrans-
missionis not NAKed. Becausehereare (R — 1) otherrecevers
sendingNAKsto thetokensite,we obtain

(B—-1)p

E[L) = (R-1)(EM,] - 1) = ~——

(26)



Thereforethemeanprocessingime atthetokensiteis
E[T"] = E[Y)]+E[Y;] + E[Ya] + E[L"] E[X,]
+ (R — DpE[M,]E[X,]
= EY;]+EYp] + E[Yd]

R—1)
# B (e ve). @
Theexpectedcostat thetokensite canbe boundedyy
ET" €0 (1 + (Rl_i”p) , (28)
—-p

with regard to the numberof recevers. When p is a constant,
E[T"] € O(R).
Receivers. Recevers practicea recever-initiated protocol with
the currenttokensite. We assumethereis only onepacketfor the
ACK, token,andtimestampmulticastfrom the tokensite perdata
packet.Thecostassociateavith anarbitrarypacketaretherefore
Y® = (receving Ack/token/timestamp

+ (receving first transmissioip
+ (sendingNAKS)
+ (receving retransmissions
Yo 4+ Prob{M, = 1}Y,(1) + Y;

Ly
+Prob{M, > 1} (i)

=1

M,
+ Prob{M, >1} 3 Yu(m)

m=2
M,

+ Prob{M, > 2} Y " Vi(n).

n=3

(29)

The above equationis complicated, and each term needsto
be explained. The first term is the cost of receving the
Ack/token/timestampacketfrom the tokensite; the seconds the
costof receving thefirst transmissiorsentfrom thesenderassum-
ing it is recevved error free; the third is the cost of delivering an
errorfree transmissiorto a higherlayer; the fourth is the costof
receving theretransmissiongom thetokensite,assuminghatthe
firstfailed; andthelasttwo termsconsidethata NAK is sentonly if
thefirst transmissiorattempftfails andthataninterruptoccursonly
if aNAK wassent.Takingexpectationsye obtain
EVe] = E[Ya]+ (1 —p)E[Yp]+ E[Y/]
+pE[L;|E[Y;]
+ p(E[M,|M, > 1] — 1) E[Y},]

+ P (EIM, M, > 2] - 2)E[Y).  (30)

It follows from the distribution of M, that[15, 16]
EM,|M, >1] = f%i, (31)
E[M,|M, >2] = %. 32)

Substitutingequation22,31,and32into Eq. 30 we have
EY®] = E[Xa]+ (1 —p)E[Y,]+E[Y;] + pE[Y;]

n IL <E[Yn] +p E[Yt]) . (33)
-Pp

Assumingall operationdave constantosts,jt canbe shovn that

ED/R] c0 <1 +p2) :

1-p

(34)
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Figure 2. Thethroughpuigraphfrom the exactequa-
tionsfor eachprotocol. The probability of packetioss
is 1%, 10%,and25%respectiely. Thebranchingac-
tor for treesis setat 10.

with regardto the size of therecever set. If we considerp asa
constantthenE[Y F] € O(1).
Overall system analysis. The overall systemthroughputof R,

thegenerictokenring protocol,is equalto theminimumattainable
throughputat eachof its parts:

AT = min{AF A AFY. (35)

FromEquation24,28 and34 if follows thatif p is a constaneand
for p — 0, we obtain

1/Afeo <1 + (Rl_il)p) ; pconstant  (36)
—-Pp
/A" eo(1) ; p—o. (37)

Whenp — 0, themaximumthroughpuof this classof protocolsis
0O(1) andnot dependentf thenumberof recevers.

5. Numerical Results

To comparethe relative performanceof the variousclassesf
protocols,all meanprocessingimesare setequalto 1, exceptfor
thecostsof sendingor receving periodicHACKs in tree-NAPPpro-
tocolswhicharesetto 0.1. Figure2 comparesherelative through-
puts of the protocolsA, N1, N2, H1, H2, and R asdefinedin
Section2. Thegraphrepresenttheinverseof

Equations14 and 27, respectiely, which arethe throughputs
for thetree-basedndring-basegrotocols aswell astheinverseof
thethroughpuequationslerivedpreviously[15, 16, 11] for sender
initiated, receverinitiated,andtree-NAPP protocols.

The top, middle and bottom graphscorrespondo increasing
probabilitiesof packetioss,1%, 10%,and25%,respectiely. The
performanceof NAK-avoidanceprotocols, especiallytree-NAPP
protocols,is clearly superior However, our assumptionglace
thesetwo sub-classeat anadvantageover their baseclassesFirst,
we assumethat no acknavledgmentsare lost or are receved in
error The effectivenessof NAK-avoidanceis dependenbn the



probability of NAK S reachingall recevers, and thus, without our
assumptionthe effectivenessof NAK-avoidancedecreasesasthe
numberof receversinvolved increases.Accordingly, tree-NAPP
protocolshave anadvantagehatis limited by the branchingactor,
andRINA protocolshave anadvantagehatincreasesvith the size
of the entirerecever set. Secondwe assumehatthe timersused
for NAK-avoidancearesetperfectly In reality the messagessed
to settimerswould be subjectto end-to-endlelaysthat exhibit no
regularity andcanbecomearbitrarily large.

We conjecturethatthe relatve performancef NAK-avoidance
subclassewouldactuallylie closerto theirrespectie baseclasses,
dependingon the effectivenessof the NAK-avoidancescheme;in
otherwords,the curvesshavn areupperbounds.Our resultsshow
that when consideringonly the baseclasseg(since not one has
an advantageover another)the tree-basedlassperformsbetter
thanall the otherclasses.Whenconsideringonly the sub-classes
thatuseNAK-avoidance tree-NAPP protocolsperformbetterthan
RINA protocolseventhoughour modelprovidesan unfair advan-
tageto RINA protocols.

It is the hierarchicaktructureorganizationof therecever setin
tree-basegbrotocolsthat guaranteescalabilityandimproves per
formanceover other protocols. Using NAK-avoidanceon a small
scaleincreaseperformancdurther In addition,if NAK-avoidance
failed for atree-NAPP protocol,the performancevould still bein-
dependenof the size of the recever set. RINA protocolsdo not
have this property Failure of the NAK-avoidancefor RINA proto-
colswouldresultin unscalablgerformancdike thatof arecever
initiated protocol, which degradesquickly with increasingpacket
loss.

Any increasen processospeedor a smallerbranchingfactor
would alsoincreasehroughputfor all tree-basegbrotocols.How-
ever, for the samenumberof recevers,a smallerbranchingfactor
implies a larger numberof tree-hopssomeretransmissionsnust
traverseto receversexpectingthemfurtherdown the tree. For ex-
ample,if apacketis lostimmediatelyatthe sourcetheretransmis-
sionis multicastonly to its childrenandall othernodesn thetree
mustwait until the retransmissiotricklesdown the tree-structure.
This posesa lateny problemthat canbe addressedby taking ad-
vantageof the dependeniesin the underlying multicastrouting
tree. Retransmissionsould be multicastonly toward all recevers
attachedo routerson the subtreeof the routerattachedo there-
ceiverwhichhasrequestethemissingdata.However, to datethere
is no proposedschemenvhich accomplisheshis task. The number
of treehopsfrom therecever to the sourceis alsoa factorin how
quickly the sourcecanreleasedatafrom memoryin the presence
of nodefailures, asdiscussedy Levine, Lavo, andGarcia-Luna-
Aceves[11].

Figure3 shows the numberof supportableeceversby eachof
thedifferentclassestelative to processospeedequirementsThis
numberis obtainedby normalizingall classego a baselinepro-
cessorasdescribedoy Pingaliet al. [15, 16]. The baselineuses
protocol A and can supportexactly onerecever; if u“[R],w €
{A,N1,N2,H1,H2, R} is the speedof the processothat can

supportat most R receiersunderprotocolw, we setu”[1] = 1.
Thebaselinecostis equalto [15, 16]
1 3-p 3-p

EX] T uAl1-p  1-p

R=1

(38)

UsingEquations38,13,and27 we canderie thefollowing us for
tree-basedndring-basedrotocols respectiely:
H1 1 H1
Rl = ——=FEH

WA = g B

1 .
= E[M](1—-p)(2) +1
ey (EMI0 = p)(2) +
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Figure 3. Numberof supportableeceversfor each
protocol. The probability of packetlossis 1%, 10%,
and25% respectiely. The branchingfactorfor trees
is setat 10.
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= o EMIA+B-Q+B)p)-1), (39
W = g )1“] E[77]

. 1 (R-1)p .

= %A <1+1+1+7(1_p) (1+1))

- 1! 2(R—1)p

= = (3+ = ) (40)

The numberof supportableeceversderived for sendefinitiated,
recever-initiated, and tree-NAPP protocolsare shavn to be [15,
16,11,

WR = g EMI2 + R =)
WVIB) = grpay(L+ EM)+ Bp/(1 - p)
WVIE] = g (2EDM))

WH2R] = E[;A] (4= p)E[M]—1.940.1B

3 -2
+p < b_ 2) :
I-p
Becausehe exact value of E[M] is difficult to computefor large
valuesof R, we usetheapproximatior{15, 16],

EM]~a+ 7(}[31;&7;{ R)7

whereaq is thevalueof E[M] for R = 35 and Hy, is theharmonic
series. Whenevaluatingu™ ' [R] and x™2[R], an exact valuefor
E[M] is usedbecaus¢he numberof receversis alwaysR = B =
10.

From Figure 3, it is clearthat only the tree-basealassesan
supportary numberof recevers for the sameprocessorspeed

(41)



boundat eachnode. It is alsoclearthat, in termsof performance
tree-NAPP protocolsaresuperiorto otherclasses.

Becauseof the unicastnatureof retransmissiong ring-based

protocols theseprotocolsapproachsendetinitiated protocols;this
indicatesthat allowing only multicastretransmissionsvould im-
prove performancegreatly

6. Conclusions

We have comparedindanalyzedhefour known classe®f reli-
able multicastprotocols. The resultsare summarizedn Table 1.
It is alreadyknown that sendefinitiated protocolsare not scal-
able at all sincethe sourcemustaccountfor every recever lis-
tening. Receverinitiated protocolsare more scalable especially
whenNAK-suppressioschemesreusedto avoid overloadingthe
sourcewith retransmissiomequests However, becausef the un-
bounded-memorgequirementthis protocolclasscanonly beused
efficiently with application-layesupport,andonly for limited ap-
plications.Ring-basegrotocolsweredesignedor atomicandto-
tal orderingof packets. TRP and RMP limit their throughputby
requiring retransmissions$o be unicast. It would be possibleto
reducethe costboundto O(In R), assumingp to be a constant,
if the NAK-avoidancetechniquegresentedy Ramakrishnarand
Jain[17] wereused.

Our analysisshows that treesare the answerto the scalability
problemfor reliablemulticasting.Only tree-baseéndtree-NAPP
classedave a throughputhatis constantwith respecto the num-
berof receversevenwhentheprobabilityof packetossis notneg-
ligible. Furthermorepur model predictstree-NAPP protocolsas
thebestmethodfor supportingreliablemulticast.

Of course pur modelconstituteonly a crudeapproximatiorof
the actualbehavior of reliablemulticastprotocols.In the Internet,
anAcCk or a NAK is simply anothermpacket,andthe probability of
anACK or NAK beinglostor recevedin erroris muchthe sameas
theerrorprobabilityof adatapacket.This assumptiomivesproto-

colsthatuseNAk-avoidancean advantageover over otherclasses.

Therefore|t is morereasonabléo comparethemseparately:our
resultsshaw thattree-basegrotocolswithout NAK-avoidanceper
form betterthanotherclasseghatdo not useNAK-avoidance and
thattree-NAPP protocolsperformbetterthanRINA protocolseven
thoughRINA protocolshave an artificial advantagedover every
otherclass.

We conjecturethat, oncethe effect of Ack or NAK failure is
accountedor, the samerelative performanceof protocolsthatdo
not useNAK-avoidancewill be seen.Furthermorewe believe the
true performancef tree-NAPP andRINA protocolswill lie closer
to their respectie baseclassesdependingn the effectivenessof
the NAK-avoidanceschemejn otherwords,the curves shown for
NAK-avoidanceprotocolsareupperbounds.

The fact that packetfailures are correlatedalong a multicast
routing treessetupby CBT or PIM meansthat our models as-
sumptionof independenpacketfailuresleadsto lower boundson
themaximumthroughputbecauseeliablemulticastprotocolscan
takeadvantageof the structureof the underlyingmulticastrouting
tree.Ouranalysiprovidesno advantageo ary classhowever, and
we believe the relatve performancesvould not changeif we did
notmakethis assumption.

Becauséree-basegrotocolsdelegateresponsibilityfor retrans-
missionto receiversandbecauséhey employtechniquesipplicable
to eithersender or recever-initiated protocolswithin local groups
(i.e.,anodeandits childrenin the tree) of the ack tree only, ary
mechanisnthatcanbe usedin areceverinitiated protocolcanbe
adoptedin a tree-basegrotocol, with the addedbenefitthat the
throughputand numberof supportableeceversis completelyin-
dependendf thesizeof therecever set regardlesof thelikelihood
with which packetsarerecevedcorrectlyattherecevers.Basedn
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theseresults,future work on reliable multicastingfor the internet

shouldfocuson developingnew tree-basegrotocols.
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