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Abstract— We proposeand evaluate novel reliable multicast protocols
that combine active repair service (a.k.a. local recovery) and parity en-
coding (a.k.a. forward error correction or FEC) techniques. We show
that, compared to other repair service protocols,our protocolsrequire less
buffer insidethenetwork, maintain the low bandwidth requirementsof pre-
viously proposedrepair service / FEC combination protocols,and reduce
the amount of FEC processingat repair servers, moving more of this pro-
cessingto the end-hosts.Wealsoexaminerepair service / FEC combination
protocolsin an environment where lossrates differ acrossdomainswithin
the network. We �nd that repair servicesare more effective than FEC at
reducingbandwidth utilization in suchenvironments.Furthermor e,adding
FEC to a repair servicesprotocol not only reducesbuffer requirementsat
repair servers,but alsoreducesbandwidth utilization in domainswith high
loss,or in domainswith largepopulationsof receivers.

I . INTRODUCTION

Many applicationsrequirethe reliable delivery from a sin-
gle senderto a large numberof receivers. Providing sucha
delivery in a best-effort network wherepacket lossesare fre-
quent,suchasthe Internet,requiresa reliable multicastproto-
col, whosespeci�c function is to compensatefor theselosses.
Becausenetwork bandwidthis a limited resource,thereis con-
siderableinterestin improving uponthe bandwidthutilization
of suchprotocols,especiallyin theeventthatthey mustsupport
delivery to thousandsof receivers[12].

Repairservicesandhybridparityencoding/ automaticrepeat
request(FEC/ARQfor short)aretwo approacheswhich reduce
thebandwidthrequirementsof reliablemulticastprotocols.The
repairservicesapproachutilizes repairservers,which localize
retransmissionsto regionsof thenetwork wherelossoccurs[4],
[6], [7]. Becauseeachrepairservermightsupportnumerousses-
sionsin thenetwork, andhaslimited buffer to storepacketsfor
retransmission,it is importantto reducethe per-sessionbuffer
requirementsateachrepairserver.

FEC/ARQis anend-to-endapproachwhichuseserasurecod-
ing techniquesto producespecialrepairpackets[1], [2], [10].
Typically, thesetof repairpacketsthatcanrepairall lossesin-
curredby receiversis smallerthanthesetof packetsthatneed
retransmission[8]. However, end-hostsmustperformadditional
encodingor decodingoperations.

Furtherreductionin bandwidthrequirementscanbe accom-
plishedby designingprotocolsthatutilize bothapproaches[5],
[9]. We refer to suchprotocolsasActiveParity EncodingSer-
vicesprotocols,or APESprotocolsfor short. In this paper, we
introducetwo novelAPESprotocols,which,comparedto previ-
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ousAPESprotocols,maintainsimilar bandwidthrequirements
andreducebuffering andFEC processingwithin the network.
Thereductionin buffer is achievedby restrictingbuffering to a
small setof encodedrepairsinsteadof buffering original data
packets. This setof FEC repairpacketscanbe usedto repair
many combinationsof lossesincurredby receiversandbecause
thesetis smallerthanthesetof originaldatapackets,it utilizes
lessbuffer. FECprocessingis alsoreducedat repairserversin
the network by moving the majority of suchprocessingto the
end-hostsof thenetwork (senderandreceivers).

We performananalyticalstudyof thesenew APESprotocols
to determinethenetwork bandwidthandrepairserverbuffer re-
quirementsasa functionof a repairserver's likelihoodof suc-
cessfullyservicing a repair request. Theserequirementsare
comparedto thoseof previousapproaches(bothnon-FECrepair
server andpreviousAPES).We �nd thatgeneratingall repairs
at the senderandforwardingthemto repairserversallows re-
pair serversto servicerepairrequestswith thesamelikelihood
as in previous approaches,but with a smaller buffer. How-
ever, this forwarding causesa considerableincreasein band-
width betweenthe senderand the repairserver. We �nd that
if repairsaregeneratedandbufferedat the repairserver, then
repairserverscanservicerepair requestswith the samelikeli-
hoodusingroughly thesameamountof of network bandwidth
as in previous approaches.However, the differencein buffer
requirementsis a functionof therateat which thesendertrans-
mitsdata,with thenew approachyieldingalargersavingsasthe
transmissionrateincreases.

Finally, we determinehow variouslosscharacteristicswithin
the network impact the bandwidthsavings achieved by using
anAPESprotocolinsteadof a protocolthatusesrepairservice
approacheswithout FEC,or only anend-to-endFEC/ARQap-
proach.For this study, we baseour network modelson studies
which indicatethat receiver lossratesvary acrossdifferentre-
gionsof the network [3], [14]. We �nd that in suchmodels,
repair servicesprovide more signi�cant savings in bandwidth
thanend-to-endFEC/ARQ.However, we �nd thatAPESproto-
cols,in additionto reducingbuffer requirements,usenoticeably
lessbandwidththannon-FECrepairserverprotocolsin highloss
regions,or in regionswherearepairserverservicesalargenum-
bersof receivers.

Theremainderof thepaperproceedsasfollows. Thenetwork
topologyandAPESprotocolsarepresentedin SectionII. The
protocols' performanceis analyzedin SectionIII. SectionIV
examinesthe impact that the networking environmenthason
thebene�t of addingFEC/ARQor repairservices.Finally, we
suggestdirectionsfor futurework andconcludein SectionV.
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Fig. 1. Thenetwork model.

I I . APES

Our network modelconsistsof a multicasttree,which con-
tainsa senderat theroot of thetree,andreceiversat the leaves
of thetree.1 Receiversaretopologicallypartitionedinto

�

re-
pair domains, �������������	��
 . We de�ne the domainsize, � ��
	�

to be the numberof receivers in domain � . In this paper, we
considera onelevel hierarchyof repairservers,whereeachre-
pair server is locatedat a point in the treebetweenthe sender
anda singledomain.Thisallows therepairserver to receiveall
packetsthataremulticastfrom thesenderto receiverswithin its
domain. The repairserver canalsosubcast(multicastexclud-
ing thelink towardthesender)packetsto its repairdomain.See
Figure1 for anexample.

APESprotocolssendFEC-basedrepairsin placeof retrans-
missions.Thesendergroupsdatapacketsinto blocksof size �

(henceforth� is referredto asthe block size), andfeedsthem
into anencoderto producerepairpackets.Thenumberof repair
packetsthat canbe producedis suf�ciently large that, for our
purposes,it is safeto assumethatthesendercanproduceanun-
limited supply. Repairpacketsgeneratedfrom a blockof � data
packetsaresaid to belongto the block from which they were
generated.Any entity (e.g. repairserver or receiver)with a de-
codercanretrievethe � datapacketsfor ablockonceit receives
any combinationof � dataandrepairpacketsthatbelongto that
block. FEC-basedprotocolsperformreliabledeliveryby ensur-
ing thateachreceivergets� distinctpacketsperblock. Thefact
thatreceiverscanlosedifferentdatapacketsbut usethesameset
of repairsto recoverfrom lossesreducesthenumberof required
repairtransmissions.

To ensurethateachof its downstreamreceiversgetsat least
� distinctpacketsperblock, a repairserver mustreceive � dis-
tinct packets per block from the sender. We refer to the �rst

� packetsreceivedat the repairserver perblock (of block size
� ) as sourcepackets, which canconsistof any combinationof
dataandrepairpacketsbelongingto thatblock. Thevariouspro-
tocolsusedifferentcombinationsof buffering, forwarding,and
FECcodingat therepairserver to ensurereliabledelivery of �

distinctpacketstodownstreamreceivers.Wenow considerwhat
therepairserver doesin eachprotocolin orderto ensurethata
singleblock of packets is reliably transmittedto the receivers
in its domain.Multiple blocksaredeliveredby applyingthede-

�

In practice,whatwecall a receiver is likely to bealocalareanetwork (LAN)
thatcancontainseveralreceiving applications.

TABLE I

HIGH LEVEL COMPARISON OF THE THREE PROPOSED APES PROTOCOLS.

RepairServer... SDBR BRSR GRSR
Encodes? Yes Yes No
Decodes? Yes No No
Buffers Data Repairs Repairs
Fwdsrepairsfr. src Never Sometimes Always

scribedprotocolsto eachblockof databeingtransferred.Dueto
lack of space,speci�c feedbackmechanismsarenot presented
here,but appearin [11].
The Store-Data-Build-RepairsProtocol (SDBR): This proto-
col is similar to previousproposals[5], [9]. Oncearepairserver
reliablyobtains� sourcepackets,it reproduces(via FECdecod-
ing) the � original datapackets,which it subsequentlybuffers.
Whenever an additionalrepair is requiredby oneor more re-
ceivers,therepairserver generatesa distinctrepairvia FECen-
coding.
The Build-Repairs-Store-RepairsProtocol (BRSR): A repair
server decidesin advanceon a �x ed number, � , of repairsper
block to generatevia FEC encoding. Here, the repair server
doesnot buffer thesourcepackets,but merelysuppliesthemas
they arrive to theFECencoder. We referto this codingprocess
ason-the-�y encoding.2 For thatblock, only the � packetsthat
aregeneratedarebufferedat therepairserver. These� packets
occupy buffer spaceuponarrival of the�rst sourcepacket,and
cannotbeusedfor repairuntil the � thsourcepackethasbeenfed
into theencoder. If all receiversloselessthan � sourcepackets,
thenthey canreconstructtheoriginal databy reliably receiving
a subsetof repairsresidingin the repairserver's buffer. Relia-
bility is guaranteedbyhavingtherepairserverreliablytransmit
neededrepairs, insteadof generatingnew repairs for each loss.
Weshallseethatthisresultsin areductionin buffersizeandalso
in anegligible increasein bandwidthcomparedto thebandwidth
usedby SDBR.If any receiverlosesmorethan � sourcepackets,
it mustobtainadditionalrepairsfromthesource,sincetherepair
server is unableto generateadditionalrepairs.
The Get-Repairs-Store-RepairsProtocol(GRSR): Underthis
protocol,therepairserverdoesnot requireFECencodingcapa-
bilities. Instead,it requests� repair packets from the sender,
which it buffers. Oncethe repairserver obtainsthe � packets,
the protocolbehavesidentically to BRSRfor the remainderof
thetransmissionof theblock.

Thevaluefor � canbechosento bebetween0 andthesizeof
theblock, � , ( ��������� ). In SectionIII, we examinehow the
choiceof � impactsbandwidthandbuffer requirements.

TableI presentsahigh-levelcomparisonof thethreeproposed
APESprotocols.SDBRis themostef�cient in termsof band-
width, but its perblock buffer requirementsareidenticalto that
of a non-FECrepairserver protocol,henceforthreferredto as
an RSprotocol. It alsoperformsdecodingat repairservers.3

BRSRandGRSRbuffer only repairs. Sincereceiversreliably
�

Coding packageswith on-the-�y encodingcapabilities,as well as several
otherenhancements,andsupportingdocumentationareavailablefor download
at http://www-net.cs.umass.edu/˜drubenst/software/software.html#fec.

�

Thedecodingis not a requirementof theprotocol.However, previouswork
assumesthe capabilityis available. If decodingis not performed,thenSDBR
will requirereceiversto performtherecursive decodingalgorithmdescribedin
[11].



APPEARSIN IEEEINFOCOM1999 3

receive theserepairs,thereis never a needto buffer morethan
� repairsperblock. This meansthat theseprotocolswill never
buffer more packets per block than SDBR. They also do not
performdecodingat repairservers. BRSRandGRSRdiffer in
thatBRSRrequiresadditionalFECprocessingat repairservers,
while therepairserversin GRSRperformnoencoding.As are-
sult,GRSRrequiresextra bandwidthto deliver repairsbetween
the senderandrepairserver that BRSRinsteadgenerateswith
its encoder.

We assume,for BRSRandGRSR,that the repairserver re-
strictsbuffering to the � repairs.Otherpolicies(suchasadding
additional repair transmissionsfrom the sourceto the buffer
whenreceiversrequiremorethan � repairs),do not leadto con-
siderablebandwidthsavings,andcansigni�cantly increasethe
amountof buffer utilized. We will alsoassumeonly a singlehi-
erarchicallevel of repairservers. However, theprotocolscould
easilybeextendedto includemultiplehierarchicallevels.These
issuesareaddressedin [11].

I I I . BUFFER/BANDWIDTH PERFORMANCE

As a consequenceof our model,eachrepairdomaincanbe
analyzedseparately. Let us assumethat a block size of � is
used,a repairserver has � receiversdownstream,andeachre-
ceiver losesany packet sentto it with a probability � . To sim-
plify presentation,wedonotconcernourselveswith how there-
pairserverreliablyobtains� sourcepackets.Hence,weassume
that thereis no lossbetweenthe senderand the repairserver.
We considerfour performancemetrics:theexpectednumberof
packet transmissionsfrom the repairserver to its downstream
receivers,theexpectednumberof repairsreceivedby therepair
serverfromthesender, theexpectednumberof packetsthatmust
bebufferedperblock at a repairserver, andthe repairserver's
expectedbuffer utilizationatany momentin time,whichwere-
fer to asthe buffer size.

We begin by analyzingBRSR and GRSR.We index the �

sourcepacketsthatarrive at therepairserver from � to � . Ad-
ditional repairsareassigneddistinct indiceslarger than � . We
assumethattherepairservermulticastsall packettransmissions.
Ouranalysisalsoassumesthatareceiverthatloses� of � pack-
etsin ablockrequirestherepairserverto reliablytransmitpack-
ets ����� through����� . In practice,a receiver thatrequires�

repairsandlosessomeof the repairsnumbered���	� through
�
��� couldeffectivelyuseany repairnumbered�
����
 ����
����

in placeof a lost repair. By doingthis,thereceivercanonly de-
creasethenumberof timesit requestsa particularrepair. Thus,
ourassumptiongivesaconservativeupperboundonthenumber
of transmissionsfrom a repairserver.

To simplify presentation,we de�ne �

�

���

��� to betheprobabil-
ity of losingexactly � of � packets.

�

�

�
�

�����

�

�

� �

�

�

�

�"!#���

�%$
�

De�ne & 
 to be theprobability thata receiver requirestrans-
missionof packet � within the block. For � � � , &



�'� . For

�(� � , this is theprobability that fewer than ) �*! �+�,� of the
initial � packetsarereceivedby areceiver. If exactly ) ��! �-�.�

of theinitial � packetsarereceived,thenit canrecovertheblock
by reliablyobtainingthe �/! �0!1� repairsnumbered����� through

��!2� . Thus,
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A. Bandwidth:RepairServerto Receivers

We now considerthe expectedbandwidthrequiredbetween
therepairserverandits receivers(dataplusrepairs).Let K+LNMPO+Q �

K O�Q0LNQ , and K:R Q0LNQ berandomvariablesthatdenotethenum-
ber of packets that are transmittedby the repair server using
SDBR,BRSR,andGRSR,respectively. Theanalysispresented
in [8] that givesthe bandwidthrequirementsbetweena sender
andasetof receiversovera startopologylendsitself directly to
thebandwidthcomputationfor SDBRin ournetwork model:
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We now compute upper bounds on
S*T

K
O+Q0LNQ

V and
S*T

K
R

Q0LNQ�V . Let `

 be a randomvariablethat equalsthe num-

ber of timesthat packet � is transmitted.For � � � , we have
S*T

`



Va�b� , sincethepacket is alwaystransmittedat mostonce.
For ��;�� �c) � , a packet is transmittedasmany timesasit is
neededby somereceiver. Hence,(recallingthat our computa-
tionsyield conservativeupperbounds)wehave
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Figure 2(a) presentsthe expectednumberof transmissions
(normalizedperpacket)for ablocksizeof 10andreceiverswith
lossratesof 5%(�U�	e �ji ), asa functionof thedomainsize.We
observeaclearreductionin bandwidthdueto theintroductionof
FEC,andfurtherobserve thatBRSRandGRSRuseessentially
thesamebandwidthasSDBRuntil thedomainsizegrows very
large. We emphasizethat thebandwidthfrom therepairserver
to receiversis unaffectedby thechoiceof � .

Figure2(b) givesanupperboundto theratio of theexpected
numberof perpacket transmissionsfor BRSRandGRSRover
theexpectednumberof perpacket transmissionsfor SDBRasa
functionof block size. Here,thereare8 receiversin therepair
domain.Curvesarepresentedfor variouslossrates.Weobserve
that, for loss ratesat or below 10%, SDBR is only 4% more
bandwidthef�cient than BRSR and GRSR.The differenceis
signi�cant only for high loss rates. Thus, for reasonableloss
rates,BRSRandGRSRdonotusesubstantiallymorebandwidth
thanSDBRbetweentherepairserverandreceivers.
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Fig. 2. A bandwidthcomparisonof protocols.

NotethatbecauseSDBRalwayssendstheminimalnumberof
distinct repairsto provide reliability, it providesa lower bound
on the expectedbandwidthfor BRSR and GRSR.The small
differencein bandwidthrequiredby SDBR whencomparedto
theupperboundsof BRSRandGRSRindicatesthat theupper
boundis tight. To summarize,SDBRrequires lessbandwidth
betweentherepair serverandreceivers thanBRSRandGRSR.
However, for domainsizesandlossratesthat onemightexpect
in practice, thedifferencein bandwidthis negligible.

B. Bandwidth:Senderto RepairServer

Recallthatfor BRSRandGRSR,if receiverslosemorethan
� sourcepackets,thenadditionalpacketsmustbeobtainedfrom
thesourceby therepairserver. Let

�

bearandomvariableequal
to thenumberof additionaltransmissionsthesendermustmake
to a repairserver. The approachusedto derive (2) yields the
following:
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Theexpectednumberof repairsthatthesendermustreliably
sendto a particularrepairserver underBRSRis boundedfrom

above by
S*T

�

V . For GRSR,wherethe � buffered repairsare
transmittedfrom thesenderaswell, theexpectednumberof re-
pairsis boundedfrom aboveby � �
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Fig.3. Additionalpacketsfrom insuf�cient buffering,normalizedto blocksize.

We now focusonhow thechoiceof � affectsper-blockbuffer
andsender-to-repairserverbandwidthrequirements.Thegraph
in Figure3 illustratestheexpectedadditionalbandwidthnormal-
ized per packet (i.e.,

S*T

�

V�� � ) asa function of the normalized
initial buffer size (i.e., ��� � ) for variousloss rates. The block
sizeis 10andthedomainsizeis 8. This illustratesthatthenum-
berof timesthattherepairservermustretrievearepairfrom the
senderis extremelysmall when � is chosensuf�ciently large.
From this, we concludethat for suf�ciently large � , the addi-
tional bandwidthneededfrom thesenderis negligible. We see
asimilar trendaswevary theblocksizeor thedomainsize(see
[11]).

C. ExpectedBuffer Size

We refer to the sizeof the buffer beingutilized by the pro-
tocol at any giventime asthe buffer size. Theexpectedbuffer
sizeis anincreasingfunctionof boththenumberof packetsthat
mustbe buffered,and the amountof time that eachpacket is
buffered. We de�ne ��Q0L to bethebuffer sizeof anRSproto-
col,and �

O�Q0LNQ tobethebuffersizeof BRSR.Wenow compute
S*T

� Q0L-V and
S*T

��O+Q0LNQ+V . Later, we discusshow thesevalues
comparewith thebuffer sizeof GRSR,

S*T

�(R
Q0LNQ

V .
Our analysisof the BRSRandRS protocolsconsidersa re-

pair server to which datapacketsarrivewith arrival rate, � . We
alsoassumethat thereis a �x ed roundtrip time (RTT), � , be-
tweeneachreceiver and its upstreamrepair server, which in-
cludesthetimethatit takesfor areceiverto detectapacket loss,
sendfeedbackto thesender, andhave thesenderrespondwith
retransmissions.Whena repairserver cannotprovidesuf�cient
repairsfor ablock(becauseits buffer doesnotcontainsuf�cient
informationto producerepairsfor thatblock),wesaythata re-
pair servermisshasoccurredfor that block. For the RS case,
a repairserver missis de�ned per packet (i.e., a block sizeof
1). We measuretherepairserver's effectivenessin termsof the
repair servermissprobability, 	

� , which is de�ned to be the
probabilitythatat leastonerepairservermissoccursfor ablock
of size � . Given � , we cancompareexpectedbuffer sizesby
choosingsome 


� anddeterminingthe expectedbuffer sizeso
that 	

�

;�


� .
A dif�culty in comparingbuffersizesfor differingblocksizes
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is thatrepairservermissesarede�ned in termsof theblocksize.
A similar dif�culty ariseswhencomparingbuffer sizesfor an
APESapproachwith an RS approach.However, we can take
advantageof the fact thatwe assumelossesin thenetwork are
describedby a Bernoulli processso that, for the RS protocol,

	 �2; 
 �

�
	

�

; 


� whenever 


�

� �D!

�

�1! 
 �f�

�

. We
performa fair comparisonover differentblock sizes,� � and �

g

by selectingavalue,
�� ;,� . Fromthis,wecompute


��� and 


���
usingtheaboveequivalencerelation.

The buffer requirementsthat would allow a repairserver to
haveamissprobabilitylowerthananapplicationchosenbound,


 � , werecomputedin [4] for anRSprotocol. Therepairserver
maintainseachoriginaldatapacket in its buffer for a �x ednum-
berof transmissions,

�

, which allows eachreceiver at least
�

attemptsat receiving the packet. The valueof
�

is chosenso
that 	 �(� �"!

�

�"! �




�HGJ; 
 � , where� is the lossprobability
from therepairserver to eachreceiver, and � is thedomainsize.
UsingLittle' sLaw, theexpectedbuffer sizecanbecomputed:

S*T

�
Q0L

V � � �

�

�

!.� �^e

Theterm, � � indicatesthenumberof packetsthatasenderis
expectedto sendbetweenreceiver retransmissionrequests.We
referto thisvalueasthe retransmissionfactor.

For protocolBRSR,wecomputeanupperboundon thetime
that eachpacket is maintainedin the buffer, suchthat the re-
pair servermissprobability, 	

� , is lessthananapplicationcho-
senbound, 


� , for a block sizeof � . A repairserver missoc-
curswheneither � repairsareinsuf�cient for somereceiver, or
whenoneof the � repairsis releasedfrom the buffer beforeit
it received by somereceiver that requiredit. De�ne

�


 to be
thenumberof timesthata receiver canrequesttransmissionof
packet � (waiting oneRTT betweentransmissionrequests)be-
fore the repairserver dropspacket � from its buffer. We have

�


+� � for � � � �	� � ��� � . We now computevaluesof
�


 for
��; � � ��� � . De�ne � �

�N� to betheprobabilitythata receiver
loses� sourcepacketsandmakesa requestfor a repairthat is
not in thebuffer. This will occurif � � � , or if both � � � and
somepacket ��� � is not receivedafter

�

�^]

\ transmissions,
� ��� � � ,��� 	�

� ������ � ��
�������� � � � �

�!���"��#%$'&�()
+*,� -.	/-10���� � ��
 	/230 4
De�ne � , tobetheprobabilitythatareceiverrequiresapacket

thatcausestherepairserverto requestanadditionalpacketfrom
thesender.

� �

�

Y

��8

�

� �

�B�

Therepairservermissprobability, 	

� , equalstheprobability
thatarepairserverneedsto requestanadditionalrepairfrom the
sender. Thisequalstheprobabilitythatat leastonedownstream
receiver requiressucha packet.

	

�

� �E!

�

�E!5�6�

G

Thus,it is suf�cient for a repairserver to choose� andtheset
of 6 �


87 suf�ciently largesothat 	

�

;�


� .
Wenow determinetheexpectedbuffersize.Eachrepairpacket

� , ��;�� � �J� � , begins to occupy buffer spaceoncethe �rst
sourcepacket for the block arrivesat the repairserver. To be
conservative,weassumethatno feedbackis sentfrom receivers
until the � th sourcepacket hasbeentransmittedby the repair
server, andhasbeengivenampletime (e.g.,half a RTT) to be
received.4 Afterwards,the � th repairpacket is heldfor a period
of time that allows receivers

�


 attemptsat retrieving it. The
rateat which the � th packet arrives(or is constructed)at there-
pairserver is � � � . Buffer spaceis usedby the � th packetduring
theperiodof time it is beingconstructed(i.e., thetimebetween
thearrival of the�rst and � th sourcepacket),plusenoughtime
to allow

�


 retransmissionsto receivers. Theexpectedamount
of timethatpacket � residesin thebuffer is �

� !�� � � �U� �

�


 . It
followsfrom Little' sLaw thattheexpectedamountof bufferbe-
ing usedto holdpacket � overall blocksis �

� !U�%� � �a� � �

�


 � � .
Thetotal expectedbuffer sizeis obtainedby summingover the

� valuesof � for whichpacketscanresidein thebuffer:
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Figure4 demonstrateshow the retransmissionfactoraffects
the expectedbuffer size for variousvaluesof 
 � . The 9 -axis
indicatestheretransmissionnumber, andthevariouscurvesrep-
resentthe valuesof 


� . In this �gure, the lossrateis .05, and
thedomainsizeis 8. Figure4(a)givestheexpectedamountof
buffer for anRSprotocol.Weseethatfor asmallretransmission
factor, verylittle buffer is required.Thebuffersizeincreaseslin-
earlywith theretransmissionfactor.

Figure4(b) gives the ratio of the expectedbuffer of BRSR
with a block sizeof 10 to thatof theRSprotocol. We seethat
for a small retransmissionfactor, theexpectedbuffer of theRS
protocol is actually lessthanthat of BRSR.This is dueto the
fact thatasthedatarateslows, theRSprotocolcanmake more
retransmissionsof a givenpacket beforeBRSR(andsimilarly,
SDBR) receives � sourcepackets and is able to completeits
building of repairs.Thus,very low ratedatatransfersvia SDBR
or BRSRmake inef�cient useof the buffer. We seein Figure
4(b) that asthe retransmissionfactorincreases,BRSR's buffer
increasesataslowerrate,andbuffersizeis considerablysmaller
for highratedata�o ws.

Figure5 givesthe expectedbuffer sizefor BRSRasa func-
tion of theretransmissionfactorfor a varietyof block sizes.A
small block sizeresultsin a smallerbuffer sizefor a small re-
transmissionfactor, becauselargeblocksizesmuststorerepairs
thatarein theprocessof beingbuilt for longerperiodsof time.
Their increasein ef�ciency at repairinglossmakesthemmore
effectiveastheretransmissionfactorincreases.

We haveseenthattheretransmissionfactoris acritical factor
in determininghow effectiveBRSRcanbeatreducingbuffer re-
quirements.Severaladditionalfactorsleadusto believethatour
computationsproducean upperboundon the buffer sizeused
by BRSR.For instance,if packet transmissionsfrom thesender:

Note that receiverscouldpotentiallysendfeedbacksooner. For example,a
lossof the�rst sourcepacketcouldbedetectedlongbeforethe ; th sourcepacket
arrives.
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Fig. 5. ExpectedBRSRbuffer for variousblock sizes.

arebursty, or if receiverstransmitfeedbackin bursts(e.g.,the
bit-vectorapproachin theRMTPprotocol[7], [13]), buffer size
at the repairserver for RS protocolswill increaseto retainthe
packetsatthestartof theburst.However, burstswill havenoim-
pacton buffer sizein BRSRsolong aseachburst is subsumed
within a block.

Finally, wediscussthebuffer requirementsof GRSR.Wenote
that thebuffer requirementsdiffer in thatrepairpacketsarenot

cachedin advanceof receiving the � th sourcepacket. We con-
servatively assumethat all repairsarrive immediatelyafter the
lastsourcepacket for theblock.5 Little' s law givestheexpected
buffer sizeto be:
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Theratio of expectedbuffer sizeof GRSRto anRSprotocol
remainsconstantasthe retransmissionfactorvaries. Sincethe
valuesof

�

and 6 �


 7 arechosenindependentof theretransmis-
sionfactor, it turnsout that

SUT

��R Q0LNQ V��

S*T

� Q0L V �

�����
Q����

X

S*T

� O�Q0LNQ V �

S*T

� Q0L Vhe

Theratio of expectedbuffer sizeof GRSRto anRSprotocol
canbeviewedastheasymptoticvaluesof thecurvesin Figure
4(b)astheretransmissionfactorincreases.

In summary, we have analyzedthebuffer andbandwidthre-
quirementsfor variousAPESprotocols.For domainsizesand
lossratesthatonewouldexpectin practice,bandwidthrequire-
mentsof BRSRaresimilar to thoseof SDBR,andBRSRalso
usesconsiderablylessbuffer than SDBR. The bandwidthre-
quirementsof GRSRon links betweentherepairserver andre-
ceiversareidenticalto thoseof BRSR.However, becauseencod-
ing is notperformedat therepairserver, additionalbandwidthis
usedbetweenthesenderandrepairserversto transmitall repairs
which are to be buffered. GRSRusesa fraction of the buffer
that an RS repair servicesprotocolusesto meeta �x ed miss
probability. BRSRusesmorebuffer to meeta �x edmissprob-
ability for slow datarates.However, asthedatarateincreases,
thebuffer requirementsof BRSRapproachthoseof GRSR,and
areconsiderablylessthanthebuffer requirementsof RSrepair
serverprotocolsandof SDBR.

IV. APES-FAVORABLE ENVIRONMENTS

We now considerthereductionin network bandwidththatre-
sultsfrom usingAPESprotocols.We alsoreveala network set-
ting which frequentlyoccursin real networks that we believe
causesthe largestvariation in the amountof savings in band-
width thatis obtainedby usinganAPESapproach.

We extendour network modelto considerreceiverswith dif-
ferentlossrates.De�ne 	 
�
 � to bethe � th receiver in domain� ,

����� � � ��
 � � � � � �

�

. We de�ne � 
�
 � to bethelossproba-
bility observedby receiver 	 
�
 � . Without lossof generality, we
assumethatreceiversareenumeratedwithin eachdomain,� , so
that for any � �<� ; �N
 � � �



� �
�


�
 �

���

�
 �
� , i.e., receiversare

orderedwithin eachdomainby increasinglossrate.
We de�ne a multicastsessionto be intra-homogeneousif,

for any � andfor all � �C�B
 ��� 
�
 �

��� 
�
 �
� , i.e., all receiversin the
samedomainhavethesamelossrate.A sessionthatis not intra-
homogeneousis intra-heterogeneous. We de�ne a sessionto
be inter-homogeneousif for any two domains,�


 and �



� , we
have that � ��
 �0� � ��


�
� andfor each� � � ��
 � ��� 
�
 �

��� 


� 
 � . If
a sessionis not inter-homogeneous,it is de�ned to be inter-
heterogeneous.
�
If packetsarrive out of orderat the repairserver (i.e., repairsarrive before

sourcepackets),therepairserver cansendtherepairsassourcepacketsanduse
thelatesourcepacketsasrepairs.
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Wealsoassumethatthesenderalwaysmulticastsrepairs,and
the repair server always subcastsrepairs. For simplicity, we
againconsideranetwork whereall lossesoccuronthetail links,
which lie betweeneachreceiverandits repairserver (again,the
readeris referredto Figure1). This meansthat receiver losses
areindependentfrom oneanother, andthat thereareno losses
within thebackbonenetwork (i.e.,no lossesbetweenthesender
andtherepairserver).

An examinationof inter-homogeneousdomainsappearsin
[9]. Loss studiesover the MBone [3], [14] suggestthat loss
ratesdiffer in differentregionsof theInternet.Additionally, the
domainsizecanvary considerablyover thesetof domainsin a
session.Consequently, we expectmostmulticastsessionsto be
inter-heterogeneous.We now examinean inter-heterogeneous,
intra-homogeneoussession,in which therearetwo typesof do-
mains. Thereare � 
 domainsof type � , whereeachdomainof
type � consistsof �


 receivers, eachhaving a loss rate of � 
 ,
�a�	� � ) . In thisdomain,weconsidertwo protocols.
e-e: Thee-eprotocolis ahybrid,end-to-endFEC/ARQprotocol
that doesnot make useof repairservers. The protocoldetails
andits analysiscanbefoundin [8].
SDBR: SDBRis describedin SectionII. By settingtheblock
size to one, this protocolperformsidentically to an RS repair
serverprotocol.

Ourmeasureof bandwidthis thenumberof packets(dataplus
repairs)that aresentper block of data. We de�ne the random
variable,

�

L




, to equal the numberof packets multicastfrom
a repairserver to downstreamreceiversfor a block in SDBR.
We extend(1) sothat it appliesto thevarioustypesof domains

�

� �	� � )j� :

SUT �
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We de�ne
���

to bea randomvariablethatequalsthenum-
berof (dataandrepair)transmissionsin thee-eprotocolthata
sendermust transmitto all downstreamreceivers(over all do-
mains).Then

S*T �
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Wealsode�ne � 
 to arandomvariablethatequalsthenumber
of transmissionsin a domainof type � by a repairserver using
a protocolthat doesnot implementFEC.

S*T � 
dV equals
S*T �

L




V

when ��� � , andcanbewrittenmoresuccinctlyas
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Figure6comparesthenumberof expectedtransmissionsfrom
a repairserver to receiversin its repairdomainusinganAPES
approachtonon-APESapproachesas(a)theblocksize,� , varies,
(b) thedomainsizevaries,and(c) thehighlossratevariesalong
the 9 -axis.Asadefault,theblocksize,� , equalsten,thedomain
sizeof eachdomain,�


 , is ten,andtherearetendomainsof type
onewith lossratesfrom repairserver to receiver of � �U� e � � ,
anda singledomainof typetwo with lossratesof �

g

� e � . In
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Fig. 6. Expectednumber of packets transmittedto receivers in inter-
heterogeneous,intra-homogeneousnetworksvarying (a) block size,(b) re-
pairdomainsize,and(c) high lossrate.

Figures6(a)and6(b),theblocksize,� , andthedomainsizevary
alongthe 9 -axis, respectively. Figure6(a) plotscurves,where
the 	 -axisequalsthenormalized,expectedcostof reliablytrans-
mitting a datapacket. Thecurveslabelede-e, SDBR low, and
SDBRhigh plot valuesof

S*T �
�
V�� � ,

SUT �

L

�

V�� � , and
SUT �

L

g

V�� � ,
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respectively. Notethatvaluesfor
S*T � � V and

S*T �
g

V aregivenby
respectiveplotsSDBRlow andSDBRhigh whentheblocksize,

� , equalsone. Figure6(b) includesadditionalplots for
S*T � �^V

and
S*T �

g

V , respectively labeledno FEC low andno FEC high.
In Figure6(c), thelossratein thetypetwo, high loss,domainis
variedalongthe 9 -axis,while the 	 -axisequalsthenormalized,
expectedcostof reliably transmittinga datapacket in multiples
of this costin a low loss(typeone)domain. Plotslabelede-e,
FEC high loss, andNo FEC high lossrespectively plot values
for

S*T � �
V �

S*T �

L

�

V ,
S*T �

L

g

V �

S*T �

L

�

V , and �

S*T �
g

V��

SUT �

L

�

V .
FromFigures6(a)and6(b), we seethat thebandwidthused

by the e-eprotocolthroughoutthe network is almostidentical
to what is requiredin the high lossdomain,which meanslow
lossdomainsincur signi�cant additionalbandwidth. In Figure
6(c), we seethat in anintra-homogeneous,intra-heterogeneous
network, thereis a smallsavingsin bandwidthdueto theuseof
repairservices.As we increasethe inter-heterogeneity, adding
FEC reducesbandwidthfurther in protocolsthat make useof
repairservices,particularlyin high lossdomains.Thisbehavior
is observedin Figure6(a),aswell asin Figure6(b)by compar-
ing SDBR andthe RS protocolfor eitherthe high or low loss
domain.We alsoobservedlittle variationin bandwidthusageas
the ratio of the numberof low lossdomainsto the numberof
high lossdomains,� ���

�

g

, increases.Theplot hasbeenomitted
dueto lackof variationalong 9 -axis.

Weconcludefrom theseobservationsthatthebandwidthused
throughoutthenetworkin anend-to-endFECapproach is dom-
inated by the bandwidthrequired by domainswith high loss,
whereasin a networkwith repair servers, this bandwidthcon-
sumptioncanbelimited to thedomainswhere it is required.An
additionalsavingsin bandwidthcomesasa resultof usingFEC,
particularly in high lossor large domains.We expectthe im-
provementdueto FECto belessif thelossbetweenrepairserver
andreceivershasa high level of spatialcorrelation. However,
ouranalysisin SectionIII showedthatusingFECstill improves
performanceby reducingbufferingrequirements.

V. FUTURE WORK AND CONCLUSION

Wehaveperformedourexaminationof APESprotocolsusing
a simpli�ed network model.Onedirectionfor futurework is to
implementtheprotocolsandcomparetheirperformancein areal
networking environment. Sincewe now understandhow cer-
tain basiccharacteristicsaffect performance,anotherdirection
is to useamodelwhichmoreaccuratelycapturesarealnetwork-
ing environment.In particular, we have not directly considered
lossbetweenthesourceandrepairservers,temporallycorrelated
(bursty)loss,or spatiallycorrelatedloss.We point out that loss
betweenthesourceandrepairserversdoesnot affect theband-
width requirementsbetweenrepairserversandreceivers. Nor
doesit affect thebuffer requirementsof repairservers. Results
in [3], [8] indicatethat the levelsof burstiness(i.e., temporally
correlatedloss)observedin today's Internetwill causea slight,
oftenunnoticeabledecreasein performanceof FEC.

We now turnourattentionto spatiallycorrelatedloss.Spatial
correlationwasexaminedin [9] for SDBRin intra-heterogene-
ous,inter-homogeneousenvironments.Thetechniquespresent-
ed therecaneasilybe appliedto examinetheeffectsof spatial
correlationon inter-heterogeneousenvironments,andonBRSR
andGRSR.Wealsopointout thatadomainsizeof oneis equiv-

alentto assumingthatall losseswithin a domainare100%cor-
related.Thus,thebandwidthutilized in a within a domainsize
of � with partially correlatedlosslies somewherebetweenthe
resultsplotted for a domainsize of � and thoseplotted for a
domainsizeof one. While correlatedlosswill reducethe ef-
fectivenessof FECin reducingbandwidthrequirements,wecan
expectan increasein its effectivenessat reducingbuffering re-
quirements.

Thereis still considerableinterestin reducingthebandwidth
consumptionof reliablemulticastprotocols. Two approaches
thatsuccessfullyachievesuchreductionarerepairservicesapp-
roachesandhybrid FEC/ARQapproaches.We have examined
andcomparedperformanceof protocolsthatcombinetheseapp-
roaches,which we call APES protocols. We describedsev-
eralnew APESprotocolsthatmaintainthishighbandwidthef�-
ciency while reducingbuffer andFECprocessingrequirements.
We thoroughlyexploredhow the bandwidth,buffer, and FEC
processingrequirementsvaryamongthevariousversionsof the
protocols. We alsodescribethe kinds of networking environ-
mentsin whichsuchprotocolsimprovethebandwidthef�ciency
of reliablemulticastbeyondwhateitherapproachis ableto ac-
complishseparately.
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