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Abstiact— We proposeand evaluate novel reliable multicast protocols
that combine active repair sewice (a.k.a. local recovery) and parity en-
coding (a.k.a. forward error correction or FEC) techniques. We showv
that, compared to other repair sewice protocols,our protocolsrequire less
buffer insidethe network, maintain the low bandwidth requirementsof pre-
viously proposedrepair sewvice / FEC combination protocols,and reduce
the amount of FEC processingat repair sewers, moving more of this pro-
cessingo the end-hosts.We alsoexaminerepair setvice/ FEC combination
protocolsin an ernvironment where lossrates differ acrossdomainswithin
the network. We nd that repair sewicesare more effective than FEC at
reducingbandwidth utilization in suchervironments.Furthermor e,adding
FEC to a repair sewicesprotocol not only reducesbuffer requirementsat
repair sewvers, but alsoreducesbandwidth utilization in domainswith high
loss,or in domainswith large populations of recevers.

|. INTRODUCTION

Many applicationsrequirethe reliable delivery from a sin-
gle senderto a large numberof recevers. Providing sucha
delivery in a best-efort network where paclet lossesare fre-
guent,suchasthe Internet,requiresa reliable multicastproto-
col, whosespeci ¢ functionis to compensatéor theselosses.
Becausaetwork bandwidthis a limited resourcethereis con-
siderableinterestin improving uponthe bandwidthutilization
of suchprotocolsespeciallyin the eventthatthey mustsupport
deliveryto thousand®f recevers[12].

Repairserviceaandhybrid parity encoding automatiaepeat
reques{FEC/ARQfor short)aretwo approachewhich reduce
thebandwidthrequirement®f reliablemulticastprotocols.The
repairservicesapproachutilizes repairseners, which localize
retransmissiont regionsof the network wherelossoccurs[4],
[6], [7]. Becauseachrepairsenermightsuppornumerouses-
sionsin the network, andhaslimited buffer to storepacletsfor
retransmissionit is importantto reducethe persessiorbuffer
requirementsiteachrepairsener.

FEC/ARQis anend-to-endipproactwhich useserasurecod-
ing techniquedo producespecialrepairpaclets[1], [2], [10].
Typically, the setof repairpacletsthatcanrepairall lossesn-
curredby receversis smallerthanthe setof pacletsthatneed
retransmissiofB]. However, end-hostsnustperformadditional
encodingor decodingoperations.

Furtherreductionin bandwidthrequirementganbe accom-
plishedby designingprotocolsthatutilize bothapproachefs],
[9]. We referto suchprotocolsasActive Parity EncodingSer
vicesprotocols,or APESprotocolsfor short. In this paper we
introducetwo novel APESprotocolswhich, comparedo previ-
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ous APES protocols,maintainsimilar bandwidthrequirements
and reducebuffering and FEC processingwithin the network.
Thereductionin buffer is achiezed by restrictingbufferingto a
small setof encodedepairsinsteadof buffering original data
paclets. This setof FEC repair packets canbe usedto repair
mary combination®f lossedncurredby receversandbecause
the setis smallerthanthe setof original datapaclets,it utilizes
lessbuffer. FEC processings alsoreducedat repairsenersin
the network by moving the majority of suchprocessingo the
end-host®f thenetwork (sendelandrecevers).

We performananalyticalstudyof thesenew APESprotocols
to determinghe network bandwidthandrepairsener buffer re-
guirementsasa function of a repairsener's likelihoodof suc-
cessfully servicing a repair request. Theserequirementsare
comparedo thoseof previousapproachegbothnon-FECrepair
sener andprevious APES).We nd thatgeneratingall repairs
at the senderand forwardingthemto repairsenersallows re-
pair senersto servicerepairrequestwith the samelikelihood
asin previous approachesbut with a smallerbuffer. How-
ever, this forwarding causesa considerabléncreasein band-
width betweenthe senderandthe repairsener. We nd that
if repairsare generatedand buffered at the repair sener, then
repairsenerscanservicerepairrequestswith the samelikeli-
hoodusingroughlythe sameamountof of network bandwidth
asin previous approaches.However, the differencein buffer
requirementss a functionof therateat which the sendettrans-
mits data,with thenew approaclyieldingalargersavzingsasthe
transmissiomateincreases.

Finally, we determinehow variouslosscharacteristicsvithin
the network impactthe bandwidthsavings achiezed by using
an APESprotocolinsteadof a protocolthatusesrepairservice
approachesvithout FEC, or only an end-to-end~EC/ARQap-
proach.For this study we baseour network modelson studies
which indicatethat recever lossratesvary acrossdifferentre-
gionsof the network [3], [14]. We nd thatin suchmodels,
repair servicesprovide more signi cant savings in bandwidth
thanend-to-end-EC/ARQ.However, we nd thatAPESproto-
cols,in additionto reducingbuffer requirementsisenoticeably
lessbandwidtithannon-FECrepairsenerprotocolsn highloss
regions,or in regionswherearepairsenerservicesalargenum-
bersof recevers.

Theremaindeof the papemroceedssfollows. Thenetwork
topologyand APESprotocolsare presentedn Sectionll. The
protocols' performances analyzedin Sectionlll. SectionlV
examinesthe impact that the networking ervironmenthason
thebene t of addingFEC/ARQor repairservices.Finally, we
suggestirectionsfor futurework andconcludein SectionV.
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Fig. 1. Thenetwork model.

II. APES

Our network model consistsof a multicasttree, which con-
tainsa senderat theroot of thetree,andreceversat the leaves
of thetree! Receversaretopologicallypartitionedinto  re-
pair domaing . We de ne the domainsize
to be the numberof receversin domain . In this paper we
considera onelevel hierarchyof repairseners,whereeachre-
pair sener is locatedat a point in the tree betweenthe sender
andasingledomain.This allows therepairsenerto recevve all
pacletsthataremulticastfrom the sendeto receverswithin its
domain. The repairsener canalsosubcasimulticastexclud-
ing thelink towardthesenderpacletsto its repairdomain.See
Figurel for anexample.

APES protocolssendFEC-basedepairsin placeof retrans-
missions.The sendergroupsdatapacletsinto blocksof size
(henceforth is referredto asthe block sizg, andfeedsthem
into anencodeto producerepairpaclets. Thenumberof repair
pacletsthat can be producedis sufciently large that, for our
purposesit is safeto assumehatthe sendeicanproduceanun-
limited supply Repairpacletsgeneratedrom ablockof data
pacletsare saidto belongto the block from which they were
generatedAny entity (e.g. repairsener or recever) with ade-
codercanretrievethe datapacletsfor ablock onceit receves
ary combinatiorof dataandrepairpacletsthatbelongto that
block. FEC-basegbrotocolsperformreliabledelivery by ensur
ing thateachrecevergets distinctpacletsperblock. Thefact
thatreceverscanlosedifferentdatapacletsbut usethesameset
of repairsto recoverfrom lossegeduceshe numberof required
repairtransmissions.

To ensurethateachof its downstreanreceversgetsat least

distinct pacletsperblock, arepairsener mustreceve dis-
tinct paclets per block from the sender We refer to the rst

pacletsrecevedat the repairsener per block (of block size
) as source padkets which canconsistof any combinationof
dataandrepairpacletsbelongingo thatblock. Thevariouspro-
tocolsusedifferentcombinationf buffering, forwarding,and
FEC codingat the repairsener to ensurereliabledelivery of
distinctpacletsto downstreanrecevers.We now considewhat
therepairsener doesin eachprotocolin orderto ensurethata
singleblock of pacletsis reliably transmittedto the recevers
in its domain.Multiple blocksaredeliveredby applyingthede-

In practice whatwe call arecever is likely to bealocal areanetwork (LAN)
thatcancontainseveralreceving applications.

TABLE |
HIGH LEVEL COMPARISON OF THE THREE PROPOSED A PES PROTOCOLS.
| RepairSener... | SDBR| BRSR | GRSR |
Encodes? Yes Yes No
Decodes? Yes No No
Buffers Data Repairs | Repairs
Fwdsrepairsfr. src | Never | Sometimes| Always

scribedprotocolgto eachblock of databeingtransferredDueto
lack of spacespeci ¢ feedbackmechanismsre not presented
here,but appeain [11].

The Store-Data-Build-RepairsProtocol (SDBRY). This proto-
colis similarto previousproposalg5], [9]. Oncearepairsener
reliably obtains sourcepaclets,it reproducegvia FECdecod-
ing) the original datapaclets,which it subsequenthpuffers.
Wheneer an additionalrepairis requiredby one or morere-
ceiers,therepairsener generatesa distinctrepairvia FECen-
coding.

The Build-Repairs-Store-RepairsProtocol (BRSR): A repair
sener decidesin advanceon a x ed number , of repairsper
block to generatevia FEC encoding. Here, the repair sener
doesnot buffer the sourcepaclets,but merelysupplieshemas
they arrive to the FEC encoder We referto this codingprocess
ason-the- y encoding® For thatblock, only the pacletsthat
aregeneratedrebufferedat therepairsener. These paclets
occuyy buffer spaceuponarrival of the rst sourcepaclet,and
cannoteusedfor repairuntil the thsourcepaclethasbeerfed
into theencoderIf all receversloselessthan sourcepaclets,
thenthey canreconstructhe original databy reliably receving
a subsebf repairsresidingin the repairsener's buffer. Relia-
bility is guaranteedby havingtherepair serverreliably transmit
neededepairs, insteadof genemting new repairs for eac loss.
We shallseethatthisresultsin areductionin buffer sizeandalso
in anegligible increasen bandwidthcomparedo thebandwidth
usedby SDBR.If ary receverlosesmorethan sourcepaclets,
it mustobtainadditionalrepairsfrom thesource sincetherepair
seneris unableto generatexdditionalrepairs.

The Get-Repairs-Stoe-RepairsProtocol (GRSR): Underthis
protocol,therepairsenerdoesnotrequireFECencodingcapa-
bilities. Instead,it requests repair paclets from the sender
which it buffers. Oncethe repairsener obtainsthe paclets,
the protocolbehaesidenticallyto BRSRfor the remainderof
thetransmissiorof theblock.

Thevaluefor canbechoserto bebetweerD andthesizeof
theblock, , ( ). In Sectionlll, we examinehow the
choiceof impactsbandwidthandbuffer requirements.

Tablel presentsihigh-level comparisorof thethreeproposed
APESprotocols. SDBRis the mostef cient in termsof band-
width, but its perblock buffer requirementareidenticalto that
of a non-FECrepairsener protocol, henceforthreferredto as
an RSprotocol It alsoperformsdecodingat repair seners?
BRSRand GRSRbuffer only repairs. Sincereceversreliably

Coding packageswith on-the- y encodingcapabilities,as well as several
otherenhancementsindsupportingdocumentatiorare availablefor download
at http://www-net.cs.umass.edu/"drubenst/softwa/software. html#fec.

Thedecodingis not arequiremenbf the protocol. However, previouswork
assumeshe capabilityis available. If decodingis not performed,then SDBR
\[Ni|| requirereceversto performtherecursie decodingalgorithmdescribedn

1
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receve theserepairs,thereis never a needto buffer morethan

repairsperblock. This meanghattheseprotocolswill never
buffer more paclets per block than SDBR. They also do not
performdecodingat repairseners. BRSRand GRSRdiffer in
thatBRSRrequiresadditionalFECprocessingt repairseners,
while therepairsenersin GRSRperformnoencodingAs are-
sult, GRSRrequiresextra bandwidthto deliver repairsbetween
the senderandrepairsener that BRSRinsteadgeneratesvith
its encoder

We assumefor BRSRand GRSR,thatthe repairsener re-
strictsbufferingto the repairs.Otherpolicies(suchasadding
additional repair transmissiondrom the sourceto the buffer
whenreceversrequiremorethan repairs),do notleadto con-
siderablebandwidthsavings, and cansigni cantly increasehe
amountof buffer utilized. We will alsoassumenly a singlehi-
erarchicalevel of repairseners. However, the protocolscould
easilybeextendedo includemultiple hierarchicalevels. These
issuesareaddresseth [11].

I11. BUFFER/BANDWIDTH PERFORMANCE

As a consequencef our model, eachrepairdomaincanbe
analyzedseparately Let us assumethat a block size of is
used,arepairsener has receversdownstreamandeachre-
ceiver losesary paclet sentto it with a probability . To sim-
plify presentationye donotconcermourseheswith how there-
pairsenerreliably obtains sourcepackets.Hencewe assume
that thereis no loss betweenthe senderand the repair sener.
We considerfour performancenetrics:the expectednumberof
paclet transmissiongrom the repair sener to its downstream
recevers,the expectednumberof repairsrecevedby therepair
senerfromthesendertheexpectechumberof packetsthatmust
be bufferedperblock at a repairsener, andthe repairsener's
expectedbuffer utilizationat any momentin time, whichwe re-
fer to asthe buffer size

We beagin by analyzingBRSR and GRSR.We index the
sourcepacletsthatarrive at therepairsenerfrom to . Ad-
ditional repairsare assignedlistinctindiceslargerthan . We

assumehattherepairsenermulticastsall packettransmissions.

Ouranalysisalsoassumethatareceverthatloses of pack-
etsin ablockrequirestherepairsenerto reliablytransmitpack-
ets through . In practiceareceverthatrequires
repairsandlosessomeof the repairsnumbered through
couldeffectively useany repairnumbered
in placeof alostrepait By doingthis,therecevercanonly de-
creasdhe numberof timesit requests particularrepair Thus,
ourassumptiomgivesa conserative upperboundonthenumber
of transmissionfrom arepairsener.
To simplify presentatiorywe de ne
ity of losingexactly of paclets.

to betheprobabil-

De ne
missionof packet within the block. For ,
, this is the probability thatfewer than

to be the probabilitythata recever requirestrans-
. For
of the

initial pacletsarerecevedby arecever. If exactly

of theinitial pacletsarereceved,thenit canrecosertheblock

by reliablyobtainingthe repairsnumbered  through
. Thus,

De ne to be the probability that at leastone recever
needamorethan transmissionsf paclet |,

or

A. Bandwidth:RepairServerto Receives

We now considerthe expectedbandwidthrequiredbetween

therepairsenerandits recevers(dataplusrepairs).Let
, and be randomvariablesthat denotethe num-

ber of paclets that are transmittedby the repair sener using
SDBR,BRSR,andGRSR respectrely. Theanalysispresented
in [8] that givesthe bandwidthrequirementdetweena sender
anda setof receversover a startopologylendsitself directly to
thebandwidthcomputatiorfor SDBRin our network model:

1)

We now compute upper bounds on and
. Let bearandomvariablethat equalsthe num-
ber of timesthat paclet is transmitted. For , we have
, sincethe pacletis alwaystransmittedat mostonce.
For , apacletis transmittedas mary timesasit is
neededby somerecever. Hence,(recallingthat our computa-
tionsyield conserative upperbounds)ve have

(@)

Figure 2(a) presentghe expectednumberof transmissions
(normalizedperpaclet)for ablocksizeof 10andreceverswith
lossratesof 5% ( ), asafunctionof thedomainsize.We
obseneaclearreductionin bandwidthdueto theintroductionof
FEC,andfurtherobsene thatBRSRandGRSRuseessentially
the samebandwidthas SDBRuntil the domainsizegrows very
large. We emphasizehat the bandwidthfrom the repairsener
to receversis unafectedby the choiceof .

Figure2(b) givesan upperboundto theratio of the expected
numberof per paclet transmissiongor BRSRandGRSRover
theexpectechumberof perpaclettransmissionfor SDBRasa
functionof block size. Here,thereare 8 receversin the repair
domain.Curvesarepresentedor variouslossrates.We obsere
that, for lossratesat or belov 10%, SDBR is only 4% more
bandwidthef cient than BRSR and GRSR. The differenceis
signi cant only for high lossrates. Thus, for reasonabldoss
rates BRSRandGRSRdonotusesubstantiallymorebandwidth
thanSDBRbetweertherepairsenerandrecevers.
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Fig. 2. A bandwidthcomparisorof protocols.

Notethatbecaus&DBRalwayssendgheminimalnumberof
distinctrepairsto provide reliability, it providesa lower bound
on the expectedbandwidthfor BRSR and GRSR. The small
differencein bandwidthrequiredby SDBR whencomparedo
the upperboundsof BRSRand GRSRindicatesthatthe upper
boundis tight. To summarize SDBRrequireslessbandwidth

betweertherepair serverandreceives than BRSRand GRSR.

However, for domainsizesandlossratesthat onemightexpect
in practice thedifferencein bandwidthis negligible.

B. Bandwidth:Sendetto RepairServer

Recallthatfor BRSRandGRSR,if receverslosemorethan

sourcepaclets,thenadditionalpacletsmustbe obtainedrom
thesourceby therepairsener. Let bearandomvariableequal
to thenumberof additionaltransmissionthe sendemustmake
to arepairsener. The approachusedto derive (2) yields the
following:

The expectednumberof repairsthatthe sendemustreliably
sendto a particularrepairsener underBRSRis boundedrom

above by For GRSR,wherethe bufferedrepairsare
transmittedrom the senderaswell, the expectednumberof re-
pairsis boundedrom above by

1
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Fig. 3. Additionalpacletsfrominsufcient buffering,normalizedo blocksize.

We now focusonhow thechoiceof affectsperblockbuffer
andsendeito-repairsener bandwidthrequirementsThe graph
in Figure3illustrategheexpectedadditionabandwidthnormal-
ized per paclet (i.e., ) asa function of the normalized
initial buffer size (i.e., ) for variouslossrates. The block
sizeis 10andthedomainsizeis 8. Thisillustratesthatthe num-
berof timesthattherepairsenermustretrieve arepairfromthe
senderis extremelysmallwhen is chosensufciently large.
From this, we concludethat for sufciently large , the addi-
tional bandwidthneededrom the sendeiis neggligible. We see
asimilartrendaswe vary the block sizeor thedomainsize(see

[11]).

C. ExpectedBuffer Size

We refer to the size of the buffer beingutilized by the pro-
tocol at ary giventime asthe buffer size The expectedbuffer
sizeis anincreasingunctionof boththe numberof pacletsthat
must be buffered, and the amountof time that eachpaclet is
buffered. We de ne to bethebuffer sizeof an RS proto-
col,and to bethebuffer sizeof BRSR.We now compute

and . Later, we discusshow thesevalues
comparewith thebuffer sizeof GRSR,

Our analysisof the BRSRandRS protocolsconS|dersa re-
pair senerto which datapacletsarrive with arrival rate, . We
alsoassumehatthereis a x edroundtrip time (RTT), , be-
tweeneachrecever andits upstreanrepair sener, which in-
cludesthetimethatit takesfor areceverto detecta pacletloss,
sendfeedbacko the senderand have the senderespondwith
retransmissions/hena repairserer cannotprovide sufcient
repairsfor ablock (becausés buffer doesnot containsuf cient
informationto producerepairsfor thatblock), we saythata re-
pair servermisshasoccurredfor thatblock. For the RS case,
arepairsener missis de ned per paclet (i.e., a block size of
1). We measurdgherepairsener's effectivenessn termsof the
repair servermissprobability, , which is de ned to be the
probabilitythatatleastonerepairsenermissoccursfor ablock

of size . Given , we cancompareexpectedbuffer sizesby
choosingsome anddeterminingthe expectedbuffer size so
that

A dif culty in comparingouffer sizesfor differingblocksizes
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is thatrepairsenermissesarede nedin termsof theblocksize.
A similar dif culty ariseswhencomparingbuffer sizesfor an
APES approachwith an RS approach.However, we cantake
adwantageof the factthatwe assumdossesin the network are
describedby a Bernoulli processso that, for the RS protocol,

& wheneer . We
performafair comparisorover differentblock sizes, and
by selectingavalue, . Fromthis,wecompute , and ,

usingtheabove equivalencerelation.

The buffer requirementghat would allow a repairsener to
have amissprobabilitylowerthananapplicationchoserbound,

, werecomputedn [4] for anRS protocol. Therepairsener
maintainseachoriginal datapacletin its buffer for a x ednum-
ber of transmissions, , which allows eachrecever at least
attemptsat receving the paclet. Thevalueof is chosenso
that , Where is thelossprobability
fromtherepairsenerto eachrecever,and isthedomainsize.
UsingLittle's Law, the expectedbuffer sizecanbe computed:

Theterm, indicateghenumberof pacletsthata sendeis
expectedto sendbetweerreceier retransmissionequests We
referto this valueasthe retransmissioractor.

For protocolBRSR,we computeanupperboundon thetime
that eachpaclet is maintainedin the buffer, suchthat the re-
pair sener missprobability,  , is lessthananapplicationcho-
senbound, , for ablock sizeof . A repairsener missoc-
curswheneither repairsareinsufcient for somerecever, or
whenoneof the repairsis releasedrom the buffer beforeit
it receved by somerecever that requiredit. De ne to be
the numberof timesthata recever canrequestransmissiorof
paclet (waitingoneRTT betweerntransmissiomrequestspe-
fore the repairsener dropspacket from its buffer. We have

for . We now computevaluesof  for
.Denevy tobetheprobabilitythatarecever

loses sourcepacletsand makesa requestor a repairthatis
notin the buffer. Thiswill occurif , or if both and
somepaclet is not receved after

N ¥(p) 1<j<b
v = {7;}?(17) i>b }

De ne v, to betheprobabilitythatareceverrequiresapaclet
thatcausesherepairsenerto requestinadditionalpacketfrom
thesender

[1 - IT,- (= peem)]

(8 Y

Therepairsener missprobability, , equalsthe probability
thatarepairsenerneeddo requestinadditionalrepairfrom the
senderThis equalgthe probabilitythatatleastonedownstream
receverrequiressucha paclet.

transmissions,

Thus,it is sufcient for arepairsenerto choose andtheset
of { } sufciently largesothat

We now determingheexpecteduffer size.Eachrepairpaclet

, beginsto occuyy buffer spaceoncethe rst

sourcepaclet for the block arrivesat the repairsener. To be
consenrative, we assumehatnofeedbacks sentfrom recevers
until the th sourcepaclet hasbeentransmittedby the repair
sener, andhasbeengivenampletime (e.g.,half aRTT) to be
receved? Afterwards,the th repairpacketis heldfor a period
of time that allows recevers  attemptsat retrieving it. The
rateat which the th pacletarrives(or is constructedat there-
pairseneris . Buffer spacds usedby the th pacletduring
theperiodof timeit is beingconstructedi.e., thetime between
thearrival of the rst and th sourcepacket), plusenoughtime
toallow  retransmission® recevers. The expectedamount
of timethatpaclet residesn thebufferis Ct
followsfrom Little's Law thatthe expectedamountof buffer be-
ing usedto holdpaclet overall blocksis
Thetotal expectedbuffer sizeis obtainedoy summingover the

valuesof for which pacletscanresidein the buffer:

Figure4 demonstratebow the retransmissioffiactor affects
the expectedbuffer size for variousvaluesof . The z-axis
indicategheretransmissionumberandthevariouscurvesrep-
resentthe valuesof . In this gure, thelossrateis .05, and
the domainsizeis 8. Figure4(a) givesthe expectedamountof
buffer for anRSprotocol.We seethatfor asmallretransmission
factor verylittle bufferis required.Thebuffer sizeincrease$in-
earlywith theretransmissiofiactor

Figure 4(b) givesthe ratio of the expectedbuffer of BRSR
with a block sizeof 10 to that of the RS protocol. We seethat
for a smallretransmissiofiactor, the expectedbuffer of the RS
protocolis actuallylessthanthat of BRSR.This is dueto the
factthatasthe datarateslows, the RS protocolcanmake more
retransmissionsf a given paclet beforeBRSR (andsimilarly,
SDBR)receves sourcepacletsandis ableto completeits
building of repairs.Thus,very low ratedatatransferssia SDBR
or BRSRmalke inef cient useof the buffer. We seein Figure
4(b) thatasthe retransmissioffiactorincreasesBRSRS buffer
increaseataslowerrate,andbuffer sizeis considerablgmaller
for highratedata o ws.

Figure5 givesthe expectedbuffer sizefor BRSRasa func-
tion of the retransmissioactorfor a variety of block sizes. A
small block sizeresultsin a smallerbuffer sizefor a smallre-
transmissioriactor becausdarge block sizesmuststorerepairs
thatarein the procesf beingbuilt for longerperiodsof time.
Their increasen ef ciency at repairinglossmakesthemmaore
effective astheretransmissiofiactorincreases.

We have seerthattheretransmissioffactoris acritical factor
in determininghow effective BRSRcanbeatreducingouffer re-
guirementsSeveraladditionalfactordeadusto believe thatour
computationgproducean upperboundon the buffer size used
by BRSR.For instanceijf paclettransmissionfrom thesender

4Note that recevers could potentially sendfeedbacksooner For example,a
lossofthe rst sourcepacletcouldbedetectedongbeforethekth sourcepaclet
arrives.
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arebursty, or if recevverstransmitfeedbackin bursts(e.g.,the
bit-vectorapproachn theRMTP protocol[7], [13]), buffer size
at the repairsener for RS protocolswill increasdo retainthe
pacletsatthestartof theburst. However, burstswill have noim-

cachedn adwanceof receving the th sourcepaclet. We con-
senatively assumehatall repairsarrive immediatelyafter the
lastsourcepacketfor theblock. Little' s law givesthe expected
buffer sizeto be:

Theratio of expectedbuffer sizeof GRSRto an RS protocol
remainsconstantasthe retransmissioiactorvaries. Sincethe
valuesof and{ } arechoserindependenoftheretransmis-
sionfactor it turnsoutthat

lim
A—

Theratio of expectedbuffer sizeof GRSRto an RS protocol
canbe viewed asthe asymptoticvaluesof the curvesin Figure
4(b) astheretransmissiofiactorincreases.

In summarywe have analyzedhe buffer andbandwidthre-
qguirementdor variousAPES protocols. For domainsizesand
lossratesthatonewould expectin practice bandwidthrequire-
mentsof BRSRare similar to thoseof SDBR,andBRSRalso
usesconsiderablyless buffer than SDBR. The bandwidthre-
guirementf GRSRon links betweertherepairsener andre-
ceiversareidenticalto thoseof BRSR.However, becausencod-
ing is not performedattherepairsener, additionalbandwidthis
usedbetweerthesendeandrepairsenersto transmitall repairs
which areto be buffered. GRSRusesa fraction of the buffer
that an RS repair servicesprotocol usesto meeta x ed miss
probability BRSRusesmorebuffer to meeta x edmissprob-
ability for slow datarates.However, asthe datarateincreases,
thebuffer requirement®f BRSRapproachhoseof GRSR,and
areconsiderabljtessthanthe buffer requirement®f RSrepair
sener protocolsandof SDBR.

V. APES-FAVORABLE ENVIRONMENTS

We now considetthereductionin network bandwidththatre-
sultsfrom usingAPESprotocols.We alsoreveala network set-
ting which frequentlyoccursin real networks that we believe
causeghe largestvariationin the amountof savingsin band-
width thatis obtainedby usingan APESapproach.

We extendour network modelto considereceverswith dif-
ferentlossrates.De ne R | to bethe threceierin domain ,

. Wede ne P tobethelossproba-
bility obsenedby receverR | . Withoutlossof generalitywe
assumehatreceversareenumeratedvithin eachdomain, , so
thatfor ary P, P ., ie.,receversare
orderedwithin eachdomainby increasindossrate.

We de ne a multicastsessionto be intra-homaeneousf,
for ary andfor all P, P ., i.e. all receversin the
samedomainhavethesamdossrate. A sessiorthatis notintra-
homogeneouss intra-hetengeneous We de ne a sessiorno
be inter-homaeneousf for ary two domains, and ., we
have that » andfor each P P, . If

}

a sessionis not inter-homogeneoust is de ned to be inter-

pacton buffer sizein BRSRsolong aseachburstis subsumed netepgeneous

within a block.
Finally, we discusghebuffer requirementsf GRSR We note
thatthe buffer requirementgliffer in thatrepairpacletsarenot

5If pacletsarrive out of orderat the repairsener (i.e., repairsarrive before
sourcepaclets),therepairsener cansendtherepairsassourcepacletsanduse
thelatesourcepacletsasrepairs.
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We alsoassumeéhatthe sendeialwaysmulticastsepairs and
the repair sener always subcastgepairs. For simplicity, we
againconsideranetwork whereall losseccuronthetail links,
whichlie betweereachrecever andits repairsener (again,the
readeris referredto Figurel). This meanghatrecever losses
areindependenfrom oneanothey andthat thereareno losses
within thebackboneetwork (i.e.,nolossedetweerthesender
andtherepairsener).

An examinationof inte-homogeneouslomainsappearsn
[9]. Lossstudiesover the MBone [3], [14] suggesthat loss
ratesdiffer in differentregionsof theInternet.Additionally, the
domainsizecanvary considerablyver the setof domainsin a
sessionConsequentlywe expectmostmulticastsessionso be
inter-heterogeneousiWe now examinean inter-heterogeneous,
intra-homogeneousessionin which therearetwo typesof do-
mains. Therearen domainsof type , whereeachdomainof
type consistsof recevers, eachhaving a lossrate of

. In thisdomain,we considettwo protocols.
e-e Thee-eprotocolis ahybrid,end-to-end~EC/ARQprotocol
that doesnot make useof repairseners. The protocoldetails
andits analysiscanbefoundin [8].
SDBR: SDBRis describedn Sectionll. By settingthe block
sizeto one, this protocol performsidentically to an RS repair
sener protocol.

Ourmeasuref bandwidthis thenumberof paclets(dataplus
repairs)that are sentper block of data. We de ne therandom
variable, , to equalthe numberof paclets multicastfrom
a repairsener to dowvnstreamreceversfor a block in SDBR.
We extend(1) sothatit appliesto the varioustypesof domains

Wede ne P to bearandomvariablethatequalsthe num-
ber of (dataandrepair)transmission# the e-eprotocolthata
sendemusttransmitto all downstreanmrecevers(over all do-
mains).Then

II

Wealsode ne F' to arandomvariablethatequalghenumber
of transmissiongn a domainof type by arepairsener using
a protocolthatdoesnotimplementFEC. F equals
when , andcanbewritten moresuccinctlyas

F i

Figure6 compareshenumbetrof expectedransmissionfom
arepairsenerto receversin its repairdomainusingan APES
approacho non-APESapproacheas(a)theblocksize, , varies,
(b) thedomainsizevaries,and(c) thehighlossratevariesalong
thez-axis. As adefault,theblocksize, , equalg¢en,thedomain
sizeof eachdomain, , isten,andtherearetendomainsof type
onewith lossratesfrom repairsener to recever of ,
anda singledomainof typetwo with lossratesof . In

E= 19 | oo ]
2 SDBR low ——
s 18y SDBR high - |
3 1.7 |
K 16 |
N
S 15
£
o 14 +
z
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3 12|
<
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Fig. 6. Expectednumber of paclets transmittedto recevers in inter
heterogeneousntra-homogeneousetworks varying (a) block size, (b) re-
pairdomainsize,and(c) high lossrate.

Figures6(a)and6(b),theblocksize, , andthedomainsizevary
alongthe z-axis, respectiely. Figure6(a) plots curves,where
they-axisequalghenormalizedgxpectedcostof reliablytrans-
mitting a datapaclet. The curveslabelede-e¢ SDBR low, and

SDBR high plot valuesof B ,and ,
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respectiely. Notethatvaluesfor F and F aregivenby
respectie plotsSDBRIow andSDBRhigh whentheblocksize,
, equalsone. Figure6(b) includesadditionalplotsfor F'

and F ,respectielylabeledno FEC low andno FEC high.
In Figure6(c), thelossratein thetypetwo, highloss,domainis
variedalongthe z-axis, while the y-axisequalsthe normalized,
expectedcostof reliably transmittinga datapacletin multiples
of this costin alow loss(type one)domain. Plotslabelede-e
FEC high loss andNo FEC high lossrespectiely plot values
for B , ,and F .

From Figures6(a) and6(b), we seethat the bandwidthused
by the e-e protocolthroughoutthe network is almostidentical
to whatis requiredin the high lossdomain,which meansiow
lossdomainsincur signi cant additionalbandwidth. In Figure

alentto assuminghatall losseswithin a domainare 100%cor-
related. Thus,the bandwidthutilized in awithin a domainsize
of with partially correlatedosslies somavherebetweenthe
resultsplotted for a domainsize of andthoseplottedfor a
domainsize of one. While correlatedosswill reducethe ef-
fectivenes®f FECin reducingbandwidthrequirementsye can
expectanincreasadn its effectivenessat reducingbuffering re-
guirements.

Thereis still considerablénterestin reducingthe bandwidth
consumptiorof reliable multicastprotocols. Two approaches
thatsuccessfullyachieve suchreductionarerepairservicesapp-
roachesandhybrid FEC/ARQapproachesWe have examined
andcomparegerformancef protocolshatcombinetheseapp-
roaches,which we call APES protocols. We describedser-

6(c), we seethatin anintra-homogeneou#tra-heterogeneous eralnew APESprotocolsthatmaintainthis high bandwidthef -

network, thereis a smallsarzingsin bandwidthdueto the useof
repairservices.As we increasehe inter-heterogeneityadding
FEC reduceshandwidthfurtherin protocolsthat make use of
repairservicesparticularlyin highlossdomains.This behaior
is obseredin Figure6(a),aswell asin Figure6(b) by compar
ing SDBR andthe RS protocolfor eitherthe high or low loss
domain.We alsoobsenredlittle variationin bandwidthusageas
the ratio of the numberof low lossdomainsto the numberof
highlossdomainsn n , increasesThe plot hasbeenomitted
dueto lack of variationalongz-axis.

We concluderom theseobsenrationsthatthebandwidthused
throughouthenetworkin anend-to-end-EC appmoad is dom-
inated by the bandwidthrequired by domainswith high loss,
wheeeasin a networkwith repair serves, this bandwidthcon-
sumptioncanbelimited to thedomainswheeit is required. An
additionalsavingsn bandwidthcomesasa resultof usingFEC,
particularly in high lossor large domains. We expectthe im-
provemendueto FECto belessif thelossbetweenepairsener
andrecevershasa high level of spatialcorrelation. However,
ouranalysisn Sectionlll shavedthatusingFECstill improves
performancédy reducingbuffering requirements.

V. FUTURE WORK AND CONCLUSION

We have performedur examinationof APESprotocolsusing
asimpli ed network model. Onedirectionfor futurework is to
implementheprotocolsandcompareheirperformancén areal
networking environment. Sincewe now understanchow cer
tain basiccharacteristicaffect performanceanotherdirection
isto useamodelwhichmoreaccuratelycapturesarealnetwork-
ing ervironment. In particular we have not directly considered
lossbetweernthesourceandrepairseners,temporallycorrelated
(bursty)loss,or spatiallycorrelatedoss. We point out thatloss
betweerthe sourceandrepairsenersdoesnot affect the band-
width requirementdetweenrepair senersandrecevers. Nor
doesit affect the buffer requirement®f repairseners. Results
in [3], [8] indicatethatthelevels of burstinesgi.e., temporally
correlatedoss)obsenedin today's Internetwill causea slight,
oftenunnoticeablaelecreasé performancef FEC.

We now turn our attentionto spatiallycorrelatedoss. Spatial
correlationwasexaminedin [9] for SDBRin intra-heterogene-
ous,interhomogeneousrvironments.Thetechniquegpresent-
edtherecaneasilybe appliedto examinethe effectsof spatial
correlationon inter-heterogeneousrnvironmentsandon BRSR
andGRSR.We alsopointoutthata domainsizeof oneis equiv-

cieng/ while reducingbuffer andFEC processingequirements.
We thoroughlyexplored how the bandwidth,buffer, and FEC
processingequirementyary amongthevariousversionsof the
protocols. We also describethe kinds of networking erviron-
mentsn which suchprotocolamprovethebandwidthef ciency
of reliablemulticastbeyondwhateitherapproactis ableto ac-
complishseparately
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