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Abstract

This paperpresentsthedesign,implementationandperformance
of a reliablemulticasttransportprotocolcalledRMTP. RMTP is
basedon a hierarchicalstructurein which receiversaregrouped
into localregionsor domainsandin eachdomainthereis aspecial
receivercalleda DesignatedReceiver(DR) which is responsible
for sendingacknowledgmentsperiodicallyto thesender, for pro-
cessingacknowledgementsfrom receiversin its domainandfor
retransmittinglost packetsto thecorrespondingreceivers.Since
lost packetsare recoveredby local retransmissionsas opposed
to retransmissionsfrom theoriginal sender, end-to-endlatencyis
signi®cantlyreduced,andtheoverall throughputis improvedas
well. Also, sinceonly the DRs sendtheir acknowledgmentsto
thesender, insteadof all receiverssendingtheiracknowledgments
to the sender, a singleacknowledgement is generatedper local
region,andthis preventsacknowledgement implosion. Receivers
in RMTP sendtheir acknowledgmentsto the DRs periodically,
therebysimplifying error recovery. In addition,lost packetsare
recoveredbyselectiverepeatretransmissions,leadingto improved
throughputat the costof minimal additionalbuffering at the re-
ceivers.

Thispaperalsodescribestheimplementationof RMTPandits
performanceon theInternet.

1To appearin IEEE Journal on SelectedAreas in Com-
munications,specialissueon Network Supportfor Multipoint
Communication.

1 Intr oduction

Multicastingprovidesanef®cientway of disseminat-
ing datafrom asenderto agroupof receivers.Instead
of sendingaseparatecopyof thedatato eachindivid-
ual receiver, thesenderjust sendsa singlecopyto all
thereceivers.A multicasttreeis setupin thenetwork
with thesenderastherootnodeandthereceiversasthe
leafnodes.Datageneratedbythesender̄ows through
the multicasttree, traversingeachtreeedgeexactly
once. However, distributionof datausingthemulti-
casttreein anunreliablenetworkdoesnot guarantee
reliabledelivery, which is theprime requirementfor
severalimportantapplications,suchas, distribution
of software,®nancialinformation,electronicnewspa-
pers,billing records,andmedicalimages. Reliable
multicastis alsonecessaryin DistributedInteractive
Simulation(DIS) environment,and in collaborative
applications. Therefore,reliable multicastingis an
importantproblemwhichneedsto beaddressed.

Severalpapershaveaddressedthe issueof multi-
castrouting [A84] [D88] [DC90] [BFC93] [KPP93]
[Mo94] [DEF+94], but the design of a reliable
multicast transport protocol in broadbandpacket-
switchednetworkshasonlyrecentlyreceivedattention
[AFM92] [PSK94] [WMK95] [HSC95] [FJM+95]
[PP95][LP96].

Reliablemulticastprotocolsarenotnewin thearea
of distributedandsatellitebroadcastsystems[CM84]
[GJ84] [SS85] [BJ87] [GS91] [APR93]. However,
mostof theseprotocolsapply to local areanetworks
anddo not scalewell in wide areanetworks,mainly
becausethe entitiesinvolved in the protocolneedto
exchangeseveralcontrol messagesfor coordination
purposes. In addition, they do not addressfunda-
mentalissuesof ¯ow control,congestionavoidance,
end-to-endlatency,andpropagationdelayswhichplay
a critical role in wide areanetworks. Severalnew
distributedsystemshavebeenbuilt for group com-
municationrecently, namely, Totem[MMA+96] and
Transis[DM96]. Totem [MMA+96] providesreli-
abletotallyorderedmulticastingof messagesbasedon
which morecomplexdistributedapplicationscanbe
built. Transis[DM96] buildstheframeworkfor fault
tolerantdistributedsystemsby providingmechanisms
for mergingcomponentsof apartitionednetworkthat
operateautonomouslyandlaterbecomereconnected.
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Both thesesystemsassumetheexistenceof multiple
sendersandtry to imposea totalorderingondelivery
of packets.However, thereliablemulticasttransport
protocol in this paperhasbeendesignedto operate
at a more fundamentallevel wherethe objective is
to deliverpacketsin orderedlosslessmannerfrom a
single senderto all receivers. In other words, our
protocolcanpotentiallybeusedby Totemto provide
reliabletotal orderingin a wide areapacket-switched
network. Other transaction-basedgroup communi-
cationsemanticslike atomicmulticast,permanence,
andserializabilitycanalsobebuilt usingour reliable
multicasttransportprotocol.

Multicastingisaverybroadtermanddifferentmul-
ticastingapplicationshave, in general,different re-
quirements.For example,a real-timemultipoint-to-
multipoint multimediamulticastingapplication,such
as,nationwidevideoconferencing,hasvery different
requirementsfrom a point-to-multipointreliabledata
transfermulticastingapplication,suchas,thedistribu-
tion of software. Recently, researchershavedemon-
stratedmulticastingreal-timedata,suchasreal-time
audionandvideo,over theInternetusingtheMBone
[CD92][E94]. Sincemostreal-timeapplicationscan
toleratesomedata loss but cannottoleratethe de-
layassociatedwith retransmissions,theyeitheraccept
somelossof dataor useforwarderrorcorrectionfor
minimizingsuchloss.Multicastingof multimediain-
formationhasbeenrecentlyreceivinga greatdealof
attention[YM93][SM94][AS95]. However, themain
objectiveof thesemulticastprotocolsis to guarantee
qualityof serviceby reducingend-to-enddelayat the
costof reliability. In contrast,theobjectiveof ourpro-
tocolin thispaperis to guaranteereliability achieving
high throughput,maintaininglow end-to-enddelay.
This is achievedby reducingunnecessaryretransmis-
sionsbythesender. In addition,weadoptanoveltech-
niqueof groupingreceiversinto localregionsandgen-
eratinga singleacknowledgmentper local regionto
avoidtheacknowledgmentimplosionproblem[R92]
inherentin anyreliablemulticastingscheme.Wealso
usethe principle of periodicsendingof stateinfor-
mationfrom the receiversto the transmitterto avoid
complexerror-recoveryprocedures[NRS90]. Finally
we usea selectiverepeatretransmissionschemeto
achievehighthroughput.

In this paper, we describeour detailedexperience

with the designand implementationof RMTP. The
original work consistedof proposingthreedifferent
multicasttransportprotocols,comparingthemusing
simulation,andrecommendingonefor reliablemulti-
casting. In fact, thenotionof local recoveryusinga
designatedreceiverwasproposedfor the®rsttime in
the literaturein [PSK94]. Thedetailsarereportedin
[PSK94],anda brief descriptionis given in the Ap-
pendix.Therecommendedprotocolwasimplemented
and its performance,measuredon the Internet, re-
portedin [LP96]. In thispaper, wehavecombinedthe
ideasandresultsfrom [PSK94]and[LP96] to present
a comprehensivepictureof our efforts in designing
RMTP.

RMTPisverygeneralin thesensethatit canbebuilt
on top of eithervirtual-circuit networksor datagram
networks. The only serviceexpectedby the proto-
col from theunderlyingnetworkis theestablishment
of a multicasttree from the senderto the receivers.
Forexample,anymulticastroutingprotocol,suchas,
DVMRP [DC90], PIM [DEF+94] or CBT [BFC93]
canbeusedto setupthismulticasttree.Further, ST-2
[PP92],RSVP[ZDE+93] or any other protocolcan
beusedfor reservingresourcesfor themulticasttree.
However, resourcereservationis not reallynecessary
for theproperfunctioningof RMTP. Thefunctionof
RMTP is to deliver packetsfrom the senderto the
receiversin sequencealongthe multicasttree,inde-
pendentof how the treeis createdandresourcesare
allocated.For example,RMTP canbe implemented
over AvailableBit Rate(ABR) typeservicein ATM
networksfor reliablemulticastingapplications.

In this paper, we haveaddressedthedesignissues
for RMTP in the internetenvironment.In particular,
thenotionof multi-level hierarchyusinganinternet-
like advertisementmechanismisdescribed,andissues
relatedto ¯ow controlandlate-joiningreceiversin an
ongoingmulticastsessionaredealtwith extensively.
In addition,a detaileddescriptionof the implemen-
tationusingMBone[E94] technologyin theInternet
is alsopresentedandperformancemeasurementsare
includedaswell. Most of theseideasandresultsare
takenfrom [LP96].

Restof thepaperis organizedasfollows. Section
2 discussesthenetworkarchitectureandtheassump-
tionsmadein thedesignof RMTP. RMTPisdescribed
in detailin Section3. Implementationof RMTPispre-
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sentedin section4,anditsperformancemeasurements
ontheInternetarepresentedin Section5. Comparison
with relatedwork is detailedin Section6. Features
andlimitationsof RMTParesummarizedin section7
followedby someconclusions.

2 Network Ar chitecture and Assump-
tions

Let thesendersandreceiversbeconnectedtotheback-
bonenetwork throughlocal accessswitches2 either
directly or indirectly throughaccessnodes3 (Figure
1).

L s

L s :  Local Access Switch for S
L i :  Local Access Switch for ith region

 R    :  jth receiver of ith local region
i,j

S    :  Sender

BACKBONE

NETWORK

j,2

R
i,1

R

L

S

j

i,2

L i

AN

AN  :   Access  Node

R
i,3

R
R

j,1

Figure1: Modelof theNetwork

Theassumptionsmadein theprotocoldesignare:

1. Thereceiverscanbegroupedinto local regions
basedon their proximity in thenetwork.Forex-
ample,if a hierarchicaladdressingschemelike
E.164(which is very similar to thecurrenttele-
phonenumberingsystem)is assumed,thenre-
ceiverscanbe groupedinto local regionsbased
onareacode.In anIP-network,receiverscanbe
groupedinto local regionsby usingthetime-to-
live (TTL) ®eldof IP packets.More detailson
how the TTL ®eldcanbeusedaregiven in the
nextsection.

2A local accessswitch can be thoughtof as a router in an
IP-network.

3An accessnodeis alsoa routerin anIP-network.

2. A multicasttree,rootedatthesenderSandspan-
ning all the receivers,is set up at the network
layer (ATM layer in the contextof ATM net-
works).Thisis referredtoastheglobalmulticast
treein severalpartsof thepaperto distinguishit
fromthelocalmulticasttreewhichisapartof the
globalmulticasttree4. Theglobalmulticasttree
is shownby solid linesin Figure2. Receiversin
thelocalregionservedby

���

aredenotedby �

��� �

.
Notethat

���

denotesthe local accessswitch for
theith. regionandis nota receiver.

R
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Figure2: GlobalMulticastTreerootedat � andLocal
MulticastTreesrootedat �

�	�

1's

3. RMTP is describedin this paper as a pro-
tocol for point-to-multipointreliable multicast.
Multipoint-to-multipoint reliable multicast is
possibleif multicast treesare set up for each
sender.

3 ReliableMulticast Transport Proto-
col (RMTP)

RMTP providessequenced,losslessdeliveryof bulk
datafrom one senderto a group of receivers. The

4Note that the multicasttree is not assumedto be ®xed. It
maychangedynamicallyasthenetworktopologychangesor as
the membershipof the multicastgroupchanges. Although the
multicasttreemaychangephysically, therealwaysexistsasingle
logicalmulticasttree.
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senderensuresreliabledeliveryby selectivelyretrans-
mitting lost packetsin responseto theretransmission
requestof the receivers. If eachreceiversendsits
status(ACK/NACK) all the way to the sender, it
results in the throttling of the senderwhich is the
well-known ack-implosionproblem. In addition, if
somereceiversarelocatedfar awayfrom thesender
andthe senderretransmitslost packetsto thesedis-
tant receivers,the end-to-enddelay is signi®cantly
increased,andthroughputis considerablyreduced.

RMTP has been designedto alleviate the ack-
implosion problemby using a tree-basedhierarchi-
cal approach. The key idea in RMTP is to group
receiversinto local regionsandto usea Designated
Receiver(DR) asa representativeof thelocal region.
Althoughthesendermulticastseverypacketto all re-
ceiversusingtheglobalmulticasttree,only theDRs
sendtheir own statusto the senderindicatingwhich
packetsthey havereceivedand which packetsthey
havenotreceived.Thereceiversin alocalregionsend
their statusto thecorrespondingDR. Notethata DR
doesnot consolidatestatusmessagesof thereceivers
in its local region.,but usesthesestatusmessagesto
performlocal retransmissionsto thereceivers,reduc-
ing end-to-enddelaysigni®cantly. Thus the sender
seesonly the DRs anda DR seesonly the receivers
in its local region. Processingof statusmessagesis
distributedamongthe senderand the DRs, thereby
avoidingtheack-implosionproblem.

RMTP alsosupportsmulti-level hierarchyof local
regions. In sucha case,a DR sendsits statusto the
DR leastupstreamfrom itself in themulticasttreeand
thus,thesenderreceivesonlyasmanystatusmessages
asthereareDRsin thehighestlevel of themulticast
tree.

In Figure2, receiver �

���

1 is chosenasthe DR for
thegroupof �

�	� �

's, in the local regionservedby
���

.
A localmulticasttree,rootedat �

�	�

1, is de®nedasthe
portionof theglobalmulticasttreespanningthe �

�	� �

's
in thelocalregionservedby

�
�

. Localmulticasttrees
areindicatedby dashedlinesin Figure2.

3.1 Overview

This sectionpresentsthe main ideasof RMTP as-
suminga two-levelhierarchyasdepictedin Figure2.
The extensionsto multi-level hierarchyarestraight-

forward.Theprotocolworksasfollows:

1. � multicastsa window of datapacketsto all re-
ceivers( �

�	� �

's
�������

) usingtheglobalmulticast
tree.Thismulticastis termedaglobalmulticast.

2. Each�

�	�

1 sendsitsownstatusto � in theformof
statuspacketsat periodicintervals. Eachstatus
packetcontainsinformationaboutwhichpackets
havebeensuccessfullyreceivedby �

���

1. Based
on thesestatusmessages,� determineswhich
packetsareto beretransmitted.If thenumberof

�

�	�

1's requestingretransmissionof a packetex-
ceedsa certainthreshold,thepacketis multicast
globallyby � ; otherwise� unicaststhepacketto
therequesting�

�	�

1's only.

3. Each �

�	� �

(
���

	 1) sendsits statusto the corre-
sponding�

���

1 at regularintervals. �

�	�

1 locally
multicastsa packetif the numberof �

�	� �

's re-
questingits retransmissionexceedsa threshold;
otherwisethepacketis unicastonly to the �

�	� �

's
thatrequestedits retransmission.

4. � multicastsnewpacketsprovidedthereis room
in its sendwindow.

3.2 RMTP Details

Thesenderin RMTP dividesthedatato betransmit-
tedinto ®xed-sizedatapackets,with theexceptionof
the last one. A datapacketis identi®edby packet
typeDATA, while typeDATAEOFidenti®esthe last
datapacket. The senderassignseachdatapacketa
sequencenumber, startingfrom 0. A receiverperiod-
ically sendsACK packetsto thesender/DR.An ACK
packetcontainsthe lower endof receivewindow (L)
anda®xed-lengthbit vectorof receivewindowsizein-
dicatingwhichpacketsarereceivedandwhichpackets
arelost. Table1 lists thepackettypesusedin RMTP.
Eachof their functionswill be describedin the fol-
lowing subsections.

3.2.1 RMTP connection

An RMTPconnectionis identi®edby apairof end-
points: a sourceendpointanda destinationendpoint.
Thesourceendpointconsistsof thesender's network
addressanda port number;the destinationendpoint
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PacketTypes

ACK ACK packet
ACKTXNOW ACK - immediatetransmissionreq.
DATA Datapacket
DATAEOF Lastdatapacket
RESET Packetto terminateaconnection
RTT MEASURE Packetto measureround-triptime
RTT ACK ACK to RTT MEASUREpacket
SNDACKTOME Packetfor selectinganAP

Table1: RMTPpackettypes

ConnectionParameters
���

receivewindowsizein packets
���

sendwindowsizein packets
���	��
�
�


delayaftersendingthelastpacket
���������

time intervalto processretx requests
�������

time intervalto measureRTT
�

�
���

time intervalto sendSNDACKTOME
�

�
�����

time intervalto senddatapackets
�������

time intervalto sendstatuspackets
������ "!$# %'&)(�!

datapacketsizein octets
*�����+,! %'&-(�!

sender's in-memorydatacachesize
*�.�/10���23���

�
2

congestionavoidancethreshold
45*768%9�

��23���
�

2

multicastretransmissionthreshold

Table2: RMTPconnectionparameters

consistsof themulticastgroupaddressandaportnum-
ber. EachRMTP connectionhasa setof associated
connectionparameters(seeTable2). RMTPassumes
that thereis a SessionManager5 who is responsible
for providing thesenderandthe receiver(s)with the
associatedconnectionparameters.RMTP usesde-
fault valuesfor anyconnectionparameterthat is not
explicitly given.

OncetheSessionManagerhasprovidedthesender
andreceiverswith thesessioninformation,receivers
initializetheconnectioncontrolblockandremainin an
unconnectedstate;thesendermeanwhilestartstrans-
mitting data. On receivinga datapacketfrom the
sender, a receivergoesfrom theunconnectedstateto
theconnectedstate. In theconnectedstate,receivers
emitACKsperiodically, keepingtheconnectionalive.

RMTPisdesignedbasedontheIP-Multicastphilos-
ophyin whichthesenderdoesnotexplicitly knowwho
thereceiversare.Receiversmayjoin or leaveamulti-
castsessionwithout informing thesender. Therefore
the goal in RMTP is to provide reliabledelivery to
thecurrent membersof themulticastsession.Since
thesenderdoesnot keepanexplicit list of receivers,
terminationof RMTPsessionis timerbased.After the
sendertransmitsthe lastdatapacket,it startsa timer
that expiresafter :<;>=@?�?�A seconds.(A DR alsostarts
the timer whenit hascorrectlyreceivedall the data
packets.)Whenthe timer expires,thesenderdeletes
all stateinformationassociatedwith the connection
(i.e., it deletestheconnection's controlblock). Time
interval :

;3=�?B?�A is at leasttwicethelifetime of apacket
in an internet. Any ACK from a receiverresetsthe
timer to its initial value. A normal receiverdeletes
its connectioncontrolblockandstopsemittingACKs
whenit hascorrectlyreceivedall datapackets.A DR
behaveslike a normalreceiverexceptthat it deletes
its connectioncontrolblockonly afterthe :C;3=�?B?DA timer
expires.

Sincethe time periodbetweenthe transmissionof
consecutiveACKs from a receiveris much smaller
than : EGF9H�H�I , the senderassumesthat eitherall re-
ceivershavereceivedeverypacketor somethingªex-
ceptionalºhashappenned.ACKs. Possibleexcep-
tional situationsinclude: network partition and re-
ceiversvoluntarilyor involuntarily leavingthemulti-

5SessionManageris not a part of RMTP transportprotocol,
but is usedat thesessionlayerto manageagivenRMTPsession.
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castgroup.RMTPassumesthattheSessionManager
is responsiblefor detectingsuchsituationsandtaking
necessaryactions.

In addition to normal connection termination,
RESETpacketscanbeusedto terminateconnections.
Forexample,whenRMTPdetectsthatthesendingap-
plicationhasabortedbeforedatatransferis complete,
it usesRESETto inform all thereceiversto closethe
connection.

3.2.2 RMTP Entities

RMTP hasthreemain entities: (1) Sender, (2) Re-
ceiverand(3) DesignatedReceiver. A blockdiagram
descriptionof eachof theseentitiesis given in Fig-
ure 3. We describethe major componentsof these
entitiesbelow.

TheSenderentityhasacontrollercomponentcalled
T CONTROLLER,whichdecideswhetherthesender
should be transmittingnew packets(using the Tx
component),retransmittinglost packets(using the
RTx component),or sendingmessagesadvertising
itself as an ACK Processor6 (using the AP A com-
ponent and SEND ACK TOME message). There
is anothercomponentcalledSTATUS PROCESSOR,
whichprocessesACKs(status)fromreceiversandup-
datesrelevantdatastructures.

Also, notethatthereareseveraltimercomponents:
T Send,T Retx, and T Sapin the Senderentity, to
informthecontrolleraboutwhethertheTx component,
the RTx componentor the AP A componentshould
beactivated.Timer T Dally is usedfor terminatinga
connection.

The Receiverentity also hasa controller compo-
nentcalledR CONTROLLERwhichdecideswhether
the receivershouldbe deliveringdatato the receiv-
ing application (using the R component),sending
ACK messages(usingtheAS component),or sending
RTT measurepackets(usingtheRTT component)to
dynamicallycomputethe round-triptime (RTT) be-
tweenitself andits correspondingACK Processor.

Note that there are two timer components: (1)
T Ack and (2) T Rtt to inform the controller as to

6An ACK Processor(AP) for a receiveris theDR (or sender)
to whichthereceiversendsits ACKs andonwhichit dependsfor
retransmissionof lostpackets.

AS RTT

T_RttT_Ack

R

AS RTT

T_RttT_Ack

R

RECEIVER   ENTITY

DESIGNATED   RECEIVER   ENTITY

SENDER   ENTITY

R_CONTROLLER              

   

  

T_CONTROLLER                 STATUS_PROCESSOR

DR_CONTROLLER                 STATUS_PROCESSOR

Tx                     RTx                AP_A

T_Send            T_Retx                T_Sap

                     RTx                  AP_A

             T_Retx                T_Sap

T_Dally

Figure3: Block Diagramof RMTP

whethertheAS or theRTT componentshouldbeac-
tivated. The componentR is not timer driven. It
is activatedasynchronouslywheneverthe receiving
applicationasksfor packets.

The DR entity is, in fact, a combinationof the
SenderentityandtheReceiverentity.

Keyfunctionsperformedbythecomponentsof each
entityaredescribednext.

3.2.3 Transmission

RMTP sender(in particular, the Tx componentof
senderentity in Figure3) multicastsdatapacketsat
regularintervalsde®nedby a con®gurationparame-
ter :

�����

; . Thenumberof packetstransmittedduring
eachinterval normally dependson the spaceavail-
ablein sendwindow7. Thesendercanat mosttrans-
mit one full window of packets(

�

� ) during :

�����

; ,
therebylimiting thesender's maximumtransmission
rateto

�

���
	

F���
���� �

���

���":

�����

; . To seta multicast
session'smaximumdatatransmissionrate,theSession
Managersimplysetstheparameters

�

� , 	

F���
���� �

���

�

and:

�����

; accordingly. However, duringnetworkcon-
gestion,thesenderis furtherlimitedby thecongestion
window8 duringthesame:

�����

; interval.

7Note that spaceis createdin sendwindow whenthe lower
endof thewindow slidesafterreceivingacknowledgmentsfrom
receivers.

8Referto subsection3.2.8.
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U

Seq. #

Receive Sequence Space

32

2

3

receive window

Received packets already delivered to application

Received packets discarded

Received packets stored in the buffer

Figure4: A receiver's receivewindow andtheasso-
ciatedbit vector

3.2.4 Acknowledgments

RMTP receivers(in particular, theAS componentof
thereceiver/DRentityin Figure3) sendACK packets
periodically, indicatingthestatusof receivewindow.
Receiversusea bit vectorof

�

� bits (sizeof receive
window) to recordtheexistenceof correctlyreceived
packetsstoredin thebuffer. As Figure4 illustrates,
eachbit correspondsto onepacketslot in thereceive
buffer. Bit 1 indicatesa packetslot containsa valid
datapacket. For example,Figure4 showsa receive
window of 8 packets;packets16, 17 and19 arere-
ceived correctly and storedin the buffer. When a
receiversendsan ACK to its AP, it includesthe left
edgeof thereceivewindow

�

andthebit vector. Note
thatThereceiverdeliverspacketsto theapplicationin
sequence.Forexample,if thereceiverreceivespacket
15 from thesenderanddoesnot receivepacket18, it
candeliver packets15, 16 and17 to the application
andadvance

�

to 18.

Round-Trip Time Measurementand : =���� Calcula-
tion

Receiversin RMTPsendACKs periodically. If these
ACKs aresenttoo frequently, theAP mayendup re-
transmittingthe samepacketmultiple timeswithout
knowingif the®rstretransmittedpacketwasreceived
correctlyby the receivers. In order to preventsuch
redundantretransmissions,RMTP requireseachre-
ceiver to measurethe round-trip time (RTT) to its
AP dynamically. ThemeasuredRTTs allow eachre-
ceiverto compute:

=���� , theintervalbetweenconsec-

Receiver Sender

T2

T3

T1
ACK

Retransmissions

Time Time

T

ACK

Figure5: Thecomponentsin calculating:C=����

utiveACKs.

A receiver(in particulartheRTT componentof re-
ceiver/DRentity)usesRTT MEASUREpacketto mea-
surethe RTT betweenitself and its AP. A receiver
sendsthe®rstRTT MEASUREpacketright aftercon-
nectionestablishment.SubsequentRTT MEASURE
packetsare sentat a ®xedinterval, :

����� . To mea-
sureRTT, a receiver� includesa local timestampin
anRTT MEASUREpacketandsendsthepacketto its
AP. WhentheAPreceivestheRTT MEASUREpacket,
it immediatelychangesthe packettype to RTT ACK
andsendsthepacketbackto � . Uponreceivingthe
RTT ACKpacket,� calculatesRTT asthedifference
betweenthe time at which the RTT ACK packetis
receivedandthetimestampstoredin it.

RTT measurementsallow a receiverto calculate
:

=���� , theintervalof sendingACKs. As Figure5 illus-
trates,a receivercanreducethepossibilityof causing
redundantretransmissionsby sendingoneACK atbe-
ginningof : andsendingthenextACK shortlyafter
theendof : . : is thesumof : 1, : 2 and : 3. RTT is
thesumof : 1 and: 3,andtheinterval : 2 is thedelay
incurredin anAP owing to theprocessingof ACKs.

:<=���� iscomputedbasedon : usingaTCP-likescheme
[B89, J88]. Moredetailscanbefoundin [PSLB96].

3.2.5 Ack Processingand Retransmissions

An AP (in particular, the STATUS PROCESSOR
componentof thesender/DRentity in Figure3) pro-
cessesACKs from receiversin its localregion.Based
on the ACKs from receivers,an AP canidentify the

7



Send Sequence Space

send_nextswin_lb

send window

packet sent but not yet acknowledged

avail_win

Figure6: A sender's sendwindow andrelatedvari-
ables

packetswhicharelostandhenceneedtoberetransmit-
ted. Oneormorereceiversmaymissthesamepacket.
RMTP providesmechanismsfor anAP to determine
whetherthelost packetshouldberetransmittedusing
unicastor multicast. Two parametersareusedin the
designfor this purpose: :

� ����� , and
�����

�7:

����� ���	� ,
togetherwith aretransmissionqueue. If anACK con-
tainsretransmissionrequests,the sequencenumbers
of the requestedpacketsareaddedto the retransmis-
sionqueue.A retransmissionqueueelementcontains
the sequencenumberof a packetto be retransmit-
ted,a counter

�

that countsthenumberof receivers
thathaverequestedthepacket,a table

�

E9E�
 : F
� that
recordsthe requestingreceivers'networkaddresses,
anda pointerto the nextqueueelement.At theend
of interval :

� ����� , anAP (in particular, theRTx com-
ponentof thesender/DRentity in Figure3) processes
eachelementin the retransmissionqueue. If

�

ex-
ceedsa threshold

�����

�C:

����� ���	�

9, the AP delivers
thepacketusingmulticast;otherwise,theAP delivers
thepacketto eachreceiverin

�

EGE

 : F�� usingunicast.

The sender uses three variables, ���

�	�

H�� ,
� �

�

E

�

��� � , and F��9F

�

H �

���

in theconnectioncontrol
block for managingthe sendwindow. As Figure6
illustrates,variable ���

�	�

H�� recordsthe lower bound
of thesendwindow, � �

�

E

�

����� indicatesthenextse-
quencenumberto usewhensendingdatapackets,and

F
�GF

�

H �

���

is the availablewindow size for sending
data. Thesenderincreases� �

�

E

�

����� anddecreases
F
�GF

�

H �

���

aftersendingdata.WhenACKs acknowl-
edgingthe receiptof packetswith sequencenumber

9The senderand DRs can have different
4 *76�%9�G� 2>���

�
2

values.

���

���

H�� arereceived,���

���

H�� is increasedandso is
F
�GF

�

H �

���

.

In orderto determinehowmanynewpacketsmust
be transmittedin the next sendinterval, the sender
computesthesmallest

�

(
��� �

� ) amongthose
�

values
of ACKsreceivedduring :

�����

; . If
�����

� isgreaterthan
���

���

H�� , it increasesF
�9F

�

H �

�	�

by �

��� �

���

���

�	�

H����

andsets���

���

H�� to
��� �

� . Valueof ���

�	�

H�� is never
decreased.If areceiverfalls behind,andsendsACKs
with valuesof L lower than ���

�	�

H�� , thoseACKs
will be ignored.Eventually, however, thelaggingre-
ceiverwill sendspecialACKs calledACK TXNOW
(describedin thenext subsection)which will trigger
retransmissionsfrom aDR/sender.

3.2.6 Late Joining Receivers

SinceRMTPallowsreceiversto join anytimeduring
an ongoingsession,a receiverjoining late will need
to catchup with therest. In addition,somereceivers
may temporarilyfall behindbecauseof variousrea-
sonssuchasnetworkcongestionor evennetworkpar-
tition. Therearetwofeaturesin RMTPwhichtogether
providethefunctionalityof allowinglaggingreceivers
to catchup with therest: (1) immediatetransmission
requestand(2) datacachein thesenderandtheDRs.

Immediate TransmissionRequest

Whena receiverjoins late, it receivespacketsbeing
multicastby thesenderat thattime,andby lookingat
the sequencenumberof thosepackets,it canimme-
diately®ndout that it hasmissedearlierpackets.At
that instant,it usesanACKTXNOWpacketto request
its AP for immediatetransmissionof earlierpackets.
An ACKTXNOWpacketdiffers from an ACKpacket
only in the packettype ®eld. Whenan AP receives
an ACKTXNOWpacketfrom a receiver � , it checks
bit vector � , and immediatelytransmitsthe missed
packet(s)to � usingunicast.

Data Cache

RMTP allowsreceiversto join anongoingsessionat
anytimeandstill receivetheentiredatareliably. How-
ever, this ¯exibility doesnot comewithout a price.
In order to provide this feature,the sendersandthe
DRs in RMTP needto buffer the entire ®le during

8



the session.This allows receiversto requestfor the
retransmissionof anytransmitteddatafromthecorre-
spondingAP. A two-levelcachingmechanismis used
in RMTP. The most recent

�

F��

�

� �

���

� packetsof
dataarecachedin memory, andtherestarestoredin
disk.

3.2.7 Flow Control

A simple window-based̄ow control mechanismis
notadequatein a reliablemulticasttransportprotocol
in the internetenvironment.Themainreasonis that
in the internetmulticastmodel,receiverscanjoin or
leaveamulticastsessionwithoutinformingthesender.
Thusasenderdoesnotknowwhothereceiversareat
anyinstantduringthelifetime of a multicastsession.

Thereforeif wewanttodesignatransport-levelpro-
tocol to ensureguaranteeddeliveryof datapacketsto
all thecurrentmembersof amulticastsession,without
explicitly knowingthemembers,adifferenttechnique
for ¯ow control is needed.Notethat if RMTPuseda
simplewindow-based̄ow controlmechanism,then
thesenderwouldhaveto know if all theDRsin level
1 havereceivedthepacketsbeforethewindow is ad-
vanced. However, the sendermay not know how
manylevel 1 DRs arethere,becausethe underlying
multicasttreecanchangeandeithernewDRsmaybe
addedto the multicasttreedynamicallyor old DRs
mayleave/fail.

In orderto dealwith this situation,thesenderop-
eratesin a cycle. Thesendertransmitsa window full
of new packetsin the ®rstcycle and in the begin-
ning of the next cycle, it updatesthe sendwindow
andtransmitsasmanynew packetsasthereis room
for in its sendwindow. The window updateis done
asfollows. Insteadof makingsurethat eachlevel 1
DR hasreceivedthe packets,the sendermakessure
thatall theDRs,thathavesentstatusmessageswithin
a given interval of time, havesuccessfullyreceived
the relevantpacketsbeforeadvancingthe lower end
of its sendwindow. Note that the advancementof
sendwindow doesnot meanthat thesenderdiscards
thepacketsoutsidethewindow. Thepacketsarestill
keptin a cacheto respondto retransmissionrequests.
In addition,notethatthesendernevertransmitsmore
thana full windowof packetsduringa ®xedinterval,
therebylimiting the maximumtransmissionrate to

�

� * PacketSize/ :

�����

; . This schemeof ¯ow con-
trol can thusbe referredto as rate-basedwindowed
¯ow control. Moredetailscanbefoundin [PSLB96].

3.2.8 CongestionAvoidance

RMTP providesmechanismsto avoid¯ooding anal-
readycongestednetworkwith new packets,without
makingthesituationevenworse.Theschemeusedin
RMTPfor detectingcongestionis describedbelow.

RMTPusesretransmissionrequestsfrom receivers
as an indication of possible network congestion
[J86, J88]. The senderusesa congestionwindow

���

���

�

�	�

to reducedatatransmissionratewhenex-
periencingcongestion.During :

�����

; , thesendercom-
putesthenumberof ACKs, � , with retransmissionre-
quest.If � exceedsathreshold,

���

�	�

����� ���	� , it sets
���

���

�

�	�

to 1. Sincethesenderalwayscomputesa
usablesendwindowas

�

���

� F
�GF

�

H �

��� �

���

���

�

���

� ,
setting ���

���

�

���

to 1 reducesdatatransmissionrate
to at mostonedatapacketper :

�����

; if F��9F

�

H �

���

is
nonzero10. If � doesnot exceed

�
�

���

����� ���	� dur-
ing :

�����

; , the senderincreases���

���

�

�	�

by 1 until
���

���

�

�	�

reaches
�

�

11. The procedureof setting
���

���

�

�	�

to 1 and linearly increasing���

���

�

���

is
referredto asslow-start, and is usedin TCP imple-
mentation.Thesenderbeginswith aslow-starttowait
for theACKs from far awayreceiversto arrive.

3.2.9 Choiceof DesignatedReceiversand forma-
tion of Local Regions

RMTP assumesthat thereis someinformationabout
the approximatelocation of receiversand basedon
thatinformation,eithersomereceiversorsomeservers
arechosenasdesignatedreceivers(DRs). Although
speci®cmachinesarechosento actasDRs,thechoice
of anAP for agivenlocalregionis donedynamically.
Thebasicideais outlinedbelow.

10Notethatondetectingcongestionin thenetwork,it ispossible
to setthecongestionwindow to one-halfthesizeof currentsend
window, insteadof settingit to oneasdescribedhere. We have
notexploredthispossibilityin details.

11If thesenderandall the receiversarelocatedin anenviron-
mentin whichthesender'smaximumdatarateis unlikely tocause
congestion,onecanbypassRMTP'scongestionavoidancescheme
by setting

*�.�/10
��23���

�
2

to ª � .º
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EachDR aswell asthesenderperiodicallysendsa
specialpacket,calledtheSEND ACK TOMEpacket,
in which the time-to-live (TTL) ®eldis set to a pre-
determinedvalue (say 64), using the multicast tree
downto eachreceiver. Thus,if thereareseveralDRs
alongagivenpathfromthesenderto agivenreceiver,
thereceiverwill receiveseveralSEND ACK TOME
packets,onefrom eachDR. However, sincetheTTL
valueof an IP datagramgetsdecrementedby oneat
eachhopof thenetwork,thecloseraDR is to a given
receiver, thehigheris theTTL valuein thecorrespond-
ing SEND ACK TOME packet. Therefore,if each
receiverchoosestheDR, whoseSEND ACK TOME
packethasthe largestTTL value,it will havechosen
theDR nearestto it in termsof numberof hops. Ef-
fectively, a local regionwill be de®nedaroundeach
DR.

This approachgivesusseveralbene®tsin termsof
robustnessandmultiple levelsof hierarchy. First of
all, if the DR, selectedby a setof receiversastheir
AP, fails, thenthe samesetof receiverswill choose
the DR leastupstreamfrom the failed DR, as their
newAP. This is becauseSEND ACK TOME packets
fromthefailedDRwill nolongerarriveatthereceivers
andtheSEND ACK TOME packetfromtheDRleast
upstreamfromthefailedDRwill havethelargestTTL
value.This leadsto thedynamicselectionof AP for a
givensetof receivers.

3.2.10 Multi-level Hierarchy in RMTP

RMTP hasbeendescribedearlier as a two-tier sys-
temin whichthesendermulticaststo all receiversand
DRs;andDRsretransmitlostpacketsto thereceivers
in their respectivelocal regions. However, the limi-
tationsof a two-levelhierarchyareobviousin terms
of scalabilityanda multi-levelhierarchyis desirable.
Theobjectiveof thissectionistodescribehowamulti-
level hierarchyis obtainedin RMTP with thehelpof
theDRssendingSEND ACK TOME packets.

Recall that each DR periodically
sendsSEND ACK TOME packetsalong the multi-
cast tree, and eachreceiverchoosesthe DR whose
SEND ACK TOMEpackethasthelargestTTL value.
Moreover, notethateachDR is alsoareceiver. There-
fore, if eachDR ignoresits ownSEND ACK TOME
packets,it will choosetheDR leastupstreamfrom it-

ACKSender ReceiverRouter
Receiver
Designated

Figure 7: Multi-level Hierarchyof DesignatedRe-
ceivers

selfasits DR andwill sendits statusmessagesto that
DR during themulticastsession.Figure7 illustrates
theidea.

Effectively, if thereare
�

DRs alonga path from
the senderto a group of receivers,and theseDRs
aredifferent hop countsaway from the receiversin
question,therewill be

�

local regionsin an
�

-level
hierarchy, suchthattheDRof the

�

�

�

level12 will send
its statusto theDR in level

�

� 1, aDR of level
�

� 1
will sendits statusto theDR in level

�

� 2,andsoon,
until the DR in level 1 sendsits statusto the sender
(DR at level0). Thatis,aDR atthe

�

�

�

levelactsasa
receiverfor the

�

� 1 �

�

level for all
��� �

	

� �

�����

�

1,
wherethe0�

�

level refersto theglobalmulticasttree
rootedat thesender.

4 RMTP Implementation

RMTP usesMBonetechnologiesto delivermulticast
packets. MBone consistsof a networkof multicast
capableroutersandhosts.MBoneroutersuseIP tun-
nels to forward multicastpacketsto IP routersthat
cannothandlemulticastpackets. An MBone router

12DR mostupstreamis level 1, andthe level increasesdown-
streamalongthemulticasttree.
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Figure8: Multicast packetdelivery from a sending
applicationto a groupof receivingapplicationsusing
UDP

consistsof two functional parts: a user-level pro-
cesscalled mrouted and a multicastkernel. An
mrouted exchangesroutinginformationwith neigh-
boringmrouted s toestablisharoutingdatastructure
in themulticastkernel.Themulticastkernelthenuses
the routing datastructureto forwardmulticastpack-
ets. To deliver multicastpacketsto receiverson a
local subnet,an MBone router usesdata-link layer
multicasting(e.g.,Ethernetmulticasting).

To make prototyping faster and debuggingeas-
ier, we implementedmulticastpacketforwardingand
RMTP protocolprocessingat userlevel. We mod-
i®edmrouted to incorporatethe routing functions
of a multicast kernel. (We refer to the modi®ed
mrouted asumrouted .) Communicationsamong
umrouted s arevia UserDatagramProtocol(UDP)
[P80]. Thus,multicastpacketstravelonUDP-tunnels
amongumrouted s. By executingumrouted , a
hostwith unicastkernelbecomesa userlevel multi-
castrouter.

A user-level protocol process implements the
RMTP protocol. Application-level receiversand
sendersuseUDPtocommunicatewith theRMTPpro-
tocolprocess.To delivermulticastpacketsto protocol
processeson a local subnet,a umrouted usesUDP
unicastinsteadof data-linkmulticast(seeFigure8).

A protocolprocessusesacon®guration®leto learn
about the location of the umrouted that handles
its multicastingrequests. When a protocol process
wishes to join a multicast group, it sendsan In-
ternet Group ManagementProtocol (IGMP) [D89]

� �

15 packets
� �

32 packets
�9� ���@�

600 milli-second
� �������

300 milli-second
� �����

1 second
�9� ���

3 seconds
���	��
�
�


250 seconds
������ "!�# %'&-(�!

512 octets
*�����+,! %'&-(�!

128 packets
*�.�/10���23��� � 2

0
4 *76�%9����23��� � 2

3

Table3: Connectionparametersused

Host MembershipReport packet via UDP to its
umrouted . TheHostMembershipReportmessage
requiresan acknowledgmentfrom the umrouted .
Thus,aumrouted buildsalist of protocolprocesses'
host addressesthat it handles. A umrouted pe-
riodically sendsan IGMP Host MembershipQuery
messageto eachprotocol processit handlesusing
UDP unicast. Note that protocol processesand
umrouted s do not follow the IGMP protocolstan-
dardsto obtainmulticastgroupmembershipinforma-
tionbecausetheyencapsulateIGMPmessagesin UDP
anddonotusedata-linkmulticast.In essence,webuilt
amulticastdeliverysystematuserlevelusingMBone
technologies.

5 Measurementson the Internet

We measuredthe prototypeimplementation's per-
formancewith 18 receiverslocatedat 5 geographic
areas.Figure9 showsthenetworkcon®gurationused.
We implementeda simpli®edversionof theSession
Manager(SM) and its clients. Eachreceivinghost
executesthe client processandthe protocolprocess
in thebackground,andtheSM usesTCPto transport
session-relatedinformation(e.g.,sessionID, connec-
tion parameters)to eachclient. Upon receivingthe
information,theclientprocessinvokesanapplication-
level receiverprocessand informs the protocolpro-
cessaboutthesessioninformation.Eachclientreports
back to the SM when the application-levelreceiver
processis ready. SM startsthe senderwhenall the
application-levelreceiverprocessesareready.

Table3 showstheconnectionparametersassigned
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Figure9: Networkcon®gurationusedfor measuringRMTP's performance

by theSM.A maximumdatarateof 100Kbits/second
(Kbps) is chosento avoid overloadingthe Internet
links of thetestsites.The

�
�

�	�

����� ����� is setto 0 so
thatthesenderinvokesslow-startwheneverit receives
a retransmissionrequestfrom a receiver. DRs are
chosenby using a con®guration®le. Note that the
senderonly processestheACKs from theDRs.

We conducted10 experiments. Eachexperiment
consistsof 3 measurementsof multicast®letransfer
in differentnetworkenvironmentsÐ M1: thesender
multicaststo areaA1, a LAN environment;M2: the
sendermulticaststo areasA1 throughA4, a WAN
environment;M3: thesendermulticaststo all areas,
a WAN environmentincluding an internationallink
with 512Kbpsbandwidth.Foreachmeasurement,the
senderreadsa 1 megabyte®lefrom ®lesystemand
multicastsit to the receivers.Receiversstorethere-
ceiveddatain a®lefor integritycheck.Eachreceiver
computesthroughputindependentlyafter successful
receptionof the®le.We alsomeasured,in eacharea,
the total numberof retransmittedpacketsanddupli-
catepacketsby examiningthelog ®lescreatedby the
sendingor receivingprotocolprocesses.

All the experimentswereconductedbetweenJan-
uary25andJanuary28,1995.The®rst3 experiments
wereconductedbetween9:00and12:00EST; thesec-
ond3 experimentswereconductedbetween12:00and
17:00EST; andtherestwereconductedbetween21:00
and24:00EST. Thehostsusedin theexperimentsare
all workstation-classcomputers(e.g. SunIPC, Sun

1
2
3
4

6
7
8
9

10

No. # Slow

1

1
1

1
max.avg.min.

0.00

0.00
0.00

0.00

Throughput (Kb/sec)
Startsender

Retransmissions (%)

0.00 0.00

0.00 0.00 1

90.33 90.35 90.38

0.00
0.00 10.00

0.00 0.00 1

0.00 1.37 1
0.00 0.00 1

91.33
90.62
81.38
73.05
86.92
91.78
92.26
91.62
91.07

91.37
90.64
81.40
73.08
86.93
91.78
92.29
91.65
91.22

91.38
90.65

73.10
86.95
91.79

91.68

0.00 0.00 1
0.05

DR1

81.41

92.31

91.31

5

Mean throughput: 88.07 Kb/sec.
* No duplicate reception observed.

Table 4: Results of multicasting to area A1

IPX, SunSparc10).Theexperimentswereconducted
with thenormaluserprocessesrunningon them. No
specialtreatmentswere given to the hostsrunning
RMTP.

The resultsof the experimentsarecategorizedby
their measurementtypes(i.e., M1, M2, or M3). Ta-
bles4 to 6 showtheresults.Theaveragethroughput
is plottedin Figure10. Sinceeachreceivercomputes
itsownthroughputindependently, theTablesshowthe
minimum,average,andmaximumthroughputamong
the throughputnumbersreportedby receivers.Note
thattheTablesreportthetotalnumberof retransmitted
datapacketsobservedby eachAP, andthetotal num-
ber of duplicatedatapacketsobservedin eacharea.
Thus,thenumbersdependonthenumberof receivers
in eacharea. As describedin subsection??, a DR
receivesduplicatepacketsfrom router when it uses
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1
2
3
4
5

7
8
9

10

No.
avg.min. max.

0.44

# Slow
Start

Throughput (Kb/sec)

36.43 36.46 36.48 0.10
0.00

0.00
0.00

0.00
0.00
0.00

0.00

0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00

0.00

0.00
0.00

0.00

0.10
0.00

0.10

0.54

0.83

21.40 21.42 21.44 0.05 0.34
28.14 28.15 0.59
28.57 28.57 28.58 2.69
38.79 38.82 0.54
41.09 41.10 0.24 1.07
39.72 39.73 39.74 0.24 0.10
41.91 41.93 41.93 0.05 0.78

0.29 8.30

0.59 2.49
0.44

9.23

8.94

8.54

10.64

3.56
24.50 24.53 24.56 0.00 2.44 2.20 0.055.32

32

73
65
29
23
26
22

0.10 0.15
1.76
2.83
0.20
2.34
2.39

0.050.63

3.22

Total # of Retransmissions (%)

11.46 11.48 11.49 2.0054.88

DR1 DR2 DR3 DR4sender
4.93

6.49
6.59
2.93

19.48
28.12
83.35
14.31

10.55

10.06

11.87

12.35 599
113

136

Total # of Duplicates (%)

3.61
3.81

3.71

14.11

0.00
0.00
0.49
0.00

38.91
41.11

28.15
3.71

14.116

Table 5: Results of multicasting to areas A1, A2,  A3, and A4.

Mean throughput: 31.22 Kb/sec.

A1 A2 A3 A4

23.54

24.76
27.00
22.02
15.77

13.48

16.80
18.55

19.29

20.41

1
2
3
4
5
6
7
8
9

10

No.
Throughput (Kb/sec)

avg.min. max.
# Slow

Start

0.10

0.00 0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00

0.15

0.00
0.00
0.00
0.00
0.00

0.00

0.00

0.15

0.10
0.54 24.1218.17 18.22

18.27 18.85 18.97 0.68 0.20 20.90
25.47 25.53 25.55 1.03 0.10
16.62 16.62 16.63 0.05 0.00
17.52 17.57 17.58 0.15 0.20
19.28 19.30 19.30 0.10 0.05
20.67 20.83 20.89 0.00 0.20 24.66

14.26

35.30
29.79

212
206
100
264
232
197
1530.052.73

1.17 0.00 0.00
0.100.83

1.42 0.00 0.00
0.88 0.000.20
3.03

0.051.03

Total # of Retransmissions (%) Total # of Duplicates (%)
A5A4A3A2A1DR5DR3DR2DR1 DR4

1.03
2.20
2.39
0.68
0.73
0.68
0.20

14.70

21.29
29.88

0.88 0.34 1.66 1.03
21.27 21.34 21.36 0.24 0.98 2.20 15.43

0.00
0.00
0.00

0.00
0.00
0.00

0.00

0.00
0.150.29 1.90 144

20.67
18.23
20.72 0.15 0.20 1.22 19.53 1.46 0.10

14.36
17.58 153

35.21

20.71

10.55

17.09

10.55

7.96
8.25

20.81 20.81 20.82 16118.56
sender

Table 6: Results of multicasting to all areas

Mean throughput: 19.98 Kb/sec.
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Figure 10: Averagethroughputamonga group of
receiversmeasuredin variousnetworkenvironments

subtreemulticastingto deliver retransmitions. The
total numberof duplicatedatapacketsreportedin the
Tablesdoesnotincludetheseduplicates.Thenumbers
in percentagearecalculatedasthenumberof packets
dividedby2048(i.e.,thesizeof thedata®lein number
of packets).

Fromtheresults,we observethefollowing:

1. DRs play a major role, asexpected,in caching
receiveddata,processingACKs, and handling
retransmissions.This is obviousfrom theªTotal
# of Retransmissionºcolumnsin Tables4, 5 and
6. In particular, notethat in Table6, sevenout
of ten numbersin the columncorrespondingto
DR5 aregreaterthanthoseof the sender. This
meansthattheDR in A5 (Taiwan)retransmitted
morepacketsto its areathandid the sender(in
Purdue)to all areas.Thatmeans,if theDR were
not there,all theseretransmissionswould have
to be doneby the sender. Effectively, the DRs
shieldthesenderfromhandlinglocalretransmis-
sion requestsandprovidefasterresponseto the
requests.

2. The small differencebetweenthe ªmax.º and
the ªmin.º valuesof all the throughputmea-
surementsin Tables4,5and6, indicatesthatre-
ceivers,regardlessof their geographiclocation,
takeaboutthesametime to correctlyreceivethe
®le. This showsthat RMTP is able to adaptto
receiversin variousnetworkenvironments.

3. In a heterogeneousenvironment,slow receivers
andlinks with low bandwidthlimit RMTP'sper-
formance. For example,with the samecon-

nection parameters,RMTP achieveda mean
throughputof 88.07Kbpsin M1 (aLAN environ-
ment),anda meanthroughputof 19.98Kbpsin
M3 (a WAN environmentwith a low bandwidth
internationallink). On theonehand,it indicates
RMTP hasachievedits designdecisionof not
over-runningslowreceiversandnotwastingnet-
work bandwidth. On the other hand,it shows
suboptimalthroughputfor fastreceivers.

4. Low numberof duplicatepacketsreportedin ar-
easA1, A2, A4 andA5 showstheeffectiveness
of RMTP's : =���� calculation.Themaincausefor
A3'shighnumberof duplicatesis thatDR3uses
multicastfor deliveringretransmittedpackets.It
canbeexplainedby a simpleexample.Suppose
that

�����

�C:

����� ���	� is setto 3. Now if, 4 out 6
receiversin A3 missthesamepacket,DR3 will
usesubtreemulticastingfor retransmissionof the
missedpacket.If all 6 receiverscorrectlyreceive
theretransmission,two receiverswill reportdu-
plicatereception.

6 Comparisonwith Existing Work

Thereis a wealth of literatureon reliablemulticas-
ting, particularly in the context of distributedsys-
tems[CM84][KTHB89][BSS91].Severalnewpapers
havealsoappearedin therecentliterature[WMK95]
[PP95][HSC95][FJM+95],most of which focus on
wideareanetworks.

[WMK95] describesthedesignof a reliablemulti-
castprotocol(RMP),whichhassigni®cantlyenhanced
thework doneby ChangandMaxemchukin [CM84].
RMP providesdifferent levels of QoS, namelyun-
reliable, reliable, sourceordered,totally ordered,K
resilient,majority resilientandtotally resilient.How-
ever, in orderto providetheselevelsof QoS,thepro-
tocol requiresexchangeof severalcontrol messages
amongthemembersof agroup.Thisiscertainlypossi-
blein alocalareanetwork,butin awideareanetwork,
exchangingthesecontrolmessageswill introducehigh
latencyandtheprotocoldesignwill not scale.In ad-
dition, RMP doesnot addressseveraltransport-level
issueslike ¯ow control, congestioncontrol, end-to-
endlatency, andredundantretransmissionproblems.

Our work is closely related to the Log-
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BasedReceiver-Reliable Multicast (LBRM) proto-
col [HSC95]. The distributedlogging approachin
LBRM is verysimilar to our hierarchicalapproachin
RMTP which was®rstproposedin [PSK94]. How-
everRMTPandLBRM differ signi®cantlyin details.

The ScalableReliableMulticast (SRM) protocol
by Floyd, Jacobson,MaCanne,Liu andZhangtakes
a differentapproachfrom RMTP in recoveringlost
packets. In SRM, when a receiverdetectsmissing
data, it waits for a randomtime determinedby its
distancefrom theoriginalsourceof thedata,beforeit
sendsarepairrequest.Repairrequestsaremulticastto
thewholegroupjustasregulardatapacketsare.Thus,
althougha numberof hostsmay all miss the same
packet,a hostcloseto thepoint of failure is likely to
timeout®rstandmulticasttherequest.Otherhoststhat
arealsomissingthesamepacket,hearthatrequestand
suppresstheir own request. This preventsa request
implosion. Any hostthathasa copyof therequested
datacananswerarequest.However, it will setarepair
timer to a randomvalue dependingon its distance
from thesenderof therequestmessageandmulticast
the repairwhenthe timer goesoff. Otherhoststhat
hadthepacketandscheduledrepairswill canceltheir
repair timerswhenthey hearthe multicastfrom the
®rsthost. This preventsa responseimplosion. This
is differentfrom thehierarchicalapproachin RMTP,
in which a receiverrequestsretransmissionof lost
packetsonly from its DR andtheDR retransmitsthe
lost packetsto the receiver. Thus the problemsof
requestimplosionor the repairimplosion,that show
up in SRMareeliminatedin RMTPby design.

Thereis a problemwith the recoverymechanism
in SRM, normally referredto as the ªcrying babyº
problem.If a singlelink to onememberof thegroup
hasahigherrorrate,thenall membersof themulticast
groupwill contendwith amulticastrequestandoneor
moremulticastresponses.A memberof themulticast
group connectedby a wirelesslink or a congested
link will result in the ªcrying babyº problem. This
situation is dealt with very ef®ciently in RMTP by
usinglocal recovery. Moredetailsoncomparisoncan
befoundin [PSLB96].

7 Featuresand Limitations

7.1 Features

Themainfeaturesof RMTParesummarizedbelow:

1. Reliability: RMTP provides reliable delivery
fromasinglesenderto agroupof receiverswith-
outknowingtheexactidentityof thereceivers13.
As describedearlier in the paper, receivers
sendtheir statusmessagesperiodically to their
Ack Processor(sender/DR)whoretransmitsany
packetsthat are lost. SinceACKs aresentpe-
riodically by thereceivers,evenif anACK gets
lost,thesender/DRdoesnotneedto doanything
special,becauseanotherACK will begenerated
by the samereceiverre¯ecting its updatedsta-
tus. Thus periodicsendingof statusmessages
providesaninherentfault toleranceto RMTP. If
ACKs fromthesamereceiverarriveoutof order,
theoutdatedACK arriving laterwill be ignored
by anAck Processor(AP) if thevalueof

�

in the
ACK is lessthanthatof ���

���

H�� in thesenderor
thecurrent

�

in theDR. Otherwise,theoutdated
ACK may lead to someredundantretransmis-
sions. Sincethevalueof ���

�	�

H�� at a senderor
thevalueof

�

at a DR is monotonicallyincreas-
ing, correctnessof theprotocolis nevercompro-
misedby out of order ACKs. If retransmitted
packetitself is corrupted,it is detectedby error
checkingcodesjustasin thecaseof UDPorTCP,
andis treatedlike a lost packet. Thusthesame
packetwill be requestedfor retransmissionand
will beeventuallydelivered.An RMTPreceiver
stopssendingACKs whenit receivesall packets
successfully. ThuswhentheRMTPsendermul-
ticaststhelastpacket,andstartsthe :C;3=@?�?�A timer,
it expectsto hearfrom a receiver/DRonly if the
receiver/DRdoesnot receiveeverypacketsuc-
cessfully. If an ACK getslost, the receiver/DR
will senda subsequentACK when : =���� expires.
As long as an ACK reachesthe senderbefore

:<;3=�?B?DA expires,thesenderwill retransmitthelost
packets,andrestart: ;>=@?�?�A . Since: ;3=@?�?�A is a con-
®gurableparameter, its valuecanbechosensuch

13Extensionsto basicRMTP to provideguaranteeddeliveryto
aknownsetof receiversarestraightforwardandarenot included
in this paper.
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thattheprobabilityof areceivernotreceivingthe
entire®lecorrectlycanbemadearbitrarilysmall.
Notethatthisproblemwill notexistif thesender
exactlyknowswhothereceiversare.RMTPhas
beenextendedto handlethis case,but thoseex-
tensionsarebeyondthescopeof thispaper.

2. Scalability: The hierarchicalapproachusedin
RMTP togetherwith the designdecisionof not
explicitly keepingtrack of receiversprovide a
high degreeof scalabiltyto RMTP. If somere-
ceiversin a multicastsessionare far from the
original sender, thesenderneednot worry about
them,becausethecorrespondingDR will bere-
sponsiblefor bothhandlingACKs from andre-
transmittinglostpacketsto thefarawayreceivers.
In addition,thestateinformationkeptatasender
is independentof thenumberof receivers,which
is key to RMTP's scalability. The price RMTP
paysfor scalabilityis theadditionalcacheat the
senderandateachDR.

3. Heterogeneity:RMTPisableto handlereceivers
in heterogeneousnetworkenvironmentsin anef-
®cientmanner. In particular, receiversin a rel-
atively lossynetwork(saya wireless/congested
network)canbemadeinto a local regionwith a
DR responsiblefor handlingACKs andretrans-
mitting lostpacketsto thereceiversin theregion.
Thusthe effect of a lossynetworkcanbe con-
®nedto a small region without affecting other
receiversof thesamemulticastsession.

7.2 Limitations and Overheads

First of all, RMTP, asis designedtoday, requiresthe
designatedreceiversto bechosenstaticallybasedon
approximatelocation of the receivers. Ideally, the
designatedreceiversmustbedetermineddynamically
as the receiversjoin and leavea multicastsession.
This is not really a limitation for applicationswhere
the set of receiversis known and speci®creceivers
can be chosenas DRs. However, for applications
with unknownsetof receivers,RMTP would require
someserversin the network to function as DRs in
orderto realizeits full potential.

Secondly, asthereceiversdeterminetheirDRbased
ontheTTL valueof theSEND ACK TOME packets,

it is possiblefor alargenumberof receiversto choose
thesameDR.Thisapproachdoesnotnecessarilyresult
in balancingof loadamongseveralDRs.

RMTP usesseveralperiodic messages,such as,
the statusmessagesfrom the receiversand DRs;
SEND ACK TOME packets from the senderand
DRs; andthe RTT MEASURE packetsfrom the re-
ceiversandDRs.

Typically, thestatusmessagesaresentby areceiver
onceperround-trip-delaybetweenitselfandthecorre-
spondingDR. Thisshouldnotbeconsideredanover-
head,becauseeachreceiverhasto sendits statusany-
way andif a receivertakesanevent-drivenapproach
(asopposedto a periodicapproach),in which it only
sendsNACKswhenalossisdetected,thesenderlogic
becomesmorecomplex.For example,LBRM proto-
col [HSC95]takesthisapproachandhencethesender
in LBRM needsto sendperiodicheartbeatmessages
to allow receiversto detectloss of packetsquickly.
Thus,sendingof periodicstatusmessagesis not an
overhead,ratherit is a mechanismto simplify error
recovery.

SEND ACK TOME packetsaresentout periodi-
cally by theDRsandthesenderin orderto advertize
thattheycanusedfor errorrecoveryby individualre-
ceivers. This is oneof the two mechanismsthat are
currentlybeingusedfor determininga local region.
This techniqueis similar to routeradvertisementsin
[D91]. In theotherapproach,eachreceiverusesanex-
pandingring searchto determinethenearestlogging
server[HSC95]. Thus the ®rst techniqueputs the
responsibilityof de®ninga local regionon theDRs,
while thesecondrelieson individual receiversto dis-
covertheircorrespondingloggingservers.Sendingan
advertisementpacketperiodicallyis astandardmech-
anismusedin theinternetenvironmentfor routerad-
vertisements,foreign agentadvertisements(mobile-
IP), etc. Therefore,this is notanoverheadoneneeds
to beconcernedabout.

Finally, the receivers and the DRs send out
RTT MEASUREpacketsperiodically. This is neces-
saryfor dynamicallyassessingtheround-trip-delayto
maketheprotocoloperationef®cient.Theround-trip-
timecalculationsareusedbythereceiversin determin-
inghowoftentheyshouldbesendingstatusmessages.
If thiswerenotdonedynamically, theprotocolperfor-
mancewouldbeaffected.Thereisatrade-off between
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the performanceof theprotocolandtheoverheadin
computingtheround-trip-timedynamically. We have
not investigatedthis trade-off yet.

8 Conclusion

This paperpresentedthecompletedesignandimple-
mentationof a ReliableMulticastTransportProtocol
called RMTP, and also providedperformancemea-
surementsof theactualimplementationon theInter-
net. The main contributionsof the designinclude
reducingtheacknowledgmenttraf®cby groupingre-
ceiversinto local regionsandgeneratinga singleac-
knowledgmentperlocal region,andreducingend-to-
endlatencyby performinglocal recovery. Contribu-
tionsalsoincludetheextensionof thetwo-levelhierar-
chyto multi-levelhierarchyof designatedreceiversin
theinternetenvironment.Theideaof periodicadver-
tizementby thedesignatedreceiversusedin forming
local regionsis alsonew. Othercontributionsinclude
theuseof periodicstatusmessagesin thecontextof
a reliablemulticasttransportprotocolandtheuseof
selectiverepeatretransmissionmechanismto improve
throughput.Although, theadvantagesof usingperi-
odicstatusmessagesarenotexplicitly discussedin this
paper, it is known to reducecomplexerror handling
mechanisms[NRS90]. In addition, this paperalso
presentedexperienceswith arealprotocolimplemen-
tationon the Internet. In particular, theperformance
®guresof RMTP implementationon theInternetjus-
ti®edtheuseof a hierarchicalapproachtogetherwith
a DR in eachlocal regionasa smartmechanismfor
localrecovery, andasanoveltechniquefor achieving
scalabilityin aheterogeneousnetwork.Thedesignde-
cisionof achievingreliability by buildinga hierarchy
of local regionsis supportedby recentmeasurements
doneon MBoneby Yajnik et. al [YKT96] who show
that most of the loss in MBone happensat the lo-
cal networksasopposedto in thebackbonenetwork.
This suggeststheuseof a DR per local regionat the
points of departurefrom the backboneto deal with
retransmissionsof lostpacketsin anef®cientmanner.
Finally, it hasbeenconclusivelyshownby Levineet.
al [LG96] thatatree-basedreliablemulticasttransport
protocolis themostscalablewayof achievingreliabil-
ity in awideareapacket-switchednetwork.Basedon
thesesupportingarguments,RMTP is indeeda scal-

able,ef®cient,reliablemulticasttransportprotocol.
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APPENDIX

In this section,we brie¯y mentionthethreeproto-
cols from which RMTP waschosen.The threepro-
tocolsare: (1) DesignatedStatusProtocol(DSP),(2)
ConsolidatedStatusProtocol (CSP),and (3) Com-
binedProtocol(CP).Novelty of eachof theseproto-
cols is in generatinga singleACK from eachlocal

Parameters
Throughput CSP

�

DSP
�

CP
End-to-endDelay DSP= CP

�

CSP
Buffer Requirement CSP

�

DSP
�

CP
GlobalRe-multicastTraf®c CP

�

DSP
�

CSP
Local Re-multicastTraf®c DSP

�

CP
Doesnotapplyto CSP

AcknowledgmentTraf®c DSP= CSP= CP
ProcessingComplexity CSP

�

DSP
�

CP

region,therebyavoidingtheack-implosionproblem.
RMTP is derivedfrom DSP and hencewe skip its
descriptionhere.

In CSP, eachreceiversendsits statusto thecorre-
spondinglocal accessswitch

���

andthe
� �

combines
statusmessagesfrom all the receiversin its domain,
andreportsa packetlossto thesenderif at leastone
of the receiversin its local region losesthe packet.
Eventuallythesenderretransmitsthelostpackets.

In CP, eachreceiversendsits statusto the corre-
spondinglocal accessswitch

���

andthe
� �

combines
statusmessagesfrom all the receiversin its domain,
andreportsa packetlossto thesenderonly if all the
receiversin its local region lose the packet. A lost
packetin a local region is retransmittedby any re-
ceiverwhichhasreceivedthepacket.

Theabovetablecomparestheperformanceof DSP,
CSP, andCP.

Basedon theperformanceof theprotocols,we ob-
servethatCPhasthebestperformance,followed by
DSPandCSP. However, the improvementin perfor-
manceis notwithoutprice. CPhassubstantiallymore
overheadthan the other protocolsin termsof com-
putingtheDR dynamically, andcommunicatingit to
themembersof a local region. DSPhasthe inherent
simplicity of choosingtheDRsright in thebeginning
of asession.In addition,performanceof DSPis com-
parableto thatof CP. Consideringthesefactors,DSP
becomesthe protocolof choice. RMTP inheritsthe
mainideasfrom DSP.
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