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Abstract

This paperpresentshe design,implementatiorandperformance
of areliablemulticasttransportprotocolcalledRMTP. RMTP is
basedon a hierarchicalstructurein which receiversare grouped
into localregionsor domainsandin eachdomainthereis aspecial
receivercalleda DesignatedReceiver(DR) which is responsible
for sendingacknowledgmentperiodicallyto the senderfor pro-
cessingacknowledgementisom receiversn its domainandfor
retransmittingost packetgo the correspondingeceivers.Since
lost packetsare recoveredby local retransmissionss opposed
to retransmissionBom the original senderend-to-endatencyis
signi®cantlyreduced andthe overall throughputis improvedas
well. Also, sinceonly the DRs sendtheir acknowledgmentso
thesendeyinsteadof all receiversendingheiracknowledgments
to the sender a single acknowledgemenis generateger local
region,andthis preventsacknowledgenm@implosion Receivers
in RMTP sendtheir acknowledgmentso the DRs periodically
therebysimplifying errorrecovery In addition,lost packetsare
recoveredy selectivaepeatetransmissionggadingto improved
throughputat the costof minimal additionalbuffering at the re-
ceivers.

This paperalsodescribesheimplementatiorof RMTP andits
performancen theInternet.

To appearin IEEE Journalon SelectedAreasin Com-
munications,specialissueon Network Supportfor Multipoint
Communication.

1 Intr oduction

Multicastingprovidesanef®cientway of disseminat-
ing datafrom asendeto agroupof receiversinstead
of sendinga separateopyof thedatato eachindivid-
ualreceivey the sendejjust sendsa singlecopyto all
thereceivers A multicasttreeis setup in thenetwork
with thesendeastherootnodeandthereceiverasthe
leafnodes.Datageneratety thesenderows through
the multicasttree, traversingeachtree edgeexactly
once. However distributionof datausingthe multi-
casttreein anunreliablenetworkdoesnot guarantee
reliabledelivery, which is the prime requirementor
severalimportantapplications,suchas, distribution
of software ®nancialnformation,electronicnewspa-
pers, billing records,and medicalimages. Reliable
multicastis alsonecessaryn DistributedInteractive
Simulation(DIS) environment,andin collaborative
applications. Therefore,reliable multicastingis an
importantproblemwhich needdo beaddressed.

Severalpapershaveaddressedhe issueof multi-
castrouting [A84] [D88] [DC90] [BFC93] [KPP93]
[M094] [DEF+94], but the design of a reliable
multicast transport protocol in broadbandpacket-
switchecdhetworkshasonly recentlyreceivedttention
[AFM92] [PSK94] [WMK95] [HSC95] [FIM+95]
[PP9O5][LP96].

Reliablemulticastprotocolsarenotnewin thearea
of distributedandsatellitebroadcassystemgCM84]
[GJ84] [SS85] [BJ87] [GS91] [APR93]. However
mostof theseprotocolsapply to local areanetworks
anddo not scalewell in wide areanetworks,mainly
becausehe entitiesinvolved in the protocolneedto
exchangeseveralcontrol message$or coordination
purposes. In addition, they do not addressfunda-
mentalissuesof “ow control, congestioravoidance,
end-to-endatencyandpropagatiorelayswvhichplay
a critical role in wide areanetworks. Severalnew
distributedsystemshave beenbuilt for group com-
municationrecently namely Totem[MMA+96] and
Transis[DM96]. Totem [MMA+96] providesreli-
abletotally orderednulticastingof messagelsasedn
which morecomplexdistributedapplicationscanbe
built. Transis]DM96] buildsthe frameworkfor fault
tolerantdistributedsystemdy providingmechanisms
for meging componentsf a partitionednetworkthat
operateautonomouslandlaterbecomereconnected.



Both thesesystemsassumehe existenceof multiple
senderandtry to imposeatotal orderingon delivery
of packets.However thereliablemulticasttransport
protocolin this paperhasbeendesignedio operate
at a more fundamentalevel where the objectiveis
to deliver packetsin orderedlosslesamannerfrom a
single senderto all receivers. In otherwords, our
protocolcanpotentiallybe usedby Totemto provide
reliabletotal orderingin a wide areapacket-switched
network. Othertransaction-basedroup communi-
cationsemanticdike atomic multicast,permanence,
andserializabilitycanalsobe built usingourreliable
multicasttransportprotocol.

Multicastingis averybroadtermanddifferentmul-
ticasting applicationshave, in general,differentre-
guirements.For example,a real-timemultipoint-to-
multipoint multimediamulticastingapplication,such
as,nationwidevideoconferencinghasvery different
requirementgrom a point-to-multipointreliabledata
transfemulticastingapplicationsuchas,thedistribu-
tion of software. Recently researchersavedemon-
stratedmulticastingreal-timedata,suchasreal-time
audionandvideo, overthe Internetusingthe MBone
[CD92][E94]. Sincemostreal-timeapplicationscan
toleratesomedata loss but cannottoleratethe de-
lay associatewvith retransmissionsheyeitheraccept
somelossof dataor useforward error correctionfor
minimizing suchloss. Multicastingof multimediain-
formationhasbeenrecentlyreceivinga greatdeal of
attentionYM93][SM94][AS95]. However the main
objectiveof thesemulticastprotocolsis to guarantee
quality of serviceby reducingend-to-endielayatthe
costof reliability. In contrasttheobjectiveof our pro-
tocolin this paperis to guaranteeeliability achieving
high throughput,maintaininglow end-to-enddelay
Thisis achievediy reducingunnecessargetransmis-
sionsbythesenderIn addition,weadoptanoveltech-
niqueof groupingreceiversnto localregionsandgen-
eratinga singleacknowledgmenperlocal regionto
avoidthe acknowledgmenimplosionproblem[R92]
inherentin anyreliablemulticastingschemeWe also
usethe principle of periodic sendingof stateinfor-
mationfrom the receivergo the transmitterto avoid
complexerrorrecoveryproceduregNRS90]. Finally
we usea selectiverepeatretransmissiorschemeto
achievehighthroughput.

In this paper we describeour detailedexperience

with the designand implementationof RMTP. The
original work consistedof proposingthreedifferent
multicasttransportprotocols,comparingthemusing
simulation,andrecommending@nefor reliablemulti-
casting. In fact, the notion of local recoveryusinga
designatedeceiverwasproposedor the ®rsttime in
theliteraturein [PSK94]. The detailsarereportedn
[PSK94],and a brief descriptionis givenin the Ap-
pendix. Therecommendedrotocolwasimplemented
and its performance measuredn the Internet, re-
portedin [LP96]. In this paperwe havecombinedhe
ideasandresultsfrom [PSK94]and[LP96] to present
a comprehensiv@icture of our efforts in designing
RMTP.

RMTPisverygeneraln thesensehatit canbebuilt
on top of eithervirtual-circuit networksor datagram
networks. The only serviceexpectedby the proto-
col from the underlyingnetworkis the establishment
of a multicasttree from the senderto the receivers.
Forexample any multicastroutingprotocol,suchas,
DVMRP [DC90], PIM [DEF+94] or CBT [BFC93]
canbeusedto setupthismulticasttree. Further ST-2
[PP92], RSVP [ZDE+93] or any other protocol can
be usedfor reservingresourcegor the multicasttree.
However resourcaeservatioris notreally necessary
for the properfunctioningof RMTP. Thefunction of
RMTP is to deliver packetsfrom the senderto the
receiversin sequencalongthe multicasttree, inde-
pendentof how the treeis createdandresourcesre
allocated. For example RMTP canbe implemented
over AvailableBit Rate(ABR) type servicein ATM
networksfor reliablemulticastingapplications.

In this paper we haveaddressethe designissues
for RMTP in the internetenvironment.In particular
the notion of multi-level hierarchyusinganinternet-
like advertisemennechanisnis describedandissues
relatedto ow controlandlate-joiningreceiversn an
ongoingmulticastsessiorare dealtwith extensively
In addition, a detaileddescriptionof the implemen-
tationusingMBone [E94] technologyin the Internet
is alsopresentecind performanceneasurementare
includedaswell. Most of theseideasandresultsare
takenfrom [LP96].

Restof the paperis organizedasfollows. Section
2 discusseshe networkarchitectureandthe assump-
tionsmaden thedesignof RMTP. RMTPis described
in detailin Sectior3. Implementatiorof RMTPis pre-



sentedn sectiord, andits performanceneasurements
onthelnternetarepresenteth Sectiorb. Comparison
with relatedwork is detailedin Section6. Features
andlimitationsof RMTP aresummarizedn section?
followed by someconclusions.

2 Network Architecture and Assump-
tions

Letthesendersindreceiverdeconnectedo theback-
bone network throughlocal accessswitcheg either
directly or indirectly throughaccessodes (Figure
1).

BACKBONE
NETWORK

: Sender

S
Lg © Local Access Switch for S

Lj : Local Access Switch for ith region
Rij : jth receiver of ith local region

AN : Access Node

Figurel: Model of the Network

Theassumptionsnadein the protocoldesignare:

1. Thereceiverscanbe groupedinto local regions
basedntheir proximity in the network. For ex-
ample,if a hierarchicaladdressingschemdike
E.164(which is very similar to the currenttele-
phonenumberingsystem)is assumedthenre-
ceiverscanbe groupedinto local regionsbased
onareacode.In anlP-network, receiverscanbe
groupedinto local regionsby usingthe time-to-
live (TTL) ®eldof IP packets.More detailson
how the TTL ®eldcanbe usedaregivenin the
nextsection.

2A local accessswitch can be thoughtof as a routerin an
IP-network.
3An accessodeis alsoarouterin anlP-network.

2. A multicasttree rootedatthesendeiS andspan-
ning all the receivers,is setup at the network
layer (ATM layer in the contextof ATM net-
works). Thisis referredo astheglobal multicast
treein severapartsof the paperto distinguishit
fromthelocal multicastreewhichis apartof the
global multicasttree’. The globalmulticasttree
is shownby solidlinesin Figure2. Receiversn
thelocalregionservedby aredenotedy
Notethat denoteghelocal accesswitchfor

theith. regionandis notareceiver

Figure2: GlobalMulticastTreerootedat andLocal
MulticastTreesrootedat 1's

3. RMTP is describedin this paper as a pro-
tocol for point-to-multipointreliable multicast.
Multipoint-to-mulipoint reliable multicast is
possibleif multicasttreesare setup for each
sender

3 Reliable Multicast Transport Proto-
col (RMTP)

RMTP providessequencedpsslesglelivery of bulk
datafrom one senderto a group of receivers. The

“Note that the multicasttreeis not assumedo be ®xed. It
may changedynamicallyasthe networktopology changesr as
the membershipof the multicastgroup changes. Although the
multicasttreemay changephysically therealwaysexistsa single
logical multicasttree.



sendeensureseliabledeliveryby selectivelyretrans-
mitting lost packetsn responséo theretransmission
requestof the receivers. If eachreceiversendsits
status (ACK/NACK) all the way to the sender it
resultsin the throttling of the senderwhich is the
well-known ack-implosionproblem. In addition, if
somereceiversarelocatedfar awayfrom the sender
andthe senderretransmitdost packetsto thesedis-
tant receivers,the end-to-enddelay is signi®cantly
increasedandthroughpuis considerablyeduced.

RMTP has been designedto alleviate the ack-
implosion problem by using a tree-basedierarchi-
cal approach. The key ideain RMTP is to group
receiversinto local regionsandto usea Designated
Receiver(DR) asarepresentativef thelocal region.
Althoughthe sendemulticastseverypacketto all re-
ceiversusingthe global multicasttree,only the DRs
sendtheir own statusto the sendelindicatingwhich
packetsthey have receivedand which packetsthey
havenotreceived.Thereceiversn alocalregionsend
their statusto the correspondinddR. Notethata DR
doesnot consolidatestatusmessagesf thereceivers
in its local region.,but usesthesestatusmessage
performlocal retransmissiont thereceiversreduc-
ing end-to-enddelay signi®cantly Thusthe sender
seesonly the DRs anda DR seesonly the receivers
in its local region. Processin@gf statusmessagess
distributedamongthe senderand the DRs, thereby
avoidingtheack-implosionproblem.

RMTP alsosupportamulti-level hierarchyof local
regions. In sucha case,a DR sendsits statusto the
DR leastupstreanfromitself in themulticastreeand
thusthesendereceive®nly asmanystatusmessages
asthereareDRsin the highestlevel of the multicast
tree.

In Figure2, receiver 1 is chosenasthe DR for
the groupof 's, in thelocal regionservedby
A localmulticasttree,rootedat 1, is de®nedsthe
portionof theglobalmulticastreespanninghe  's
in thelocalregionservedoy . Localmulticasttrees
areindicatedby dashedinesin Figure2.

3.1 Overview

This sectionpresentsthe main ideasof RMTP as-
sumingatwo-levelhierarchyasdepictedn Figure?2.
The extensiondo multi-level hierarchyare straight-

forward. The protocolworksasfollows:

1. multicastsawindow of datapacketgo all re-
ceivers( 's ) usingthe globalmulticast
tree. This multicastis termeda globalmulticast.

2. Each 1sendstsownstatugo intheform of
statuspacketsat periodicintervals. Eachstatus
packetcontaingnformationaboutwhich packets
havebeensuccessfullyeceivedby ;. Based
on thesestatusmessages, determineswhich
packetsareto beretransmittedlf the numberof

1's requestingetransmissiorf a packetex-
ceeds certainthresholdthe packetis multicast
globallyby ; otherwise unicastghepacketo
therequesting 1'sonly.

3. Each ( 1) sendsits statusto the corre-
sponding 1 atregularintervals.  ; locally
multicastsa packetif the numberof 'S re-
guestingits retransmissioexceeds threshold,;
otherwisethe packetis unicastonlytothe  's
thatrequestedts retransmission.

4. multicastsnewpacketgrovidedthereis room
in its sendwindow.

3.2 RMTP Details

Thesendeiin RMTP dividesthe datato be transmit-
tedinto ®xed-sizalatapacketswith the exceptionof
the last one. A datapacketis identi®edby packet
type DATA while type DATAEOFidenti®eghe last
datapacket. The senderassignsachdatapacketa
sequenc@umbey startingfrom 0. A receiverperiod-
ically sendsACK packetdo thesender/DRAN ACK
packetcontainsthe lower endof receivewindow (L)
anda®xed-lengtlbit vectorof receivewindowsizein-
dicatingwhichpacketsarereceivecandwhichpackets
arelost. Tablel liststhe packettypesusedin RMTP.
Eachof their functionswill be describedn the fol-
lowing subsections.

3.2.1 RMTP connection

An RMTP connectioris identi®edy apairof end-
points asourceendpointanda destinatiorendpoint.
The sourceendpointconsistf the senders network
addressand a port number;the destinationendpoint



PackeftTypes |
ACK ACK packet
ACKTXNOW ACK - immediatetransmissiomeq.
DATA Datapacket
DATAEOF Lastdatapacket
RESET Packeto terminateaconnection
RTT_.MEASURE| Packeto measureound-triptime
RTT.ACK ACK to RTT_.MEASURIpacket
SNDACKTOME| Packefor selectingan AP

Tablel: RMTP packettypes

ConnectiorParameters

receivewindowsizein packets

sendwindow sizein packets

delayaftersendingthelastpacket

timeintervalto processetx requests

timeintervalto measurdRTT

timeintervalto sendSNDACKTOME

timeintervalto senddatapackets

time intervalto sendstatugpackets

datapacketsizein octets

sendersin-memorydatacachesize

congestioravoidancehreshold

multicastretransmissiothreshold

Table2: RMTP connectiorparameters

consist®f themulticasgroupaddressindaportnum-
ber EachRMTP connectiorhasa setof associated
connectiorparametergseeTable2). RMTP assumes
thatthereis a SessiorManageP who is responsible
for providing the senderandthereceiver(s)with the
associatecconnectionparameters. RMTP usesde-
fault valuesfor any connectiornparametethatis not
explicitly given.

Oncethe SessiorManagerthasprovidedthe sender
andreceiverswith the sessioninformation,receivers
initialize theconnectiorcontrolblockandremainin an
unconnectedtate;the sendemeanwhilestartstrans-
mitting data. On receivinga data packetfrom the
senderareceivergoesfrom the unconnectedtateto
the connectedstate. In theconnectedstate receivers
emitACKs periodically keepingheconnectioralive.

RMTPisdesignedasewnthelP-Multicastphilos-
ophyin whichthesendedoesotexplicitly knowwho
thereceiversare. Receiversnayjoin or leaveamulti-
castsessiorwithoutinforming the sender Therefore
the goalin RMTP is to providereliable delivery to
the current membersf the multicastsession.Since
the senderdoesnot keepan explicit list of receivers,
terminatiorof RMTP sessioris timerbased After the
sendettransmitsthe last datapacket,it startsatimer
that expiresafter seconds. (A DR alsostarts
the timer whenit hascorrectlyreceivedall the data
packets.)Whenthetimer expires,the sendedeletes
all stateinformationassociatedvith the connection
(i.e.,it deleteghe connectiors controlblock). Time
interval is atleasttwicethelifetime of a packet
in aninternet. Any ACK from a receiverresetsthe
timer to its initial value. A normalreceiverdeletes
its connectiorcontrolblock andstopsemitting ACKs
whenit hascorrectlyreceivedall datapackets A DR
behavedike a normalreceiverexceptthatit deletes
its connectiorcontrolblock only afterthe timer
expires.

Sincethetime periodbetweerthe transmissiorof
consecutiveACKs from a receiveris much smaller
than _ , the senderassumeghat either all re-
ceivershavereceiveceverypacketor somethingex-
ceptional®hashappenned.ACKs. Possibleexcep-
tional situationsinclude: network partition and re-
ceiversvoluntarily or involuntarily leavingthe multi-

5SessiorManageris not a partof RMTP transportprotocol,
butis usedatthe sessiorlayerto managea givenRMTP session.



castgroup. RMTP assumethatthe SessiorManager
is responsibldor detectingsuchsituationsandtaking
necessargctions.

In addition to normal connection termination,
RESETpacketsanbeusedto terminateconnections.
ForexamplewhenRMTP detectghatthesendingap-
plicationhasabortedbeforedatatransferis complete,
it usesRESETto inform all thereceiverdo closethe
connection.

3.2.2 RMTP Entities

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

TheSendeentityhasacontrollercomponentalled
T_CONTROLLER,whichdecidesvhetherthesender
should be transmitting new packets(using the Tx
component),retransmittinglost packets(using the
RTx component),or sendingmessagesdvertising
itself asan ACK Processdr (usingthe AP_A com-
ponentand SEND ACK_TOME message). There
is anothercomponentalledSTATUS PROCESSOR,
whichprocesseACKs (statusfromreceiverandup-
datesrelevantdatastructures.

Also, notethatthereareseveratimer components:
T_Send, T_Retx, and T_Sapin the Senderentity, to
informthecontrolleraboutwhethettheTx conponent,
the RTx componenbr the AP_A componenshould
beactivated.Timer T_Dally is usedfor terminatinga
connection.

The Receiverentity also hasa controller compo-
nentcalledR_CONTROLLERwhichdecidesvhether
the receivershouldbe deliveringdatato the receiv-
ing application (using the R component),sending
ACK messagegusingthe AS component)or sending
RTT_measurgacketqusingthe RTT component}o
dynamicallycomputethe round-triptime (RTT) be-
tweenitself andits correspondindACK Processor

Note that there are two timer components: (1)
T_Ack and (2) T_Rtt to inform the controller asto

5An ACK ProcessofAP) for areceiveris the DR (or sender)
to whichthereceiversendsts ACKs andonwhichit dependgor
retransmissionf lost packets.

SENDER ENTITY

(T_conTROLLER

(_ STATUS_PROCESSOR

(50 Cay (oo
(s (imek (13w (row)

DESIGNATED RECEIVER ENTITY

(DR_CONTROLLER)  (__ STATUS_PROCESSR

T Ret T Shp
RECEIVER ENTITY
(=) RTT

Figure3: Block Diagramof RMTP

whetherthe AS or the RTT componenshouldbeac-
tivated. The componentR is not timer driven. It
is activatedasynchronouslyvheneverthe receiving
applicationasksfor packets.

The DR entity is, in fact, a combinationof the
Sendeentity andthe Receiverentity.

Keyfunctionsperformedythecomponentsfeach
entity aredescribedext.

3.2.3 Transmission

RMTP sender(in particular the Tx componentof

senderentity in Figure 3) multicastsdatapacketsat

regularintervalsde®nedy a con®guratiorparame-
ter . Thenumberof packetdransmittedduring

eachinterval normally dependson the spaceavail-

ablein sendwindow’. Thesendercanat mosttrans-
mit one full window of packets( ) during ,

therebylimiting the sende’s maximumtransmission
rateto - . To seta multicast
sessiorsmaximumdatatransmissiomate theSession
Managesimplysetgheparameters _

and accordingly However duringnetworkcon-

gestionthesendeis furtherlimited by thecongestion
window? duringthesame interval.

"Note that spaceis createdin sendwindow whenthe lower
endof the window slidesafterreceivingacknowledgmentfom
receivers.

8Referto subsectiors.2.8.



receive window ‘

Receive Sequence Space

- 15 22 Seq.#
o/1/1/0/1/0/ 00 P
o L@ | @

L=15 Wr =38 U
@ Received packets already delivered to applicatior]
@ Received packets stored in the buffer
@ Received packets discarded

Figure4: A receivels receivewindow andthe asso-
ciatedbit vector

3.2.4 Acknowledgments

RMTP receivergin particular the AS componenbf
thereceiver/DRentityin Figure3) sendACK packets
periodically indicatingthe statusof receivewindow.
Receiveraisea bit vectorof bits (sizeof receive
window) to recordthe existenceof correctlyreceived
packetsstoredin the buffer. As Figure4 illustrates,
eachbit correspond$o onepacketslotin thereceive
buffer. Bit 1 indicatesa packetslot containsa valid
datapacket. For example Figure4 showsa receive
window of 8 packets;packetsl6, 17 and19 arere-
ceived correctly and storedin the buffer. When a
receiversendsan ACK to its AP, it includesthe left
edgeof thereceivewindow andthebit vector Note
thatThereceivereliverspacketgo theapplicationn
sequencekorexampleijf thereceivereceivepacket
15from the senderanddoesnot receivepacketl8, it
candeliver packetsl5, 16 and 17 to the application
andadvance to 18.

Round-Trip Time Measurementand Calcula-

tion

Receiversn RMTP sendACKs periodically If these
ACKs aresenttoo frequently the AP mayendup re-

transmittingthe samepacketmultiple timeswithout

knowingif the®rstretransmitteghacketwasreceived
correctly by the receivers. In orderto preventsuch
redundantretransmissionsRMTP requireseachre-

ceiver to measurethe round-trip time (RTT) to its

AP dynamically The measuredRTTs allow eachre-

ceiverto compute , theinterval betweernconsec-

Receiver Sender
ACK

Tl
T T2

Retransmissions _ -~~~
I T3

—_ le -~ - N

ACK
Time Time

Figure5: Thecomponent# calculating

utive ACKs.

A receiver(in particularthe RTT componenbf re-
ceiver/DRentity)useRTT_-MEASURRacketo mea-
surethe RTT betweenitself andits AP. A receiver
sendghe®rstRTT_MEASURIpacketright aftercon-
nectionestablishment. SubsequenRTTMEASURE
packetsare sentat a ®xedinterval, To mea-
sureRTT, areceiver includesalocal timestampgn
anRTT_MEASURIpacketandsendghe packetto its
AP. WhentheAP receivesheRTT_MEASURRBacket,
it immediatelychangeghe packettypeto RTT_ACK
andsendshe packetbackto . Uponreceivingthe
RTT ACKpacket, calculateRTT asthedifference
betweenthe time at which the RTT_ACK packetis
receivedandthetimestampstoredin it.

RTT measurementallow a receiverto calculate
, theintervalof sendingACKs. As Figure5illus-
tratesareceivercanreducethe possibilityof causing
redundantetransmissionBy sendingoneACK atbe-
ginningof andsendinghe nextACK shortlyafter
theendof isthesumof 1, 2and 3.RTTis
thesumof land 3,andtheinterval 2isthedelay
incurredin an AP owing to the processingf ACKs.
iscomputedasedn usingaTCP-likescheme
[B89, J88]. More detailscanbe foundin [PSLB96].

3.2.5 Ack Processingand Retransmissions

An AP (in particular the STATUS.PROCESSOR
componenbf the sender/DRentity in Figure 3) pro-
cessef\CKsfromreceiversn its localregion.Based
on the ACKs from receiversan AP canidentify the



Send Sequence Space
send window |

-

T /[ avail_winfr

swin_lb send_next

D packet sent but not yet acknowledged

Figure6: A sende's sendwindow andrelatedvari-
ables

packetsvhicharelostandhenceneedo beretransmit-
ted. Oneor morereceiversnaymissthesamepacket.
RMTP providesmechanismé$or an AP to determine
whetherthelost packetshouldberetransmittedising
unicastor multicast. Two parametergreusedin the
designfor this purpose: , and ,
togethemwith aretransmissiogueue If anACK con-
tainsretransmissiomequeststhe sequencenumbers
of therequesteghacketsareaddedto the retransmis-
sionqueue.A retransmissiogueueelementcontains
the sequencenumberof a packetto be retransmit-
ted,a counter thatcountsthe numberof receivers
thathaverequestedhe packet,atable that
recordsthe requestingreceivers'network addresses,
anda pointerto the nextqueueelement. At theend
of interval , anAP (in particular the RTx com-
ponentof thesender/DRentity in Figure3) processes
eachelementin the retransmissiomgueue. If  ex-
ceedsa threshold 9 the AP delivers
thepacketusingmulticast;otherwisethe AP delivers
thepacketo eachreceivelin usingunicast.

The sender uses three variables, -,
_ , and _ in the connectioncontrol
block for managingthe sendwindow. As Figure 6
illustrates,variable _ recordsthelower bound
of thesendwindow, _ indicateghe nextse-
guencenumberto usewhensendingdatapacketsand
is the availablewindow sizefor sending
data. Thesendelincreases  _ anddecreases
_ aftersendingdata. WhenACKs acknowl-
edgingthe receiptof packetswith sequencenumber

®The senderand DRs can have different
values.

_ arereceived, _ isincreasedndsois

In orderto determinehow manynew packetanust
be transmittedin the next sendinterval, the sender
computeshesmallest ( ) amonghose values

of ACKsreceivedluring f isgreatethan
_ ,itincreases _ by _
andsets _ to . Valueof _ isnever

decreasedf areceiverfalls behind,andsendsACKs
with valuesof L lower than _ , thoseACKs
will beignored. Eventually howeveythelaggingre-
ceiverwill sendspecialACKs calledACK_TXNOW
(describedn the next subsectionjvhich will trigger
retransmissionsom aDR/sender

3.2.6 Late Joining Receivers

SinceRMTP allowsreceivergo join anytime during
anongoingsessiona receiverjoining late will need
to catchup with therest. In addition,somereceivers
may temporarilyfall behindbecausef variousrea-
sonssuchasnetworkcongestioror evennetworkpar
tition. Therearetwo featuresn RMTPwhichtogether
providethefunctionalityof allowinglaggingreceivers
to catchup with therest: (1) immediatetransmission
requestind(2) datacachen thesendemandthe DRs.

Immediate TransmissionRequest

Whenareceiverjoins late, it receivespacketsbeing
multicastby thesendeiatthattime,andby looking at
the sequenc&umberof thosepacketsjt canimme-
diately ®ndout thatit hasmissedearlierpackets.At

thatinstant,it usesan ACK TXNOWpacketto request
its AP for immediatetransmissiorof earlierpackets.
An ACKTXNOWacketdiffers from an ACK packet
only in the packettype ®eld. Whenan AP receives
an ACKTXNOWacketfrom areceiver , it checks
bit vector , andimmediatelytransmitsthe missed
packet(sfo usingunicast.

Data Cache

RMTP allowsreceiverdo join anongoingsessiorat
anytimeandstill receiveheentiredatareliably. How-
ever this “exibility doesnot comewithout a price.
In orderto providethis feature,the sendersandthe
DRsin RMTP needto buffer the entire ®le during



the session. This allows receiversto requestfor the
retransmissioof anytransmittecdatafrom thecorre-
spondingAP. A two-levelcachingmechanisnis used
in RMTP. The mostrecent _ packetsof

dataarecachedn memory andtherestarestoredin

disk.

3.2.7 Flow Control

A simple window-basedow control mechanismis
notadequatén areliablemulticasttransporiprotocol
in the internetenvironment.The mainreasoris that
in the internetmulticastmodel,receiverscanjoin or
leaveamulticastsessiomwithoutinformingthesender
Thusasendedoesnotknowwhothereceiversareat
anyinstantduringthelifetime of a multicastsession.

Thereforaf wewantto desigratransport-levepro-
tocolto ensurgguaranteedleliveryof datapacketdo
all thecurrentmember®sf amulticastsessionyithout
explicitly knowingthemembersadifferenttechnique
for ‘ow controlis needed Notethatif RMTP useda
simplewindow-basedow control mechanismthen
thesendemwould haveto knowif all theDRsin level
1 havereceivedhe packetseforethe window is ad-
vanced. However the sendermay not know how
manylevel 1 DRs arethere,becausehe underlying
multicasttreecanchangeandeithernewDRsmaybe
addedto the multicasttree dynamicallyor old DRs
mayleave/fail.

In orderto dealwith this situation,the senderop-
eratedn acycle. Thesendeitransmitsa window full
of new packetsin the ®rstcycle and in the begin-
ning of the next cycle, it updatesthe sendwindow
andtransmitsas manynew packetsasthereis room
for in its sendwindow. The window updateis done
asfollows. Insteadof makingsurethateachlevel 1
DR hasreceivedthe packetsthe sendemmakessure
thatall theDRs,thathavesentstatuanmessagewithin
a giveninterval of time, havesuccessfullyreceived
the relevantpacketsbeforeadvancinghe lower end
of its sendwindow. Note that the advancemenof
sendwindow doesnot meanthatthe senderdiscards
the packetsoutsidethewindow. The packetsarestill

keptin acacheo respondo retransmissiomequests.

In addition,notethatthe sendemnevertransmitamore
thanafull window of packetsduringa ®xedinterval,
therebylimiting the maximum transmissiorrate to

* PacketSize/ . This schemeof "ow con-
trol canthusbe referredto asrate-basedvindowed
“ow control. More detailscanbefoundin [PSLB96].

3.2.8 CongestionAvoidance

RMTP providesmechanismso avoid ooding anal-
readycongestechetworkwith new packetswithout
makingthesituationevenworse. Theschemausedin
RMTP for detectingcongestions describedelow

RMTP usegetransmissiomequest$rom receivers
as an indication of possible network congestion
[J86,J88. The senderusesa congestionwindow

to reducedatatransmissiorratewhenex-
periencingcongestionDuring , thesendecom-
puteshenumberof ACKs, ,with retransmissiore-
quest.lf  exceedsthreshold, , it sets
_ to 1. Sincethe senderalwayscomputesa
usablesendwindow as ,

setting _ to 1 reducedatatransmissiorrate
to at mostone datapacketper if _ is
nonzerd®. If  doesnotexceed dur-
ing , the senderincreases  _ by 1 until
_ reaches . The procedureof setting

to 1 andlinearly increasing _ is

referredto asslow-start andis usedin TCP imple-
mentation.Thesendebeginswith aslow-starto wait
for the ACKs from far awayreceiverdo arrive.

3.2.9 Choiceof DesignatedReceiversand forma-
tion of Local Regions

RMTP assumeshatthereis someinformationabout
the approximatelocation of receiversand basedon
thatinformation eithersomereceiver®rsomeservers
arechosenasdesignatedeceivergDRs). Although
speci®enachinesarechoserto actasDRs,thechoice
of anAP for agivenlocalregionis donedynamically
Thebasicideais outlinedbelow

19N otethatondetectingzongestiorin thenetwork,it is possible
to setthe congestiorwindow to one-halfthe size of currentsend
window, insteadof settingit to oneasdescribechere. We have
notexploredthis possibilityin details.

Hf the senderandall the receiversarelocatedin anenviron-
mentin whichthesendetsmaximumdatarateis unlikely to cause
congestionpnecanbypasfRMTP'scongestiomvoidancescheme
by setting to2 .°



EachDR aswell asthe sendeiperiodicallysendsa
speciapacketcalledtheSEND ACK_TOME packet,
in which the time-to-live (TTL) ®eldis setto a pre-
determinedvalue (say 64), using the multicasttree
downto eachreceiver Thus,if thereareseveraDRs
alongagivenpathfromthesendeto agivenreceiver
thereceivemwill receiveseveralSEND.ACK_TOME
packetspnefrom eachDR. However sincethe TTL
valueof an|P datagrangetsdecrementedyy one at
eachhopof thenetwork,thecloseraDR is to agiven
receiverthehigheristheTTL valuein thecorrespond-
ing SEND.ACK_TOME packet. Therefore,if each
receiverchooseshe DR, whoseSEND.ACK_TOME
packethasthelargestTTL value,it will havechosen
the DR nearesto it in termsof numberof hops. Ef-
fectively, a local regionwill be de®nedaroundeach
DR.

This approaclgivesus severabene®tén termsof
robustnessind multiple levelsof hierarchy First of
all, if the DR, selectedby a setof receiversastheir
AP, fails, thenthe samesetof receiverswill choose
the DR leastupstreamfrom the failed DR, astheir
newAP. Thisis becaus&END_ ACK_TOME packets
fromthefailedDRwill nolongerarriveatthereceivers
andtheSEND ACK_TOME packetfromtheDR least
upstreanfromthefailed DR will havethelargestTTL
value. Thisleadsto thedynamicselectiorof AP for a
givensetof receivers.

3.2.10 Multi-level Hierarchyin RMTP

RMTP hasbeendescribedearlier as a two-tier sys-
temin whichthesendemulticastgo all receiversaand
DRs;andDRsretransmitost packetdo thereceivers
in their respectivdocal regions. However the limi-
tationsof a two-level hierarchyare obviousin terms
of scalabilityanda multi-level hierarchyis desirable.
Theobjectiveof thissectionsto describdnowamulti-
level hierarchyis obtainedn RMTP with the help of
theDRssendingSEND ACK_TOME packets.

Recall that each DR periodically
sendsSEND ACK _TOME packetsalong the multi-
casttree, and eachreceiverchoosegshe DR whose
SEND ACK_TOME packehasthelargestTTL value.
Moreover notethateachDR is alsoareceiver There-
fore, if eachDR ignoresits own SEND ACK_TOME
packetsijt will chooseheDR leastupstreanfrom it-
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Designated
Receiver

@ Sender D Router O Receiver

Figure 7: Multi-level Hierarchyof DesignatedRe-
ceivers

———————— =>

ACK

selfasits DR andwill sendits statusnmessageto that
DR duringthe multicastsession.Figure7 illustrates
theidea.

Effectively, if thereare DRsalonga pathfrom
the senderto a group of receivers,and theseDRs
are differenthop countsaway from the receiversin
guestion therewill be local regionsin an -level
hierarchysuchthattheDR ofthe  level*?will send
its statugo theDR in level 1,aDR of level 1
will sendits statugotheDRin level 2,andsoon,
until the DR in level 1 sendsdits statusto the sender
(DR atlevel0). Thatis,aDR atthe levelactsasa
receiverfor the 1 levelforall 1,
wherethe0 levelrefersto the globalmulticasttree
rootedatthe sender

4 RMTP Implementation

RMTP usesMBonetechnologieso deliver multicast
packets. MBone consistsof a network of multicast
capableoutersandhosts.MBoneroutersuselP tun-
nels to forward multicastpacketsto IP routersthat
cannothandlemulticastpackets. An MBone router

2pR mostupstrearis level 1, andthe level increaseslown-
streamalongthe multicasttree.
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Figure 8: Multicast packetdelivery from a sending
applicationto a groupof receivingapplicationaising
UDP

consistsof two functional parts: a userlevel pro-
cesscalled mrouted and a multicastkernel. An
mrouted exchangesoutinginformationwith neigh-
boringmrouted stoestablistaroutingdatastructure
in themulticastkernel. Themulticastkernelthenuses
the routing datastructureto forward multicastpack-
ets. To deliver multicastpacketsto receiverson a
local subnet,an MBone router usesdata-link layer
multicasting(e.g.,Etherneimulticasting).

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

A userlevel protocol processimplementsthe
RMTP protocol. Application-level receiversand
sendersiseUDPto communicatevith theRMTP pro-
tocolprocessTo delivermulticastpacketgo protocol
processesn alocal subneta umrouted usesUDP
unicastinsteadof data-linkmulticast(seeFigure8).

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

15 packets
32 packets
600 milli-second
300 milli-second
1 second
3 seconds
250 seconds
_ 512 octets
- 128 packets

Table3: Connectiorparametersised

Host Membership Report packet via UDP to its
umrouted . TheHostMembershipgReportmessage
requiresan acknowledgmenfrom the umrouted .
Thus,aumrouted buildsalist of protocolprocesses'
host addresseghat it handles. A umrouted pe-
riodically sendsan IGMP Host MembershipQuery
messagdo each protocol processit handlesusing
UDP unicast. Note that protocol processesand
umrouted s do notfollow the IGMP protocolstan-
dardsto obtainmulticastgroupmembershipnforma-
tionbecauséheyencapsulatiEsMP messageis UDP
anddonotusedata-linkmulticast.In essenceyebuilt
amulticastdeliverysystematuserevelusingMBone
technologies.

5 Measurementson the Internet

We measuredhe prototypeimplementatiors per
formancewith 18 receiverslocatedat 5 geographic
areas Figure9 showshenetworkcon®gurationsed.
We implementeda simpli®edversionof the Session
Manager(SM) andits clients. Eachreceivinghost
executedhe client processandthe protocolprocess
in thebackgroundandthe SM usesTCPto transport
session-relatemhformation(e.g.,sessioriD, connec-
tion parametersjo eachclient. Upon receivingthe
information theclientprocessnvokesanapplication-
level receiverprocessandinforms the protocol pro-
cessabouthesessionnformation. Eachclientreports
backto the SM whenthe application-levelreceiver
processs ready SM startsthe sendemwhenall the
application-leveteceiverprocesseareready

Table3 showsthe connectiorparametersissigned
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Rcvr. # IP Address

1 128.211.1.29
128.10.3.101
3 128.10.3.102
Area A4 4 128.10.3.101
5 128.163.134.10
6 128.163.134.11
7 129.2.102.15
8 129.2.94.139
9 129.2.94.140
129.2.98.137
11 129.2.98.121
12 128.8.111.173
13 128.8.111.197
14 128.235.200.1
15 128.235.200.8
16 140.112.8.27
17 140.112.8.26
Area A5 18 140.113.13.101

(Taiwan)

Router —_ -
O (umrouted) LAN WAN

Figure9: Networkcon®guratiomsedfor measuringfRMTP's performance

by theSM. A maximumdatarateof 100Kbits/second
(Kbps) is chosento avoid overloadingthe Internet
links of thetestsites.The is setto 0 so

thatthesendemvokesslow-starivheneveit receives
a retransmissiorrequestfrom a receiver DRs are

chosenby using a con®guratior®le. Note that the

senderonly processethe ACKs from the DRs.

We conductedlO experiments. Eachexperiment
consistsof 3 measurementsf multicast®le transfer
in differentnetworkenvironment® M1: thesender
multicaststo areaAl, a LAN environmentM2: the
sendermulticaststo areasAl through A4, a WAN
environmentM3: the sendemulticaststo all areas,
a WAN environmentincluding an internationallink
with 512Kbpsbandwidth.Foreachmeasurementhe
sendereadsa 1 megabyte®lefrom ®le systemand
multicastsit to the receivers.Receiversstorethere-
ceiveddatain a®lefor integrity check.Eachreceiver
computeshroughputindependentlyafter successful
receptionof the®le. We alsomeasuredn eacharea,
the total numberof retransmittecpacketsand dupli-
catepacketdy examiningthelog ®lescreatedy the
sendingor receivingprotocolprocesses.

All the experimentavere conductedetweenJan-
uary25andJanuary®8,1995. The®rst3 experiments
wereconductedetweerD:00and12:00EST, thesec-
ond3 experimentsvereconductedetweerl2:00and
17:00EST, andtherestwereconductedbetweer?1:00
and24:00EST. Thehostsusedin theexperimentsire
all workstation-clasg€omputerge.g. SunlIPC, Sun
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No Throughput (Kb/sec) | Retransmissions (4o} Slow|
‘| min. avg. max. | sender| DR1 Start

1 90.33 | 90.35| 90.38 0.00 0.00 1

2 91.33 | 91.37 | 91.38 0.00 0.05 1

3 90.62 | 90.64 | 90.65 0.00 0.00 1

4 81.38 | 81.40| 81.41 0.00 0.00 1

5 73.05| 73.08 | 73.10 0.00 1.37 1

6 86.92 | 86.93 | 86.95 0.00 0.00 1

7 91.78 | 91.78 | 91.79 0.00 0.00 1

8 92.26 | 9229 | 9231 0.00 0.00 1

9 91.62 | 91.65| 91.68 0.00 0.00 1

10 91.07 | 91.22| 91.31 0.00 0.00 1

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

Table 4: Results of multicasting to area Al

IPX, SunSparc10).Theexperimentsvereconducted
with the normaluserprocessesunningonthem. No

specialtreatmentswere given to the hostsrunning

RMTP.

The resultsof the experimentsare categorizedy
their measuremertypes(i.e., M1, M2, or M3). Ta-
bles4 to 6 showtheresults. Theaveragahroughput
is plottedin Figure10. Sinceeachreceivercomputes
its ownthroughpuindependentlythe Tablesshowthe
minimum,averageandmaximumthroughputamong
the throughputnumbersreportedby receivers.Note
thattheTableseportthetotal numberof retransmitted
datapacketsobservedy eachAP, andthetotal num-
ber of duplicatedatapacketsobservedn eacharea.
Thus,thenumberslepencdnthenumberof receivers
in eacharea. As describedn subsectior??, a DR
receivesduplicatepacketsfrom router whenit uses



No Throughput (Kb/sec) Total # of Retransmissions (%) Total # of Duplicates (%) # Slow
| min. [ avg. [ max. [sendef DR1|[ DR2 | DR3 | DR4 [ AL [ A2 [ A3 [ A4 | Start
1 36.43 | 36.46 | 36.48| 4.93| 0.10| 0.29| 8.30| 0.83] 0.10y 0.00] 3.56| 0.00 32
2 2450 | 2453 | 24.56 | 14.11 0.00| 2.44|28.12| 2.20| 0.00] 0.00, 5.32] 0.05| 113
3 11.46 | 11.48 | 11.49 | 54.88| 0.44| 19.48| 83.35| 2.00| 0.00, 0.00{12.35 0.00| 599
4 | 21.40| 21.42 | 21.44| 10.64| 0.05| 0.34| 14.31| 3.71] 0.10] 0.00| 3.22| 0.15| 136
5 28.14 | 28.15| 28.15| 6.49| 0.59| 0.59| 9.23| 2.49| 0.00 0.00] 1.76| 0.00 73
6 | 28,57 | 28,57 | 28.58| 6.59| 14.11| 0.44| 10.55| 2.69| 0.00| 0.00| 2.83| 0.00| 65
7 | 3879 | 38.82| 3891| 2.93| 0.00| 0.54| 894| 0.54] 0.00| 0.00| 0.20] 0.10| 29
8 41.09 | 41.10 | 41.11| 3.81| 0.00| 0.24| 10.06| 1.07] 0.00, 0.00, 2.34| 0.00 23
9 |39.72| 39.73 | 39.74| 3.61| 0.49| 0.24| 854| 0.10| 0.00| 0.00| 2.39| 0.00| 26
10 | 41.91 | 41.93 | 41.93| 3.71] 0.00| 0.05| 11.87| 0.78] 0.00| 0.00| 0.63] 0.05| 22

Mean throughput: 31.22 Kb/sec.
Table 5: Results of multicasting to areas Al, A2, A3, and A4.

NoO Throughput (Kb/sec) Total # of Retransmissions (%) Total # of Duplicates (%) |# Slo

| min. [ avg. [ max. | sendef DR1] DR2] DR3| DR4| DR5 [ A1 [ A2 [A3 [ A4 [ A5 | Start
1 | 20.81| 20.81| 20.82 | 19.29 | 0.88 | 0.34|17.09| 1.66| 18.56] 0.00 | 0.00| 1.03| 0.00| 0.15| 161
2 | 21.27 | 21.34 | 21.36 | 16.80 | 0.24 | 0.98|14.36| 2.20| 15.43| 0.29| 0.00 | 1.90| 0.00| 0.15| 144
3 | 20.67 | 20.71| 20.72 | 18.55 | 0.15| 0.20|17.58| 1.22| 19.53| 0.00| 0.00 | 1.46 | 0.00| 0.10] 153
4 | 18.17 | 18.22 | 18.23 | 20.41 | 0.10| 0.54|29.88| 1.03 | 24.12| 0.00| 0.00 | 1.03| 0.00| 0.05]| 212
5 | 18.27 | 18.85 | 18.97 | 23.54 | 0.68 | 0.20 | 21.29| 2.20| 20.90] 0.00| 0.00 | 3.03| 0.00| 0.10] 206
6 | 25.47 | 25,53 | 25.55 | 13.48 | 1.03 | 0.10|10.55| 2.39| 14.26] 0.00 | 0.15| 0.88| 0.20| 0.00] 100
7 | 16.62 | 16.62 | 16.63 | 24.76 | 0.05| 0.00 | 14.70| 0.68| 35.21] 0.00 | 0.00 | 1.42| 0.00| 0.00| 264
8 | 17.52 | 17.57 | 17.58 | 27.00 | 0.15| 0.20|10.55| 0.73| 35.30| 0.00 | 0.00 | 0.83 | 0.00| 0.10| 232
9 | 19.28 | 19.30 | 19.30 | 22.02 | 0.10 | 0.05| 8.25| 0.68| 29.79] 0.00| 0.00 | 1.17| 0.00| 0.00| 197
10 | 20.67 | 20.83 | 20.89 | 15.77 | 0.00 | 0.20| 7.96| 0.20| 24.66] 0.00 | 0.00 | 2.73 | 0.00| 0.05] 153

Mean throughput: 19.98 Kb/sec.

Table 6: Results of multicasting to all areas
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Figure 10: Averagethroughputamonga group of
receiverameasuredn variousnetworkenvironments

subtreemulticastingto deliver retransmitions. The
total numberof duplicatedatapacketgeportedn the
Tabledoesotincludethesaluplicates Thenumbers
in percentagearecalculatecasthe numberof packets
dividedby 2048(i.e.,thesizeof thedata®lein number
of packets).

Fromtheresults we observehefollowing:

1. DRsplay a majorrole, asexpectedjn caching
receiveddata, processingACKs, and handling
retransmissionsThis is obviousfrom the@Total
# of Retransmission€olumnsin Tables4, 5 and
6. In particular notethatin Table 6, sevenout
of ten numbersn the column correspondindo
DR5 aregreaterthanthoseof the sender This
meanghatthe DR in A5 (Taiwan)retransmitted
more packetsto its areathandid the sender(in
Purdue}o all areas.Thatmeansijf theDR were
not there,all theseretransmissionsvould have
to be doneby the sender Effectively, the DRs
shieldthesendefrom handlinglocal retransmis-
sionrequestsand providefasterresponsdo the
requests.

2. The small differencebetweenthe 2max.°© and
the 2min.° valuesof all the throughputmea-
surementsn Tables4,5and6, indicatesthatre-
ceivers,regardles®f their geographidocation,
takeaboutthe sametime to correctlyreceivethe
®le. This showsthat RMTP is able to adaptto
receiversn variousnetworkenvironments.

3. In aheterogeneousnvironmentslow receivers
andlinks with low bandwidthlimit RMTP's per
formance. For example,with the samecon-
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nection parameters, RMTP achieveda mean
throughpubf 88.07Kbpsin M1 (aLAN environ-
ment),anda meanthroughputof 19.98Kbpsin

M3 (aWAN environmentwith alow bandwidth
internationalink). Ontheonehand,it indicates
RMTP hasachievedits designdecisionof not
overrunningslowreceiverandnotwastingnet-
work bandwidth. On the other hand, it shows
suboptimathroughpufor fastreceivers.

4. Low numberof duplicatepacketgeportedn ar
easAl, A2, A4 andA5 showsthe effectiveness
of RMTP's calculation.Themaincausdor
A3's high numberof duplicateds thatDR3 uses
multicastfor deliveringretransmittegbackets It
canbeexplainedoy a simpleexample.Suppose
that is setto 3. Now if, 4 out6
receiveran A3 missthe samepacket,DR3 will
usesubtreanulticastingfor retransmissionf the
missedpacket.If all 6receiversorrectlyreceive
theretransmissiontwo receiverswill reportdu-
plicatereception.

6 Comparisonwith Existing Work

Thereis a wealth of literatureon reliable multicas-
ting, particularly in the contextof distributedsys-
tems[CM84]|[KTHB89][BSS91]. Severahewpapers
havealsoappearedn therecentliterature[ WMK95]
[PP9O5][HSC95][FIM+95]most of which focus on
wide areanetworks.

[WMK95] describeshe designof areliablemulti-
castprotocol(RMP),whichhassigni®cantlyenhanced
thework doneby ChangandMaxemchukn [CM84].
RMP providesdifferent levels of QoS, namelyun-
reliable, reliable, sourceordered,totally ordered,K
resilient,majority resilientandtotally resilient. How-
ever in orderto providethesdevelsof QoS,thepro-
tocol requiresexchangeof severalcontrol messages
amonghemember®fagroup. Thisis certainlypossi-
blein alocalareanetwork,butin awideareanetwork,
exchanginghesecontrolmessagewill introducehigh
latencyandthe protocoldesignwill notscale.In ad-
dition, RMP doesnot addresseveraltransport-level
issueslike ‘ow control, congestioncontrol, end-to-
endlatency andredundantetransmissioproblems.

Our work is closely related to the Log-



BasedReceiverReliable Multicast (LBRM) proto-
col [HSC95]. The distributedlogging approachin
LBRM is very similarto our hierarchicabpproachn
RMTP which was®rstproposedn [PSK94]. How-
everRMTP andLBRM differ signi®cantlyn details.

The ScalableReliable Multicast (SRM) protocol
by Floyd, JacobsonMaCanne Liu andZhangtakes
a differentapproachfrom RMTP in recoveringlost
packets. In SRM, when a receiverdetectsmissing
data, it waits for a randomtime determinedby its
distancdrom theoriginal sourceof thedata beforeit
sendsarepairrequestRepairequestsiremulticasto
thewholegroupjustasregulardatapacketsare. Thus,
althougha numberof hostsmay all missthe same
packet,a hostcloseto the point of failureis likely to
timeout®rsiandmulticastherequestOtherhostghat
arealsomissingthesamepackethearthatrequesand
suppresgheir own request. This preventsa request
implosion. Any hostthathasa copyof therequested
datacananswemrequestHoweverit will setarepair
timer to a randomvalue dependingon its distance
from the senderof therequesimessagandmulticast
the repairwhenthe timer goesoff. Otherhoststhat
hadthe packetandscheduledepairswill canceltheir
repairtimerswhenthey hearthe multicastfrom the
®rsthost. This preventsa responsemplosion. This
is differentfrom the hierarchicalapproactin RMTR,
in which a receiverrequestsetransmissiorof lost
packetsonly from its DR andthe DR retransmitghe
lost packetsto the receiver Thus the problemsof
requestimplosionor the repairimplosion,that show
upin SRMareeliminatedin RMTP by design.

Thereis a problemwith the recoverymechanism
in SRM, normally referredto asthe 2crying baby®
problem.If asinglelink to onememberof the group
hasahigherrorrate thenall member®f themulticast
groupwill contendwith amulticastrequesandoneor
moremulticastresponsesA memberof the multicast
group connectedoy a wirelesslink or a congested
link will resultin the crying baby® problem. This
situationis dealtwith very ef®cientlyin RMTP by
usinglocal recovery More detailson comparisorcan
befoundin [PSLB96].

7 Featuresand Limitations

7.1 Features

Themainfeaturef RMTP aresummarizedelow:

1. Reliability: RMTP provides reliable delivery
from asinglesendeto agroupof receiverswith-
outknowingtheexactidentity of thereceivers®.
As describedearlier in the paper receivers
sendtheir statusmessagegeriodically to their
Ack Processofsender/DRwho retransmitsany
packetsthatarelost. SinceACKs are sentpe-
riodically by thereceiversevenif anACK gets
lost, the sender/DRIoesnot needto do anything
special becausanotherACK will begenerated
by the samereceiverre ecting its updatedsta-
tus. Thus periodic sendingof statusmessages
providesaninherentfault toleranceo RMTP . If
ACKs fromthesamereceiverarriveoutof order
the outdatedACK arriving later will beignored
by anAck ProcessofAP) if thevalueof inthe
ACK is lessthanthatof - inthesendeor
thecurrent intheDR. Otherwisetheoutdated
ACK may lead to someredundantretransmis-
sions. Sincethe valueof - atasenderor
thevalueof ataDR is monotonicallyincreas-
ing, correctnessf theprotocolis nevercompro-
misedby out of order ACKs. If retransmitted
packetitself is corrupted,it is detectedoy error
checkingcodegustasin thecaseof UDPor TCR
andis treatedlike a lost packet. Thusthe same
packetwill be requestedor retransmissioand
will beeventuallydelivered.An RMTP receiver
stopssendingACKs whenit receivesall packets
successfullyThuswhenthe RMTP sendemul-
ticaststhelastpacketandstartsthe timer,
it expectdo hearfrom areceiver/DRonly if the
receiver/DRdoesnot receiveevery packetsuc-
cessfully If an ACK getslost, the receiver/DR
will senda subsequem\CK when expires.
As long as an ACK reacheghe senderbefore

expiresthesendemwill retransmithelost
packetsandrestart . Since isacon-
®gurablgarameteiits valuecanbechosersuch

BExtensiongo basicRMTP to provideguaranteedeliveryto
aknownsetof receiverarestraightforwarcandarenotincluded
in this paper



thattheprobabilityof areceivemotreceivingthe

entire®lecorrectlycanbemadearbitrarily small.

Notethatthis problemwill notexistif thesender
exactlyknowswhothereceiversare. RMTP has
beenextendedo handlethis case pbut thoseex-

tensionsarebeyondthe scopeof this paper

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 senderthesendemeednot worry about
them,becauséhe correspondindR will bere-
sponsiblefor both handlingACKs from andre-
transmittingostpacketso thefarawayreceivers.
In addition,thestateinformationkeptata sender
is independendf thenumberof receiversywhich
is key to RMTP's scalability The price RMTP
paysfor scalabilityis the additionalcacheat the
sendeandateachDR.

3. HeterogeneityRMTPis ableto handlereceivers
in heterogeneousetworkenvironmentsn anef-
®cientmanner In particular receiversin a rel-
atively lossy network (say a wireless/congested
network)canbe madeinto a local regionwith a
DR responsibldor handlingACKs andretrans-
mitting lostpacketdo thereceiversn theregion.
Thusthe effect of a lossy networkcanbe con-
®nedto a small region without affecting other
receiverof the samemulticastsession.

7.2 Limitations and Overheads

First of all, RMTP, asis designedoday requiresthe

designatedeceiverdo be chosenstaticallybasedon

approximatelocation of the receivers. Ideally, the

designatedeceiversnustbedeterminedlynamically
as the receiversjoin and leave a multicastsession.
This is not really a limitation for applicationswvhere
the set of receiversis known and speci®aeceivers
can be chosenas DRs. However for applications
with unknownsetof receiversRMTP would require
someserversin the networkto function as DRs in

orderto realizeits full potential.

SecondlyasthereceiversietermingheirDR based
ontheTTL valueof the SEND ACK _TOME packets,
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it is possiblegfor alarge numberof receivergo choose
thesameDR.Thisapproachioesotnecessarilyesult
in balancingof loadamongseveraDRs.

RMTP usesseveralperiodic messagessuch as,
the status messagedrom the receiversand DRs;
SENDACK_TOME packetsfrom the senderand
DRs; andthe RTT_MEASURE packetsfrom the re-
ceiversandDRs.

Typically, thestatusmessagearesentby areceiver
onceperround-trip-delayetweerntselfandthecorre-
spondingDR. This shouldnot be considere@nover
head becauseachreceiverhasto sendits statusany-
way andif areceivertakesanevent-driverapproach
(asopposedo a periodicapproach)ijn whichit only
sendNACKswhenalossis detectedthesendetogic
becomesnorecomplex. For example LBRM proto-
col [HSC95]takeghis approaclandhencethesender
in LBRM needdo sendperiodicheartbeatmessages
to allow receiversto detectloss of packetsquickly.
Thus, sendingof periodic statusmessagess not an
overheadratherit is a mechanisnto simplify error
recovery

SEND ACK_TOME packetsare sentout periodi-
cally by the DRsandthe sendeiin orderto advertize
thattheycanusedfor errorrecoveryby individual re-
ceivers. This is one of the two mechanismshatare
currently being usedfor determininga local region.
This techniqueis similar to routeradvertisements
[D91]. Intheotherapproacheachreceivelusesanex-
pandingring searcho determinethe nearestogging
server[HSC95]. Thus the ®rsttechniqueputs the
responsibilityof de®ninga local regionon the DRs,
while thesecondeliesonindividual receiverdo dis-
covertheircorrespondingpggingservers.Sendingan
advertisemempacketperiodicallyis a standardnech-
anismusedin theinternetenvironmenfor routerad-
vertisementsforeign agentadvertisementgmobile-
IP), etc. Thereforethisis notanoverheacdneneeds
to beconcernedbout.

Finally, the receivers and the DRs send out
RTT_MEASURE packetgeriodically Thisis neces-
saryfor dynamicallyassessingheround-trip-delayo
maketheprotocoloperatioref®cient.Theround-trip-
timecalculationsareusedoythereceiversn determin-
ing how oftentheyshouldbesendingstatuanessages.
If thiswerenotdonedynamicallytheprotocolperfor
mancevouldbeaffected. Thereis atrade-of between



the performanceof the protocolandthe overheadn
computingtheround-trip-timedynamically We have
notinvestigatedhistrade-of yet.

8 Conclusion

This paperpresentedhe completedesignandimple-
mentationof a ReliableMulticast TransportProtocol
called RMTPR, and also provided performancemea-
surement®f the actualimplementatioron the Inter
net. The main contributionsof the designinclude
reducingthe acknowledgmentraf®cby groupingre-
ceiversinto local regionsandgeneratinga singleac-
knowledgmenperlocal region,andreducingend-to-
endlatencyby performinglocal recovery Contribu-
tionsalsoincludetheextenson of thetwo-levelhierar
chyto multi-levelhierarchyof designatedeceiversn
theinternetenvironment.Theideaof periodicadver
tizementby the designatedeceiversusedin forming
localregionsis alsonew Othercontributionsnclude
the useof periodicstatusmessages the contextof
a reliablemulticasttransportprotocolandthe useof
selectivaepeatetransmissiomechanisnto improve
throughput. Although, the advantagesf usingperi-
odicstatusnessagearenotexplicitly discusedn this
paper it is knownto reducecomplexerror handling
mechanismgNRS90]. In addition, this paperalso
presente@xperiencewvith arealprotocolimplemen-
tationon the Internet. In particular the performance
®guref RMTP implementatioron the Internetjus-
ti®edthe useof a hierarchicabpproachogethemith
a DR in eachlocal regionasa smartmechanisnfor
localrecoveryandasa noveltechniqudor achieving
scalabilityin aheterogeneousetwork. Thedesigrde-
cisionof achievingreliability by building a hierarchy
of local regionsis supportedy recentmeasurements
doneon MBoneby Yajnik et. al [YKT96] who show
that most of the lossin MBone happensat the lo-
cal networksasopposedo in the backbonenetwork.
This suggestshe useof a DR perlocal regionatthe
points of departurefrom the backboneto deal with
retransmissionsf lostpacketsn anef®cientmanner
Finally, it hasbeenconclusivelyshownby Levineet.
al[LG96] thatatree-basedeliablemulticasttransport
protocolis themostscalablevayof achievingeliabil-
ity in awide areapacket-switchedetwork.Basedon
thesesupportingaguments RMTP is indeeda scal-

able,ef®cientreliablemulticasttransporiprotocol.
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APPENDIX

In this section,we brie y mentionthe threeproto-
colsfrom which RMTP waschosen. The threepro-
tocolsare: (1) DesignatedtatusProtocol(DSP),(2)
ConsolidatedStatusProtocol (CSP),and (3) Com-
binedProtocol(CP). Novelty of eachof theseproto-
colsis in generatinga single ACK from eachlocal
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Parameters
Throughput
End-to-endelay
Buffer Requirement
GlobalRe-multicasfTraf®c

CSP DSP CP
DSP=CP CSP
CSP DSP CP
CP DSP CSP

Local Re-multicasiTrai®c DSP CP
Doesnotapplyto CSP
Acknowledgmenfraf®c DSP=CSP=CP

Processingcomplexity CSP DSP CP

region,therebyavoidingthe ack-implosionproblem.
RMTP is derivedfrom DSP and hencewe skip its
descriptiorhere.

In CSP eachreceiversenddts statusto the corre-
spondingocalaccesswitch andthe combines
statusmessagefrom all thereceiversn its domain,
andreportsa packetlossto the sendeliif at leastone
of the receiversin its local region losesthe packet.
Eventuallythe senderetransmitghelost packets.

In CP eachreceiversendsits statusto the corre-
spondingocal accesswitch andthe combines
statusmessagefrom all thereceiversn its domain,
andreportsa packetlossto the sendemonly if all the
receiversin its local regionlosethe packet. A lost
packetin a local regionis retransmittecoy any re-
ceiverwhich hasreceivedhe packet.

Theabovetablecompareshe performancef DSR
CSRandCP

Basedon the performancef the protocols,we ob-
servethat CP hasthe bestperformancefollowed by
DSPandCSP However theimprovemenin perfor
mancds notwithoutprice. CPhassubstantiallymore
overheadthan the other protocolsin termsof com-
putingthe DR dynamically andcommunicatingt to
themembersf alocal region. DSPhasthe inherent
simplicity of choosinghe DRsright in thebeginning
of asessionln addition,performancef DSPis com-
parableto thatof CP Consideringhesefactors,DSP
becomeghe protocolof choice. RMTP inheritsthe
mainideasfrom DSP



