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Abstract. Congestioncontrol is critical for a multicast transportprotocol to
be deployed andcoexist fairly with currentunicasttransportprotocols,suchas
TCP. Wepresentanew congestioncontrolprotocolfor videomulticast:Routing-
basedVideoMulticastCongestionControl(RVMCC), whichcombatscongestion
from a new direction:enrichingabstractionsof therouting layer. RVMCC over-
comesmostof the disadvantagesof currentend-to-endmulti-layer video mul-
ticastcongestioncontrol schemes,suchasunstablethroughputandunfair shar-
ing of bandwidthwith othersessions[9] [10]. Thesedisadvantagesareinherent
for end-to-endmulti-layer video multicastcongestioncontrol schemesandex-
tremelyhardfor themto dealwith [10]. RVMCC notonly achievesgoodstability
of throughputbut alsoapproachesMax-Min fairnesscloselyat bottlenecks.The
former is necessaryfor ensuringtheviewing quality of transmittedvideo,while
the latter is necessaryfor the deployment of multicast in the current Internet.
Furthermore,unlike existing network-assistedvideo multicastcongestioncon-
trol schemes,RVMCC doesnot requirethe changeof the queuing,scheduling,
or forwardingstructureof the currentInternet.RVMCC canbe integratedwith
minimum assistancefrom network by enrichingthe abstractionsof the routing
layer.

1 Intr oduction And PreviousWork

Whena video sourceneedsto transporta pieceof video to multiple receivers,it can
setup a unicastsessionwith eachreceiver andsendonecopy of eachpacket to each
of themat eachtransmission.A moreeconomicway to accomplishthis is to setup
onemulticastsessionwith all receiversandsenda singlecopy of eachpacket to the
first hop routerat eachtransmission,andthenmulticastrouterson the multicasttree
duplicateeachpacketwhenthepacket reachesforksof themulticasttree.Althoughthe
advantagesof multicastareobvious,thedeploymentof multicastlagsfar behind.One
hurdlefor thedeploymentis thelack of a maturemulticastcongestioncontrolscheme.
Congestionmustbe avoidedat any branchof the multicasttree,but at the sametime
eachreceiver shouldreceive dataat the highestrateaffordableto the path leadingto
it. This goal is hardto achieve becauseof the heterogeneityof receiversandof links
leadingto them.For example,if avideomulticastsourceneedsto serve threereceivers
at thesametime,andthebandwidthof theaccesslinks of thethreereceiversis 64Kb/s,
128Kb/and256Kb/s,respectively, which rateshouldthevideosourcechooseto serve
thesereceivers?
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Onesmartway to solve this heterogeneityproblemwasfirst suggestedin [1] [13]
andelaboratedon or reportedin [2] [3] [4] [5] [6]. The basicideais to encodevideo
into several numberof layersandmulticasteachlayer to a differentmulticastgroup.
Thereceiversthenadaptto congestionby addinganddroppinglayers(i.e. joining and
leaving multicastgroups).In thelastexample,videosourcecanbeencodedinto 4 layers
with a rateof 64Kb/sper layer. So the threereceivers in our examplecansubscribe
to 1, 2 and4 layers,respectively, andthenevery receiver is satisfied.Whenavailable
bandwidthchanges,they just needto add or drop layers to adaptto it. A transport
protocol basedon this idea was proposedin [7]: Receiver-driven LayeredMulticast
(RLM). Anothersimilarprotocolthatshowsmorepotentialfor inter-sessionfairnessis
Receiver drivenLayeredCongestioncontrol(RLC) [8].

Although theseprotocolsrepresentan indisputableadvancein congestioncontrol
for videomulticast,they have several inherentshortcomings[9] [10]. Threemainones
areslow convergence,inter-sessionunfairnessandunstablelayersandthroughput.As
pointedout in [10], without changingthe foundationsof theseprotocols,theseprob-
lemsarehard to solve. Onemost importantfoundationof theseprotocolsis the join
experiment:addinglayersto explore for availablebandwidth.Becauseof thedelayof
multicastgraftingandpruning,failedexperimentscomewith a high priceto pay:a pe-
riod of congestion.But if they aretoo conservative in addinga layer, bandwidthwill
beunderutilizedor grabbedby othersessions.So it is very hardfor themto achieve a
balanceamongbandwidthutilization,stability of layersandfairnessbetweensessions.
Although the schemein [11] solves the join-experimentproblempartly, it hassome
seriousdisadvantages.Dynamiclayeringis hard,if not impossible,to realizefor video
source.Routingoverheadis heavy becauseof continuousjoining-groupandleaving-
groupactionsof receivers.Furthermore,it still hasfairnessproblemwith TCP.

With all of thesedisadvantagesof end-to-endvideo multicastcongestioncontrol
schemes,someresearchersareexploring anotherdirectionto dealwith this problem:
requestingassistancefrom network by changingqueuing,schedulingor forwarding
structuresof the network [12] [14]. Although the approachin [14] can improve the
stability of videoquality, it still hasproblemsin achieving fairnesswith TCPsessions,
sinceit doesnot touchthefoundationof RLM. Althoughtheschemein [12] couldget
goodresults,thereareseveraldisadvantages,aspointedoutby theauthor. First, routers
needstatesof downstreamneighboringrouters.Second,it requiresclass-basednetwork
service.Thelastis thattheschedulingpolicy is complex.

In thispaperwepresentanew videomulticastcongestioncontrolprotocol:Routing-
basedVideoMulticastCongestionControl(RVMCC), whichdealswith thevideomul-
ticastcongestioncontrolproblemfrom anew perspective.Insteadof changingthequeu-
ing, schedulingor forwardingstructureof the currentInternet,RVMCC enrichesthe
abstractionsof theroutinglayerto dealwith congestion.Sinceroutingprotocolsreside
in routers,it is easyfor themto obtainthe statesof the network andthe traffic. They
alsocanrespondfast if necessary. In addition,sincerouting decisionsdirectly apply
to flows, the control responseis quick. So RVMCC convergesquickly. Furthermore,
RVMCC achievesnot only goodstability of throughputbut alsoapproachesMax-Min
fairnessclosely. Thisis becauseRVMCC cangetmuchmoreknowledgeaboutthestates
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of thenetwork (suchasqueuestatus)andaboutthegoing-ontraffic (suchasthenumber
of sessionscompetingfor thebandwidthatabottleneck)thanend-to-endschemesdo.

The restof the paperis organizedasfollows. We introduceRVMCC in detailsin
Section2. In Section3, we show detailedsimulationresultsof theprotocol.Summary
appearsin Section4.

2 The RVMCC Protocol

Let usconsidertransmittinga pieceof videoto somereceiversacrosstheInternetwith
theRVMCC protocolactive in routers.Thesourceencodesthevideodatainto several
layersandstripsthemacrossseveralmulticastgroups(wecall all layersfrom thesame
sourceaVideoMulticast(VM) session).Receiversof theVM sessionsubscribeto some
of theselayersto receive videodataat appropriaterate.Meanwhile,if congestionoc-
cursat a link whereVM sessionsarepassingthrough,RVMCC startsto observe that
link. Specifically, RVMCC samplesthe traffic to get theknowledgeaboutthenumber
of VM andTCPsessionspassingthroughthelink; therateof eachVM sessionis also
estimated.RVMCC decideswhetheror not to block a layer of a VM sessionpassing
throughthelink accordingto thetotal bandwidththatall VM sessionspassingthrough
the link areusing.If the VM sessionsareusingunfair shareof bandwidth,RVMCC
blocksa layerof theVM sessionthat is usingthemostbandwidthamongtheVM ses-
sions.At thesametime,RVMCC keepsobservingthequeuestatusof thelink. Whenthe
free-bandwidthstateof the link is observed,RVMCC channelsa layerof theVM ses-
sionthatis usingtheleastbandwidthamongtheVM sessions.In thisprocess,receivers
addanddroplayersto cooperate.

Beforewe discussthedetailsof theRVMCC protocolbelow, we give somedefini-
tions to facilitateour description.We baseour definition on a link that VM andTCP
sessionsarepassingthrough.

– C: thebandwidthof thelink
– M: thenumberof VM sessionspassingthroughthelink
– N: thenumberof TCPsessionspassingthroughthelink
– B: thetotal bandwidthusedby all VM sessionspassingthroughthelink
– link-equal-share: C / (M+N)
– VM-equal-share: B / M
– VM-share-ratio: VM-equal-share/ link-equal-share= (B / M) * ((M+N) / C)
– VM-total-link-equal-share: M * link-equal-share= M * C / (M+N)

2.1 Layer Definition and Layer Priority in RVMCC

In avideomulticastsession,differentlayersareusuallywith differentsignificance.The
lowerthelayer, thehigherits priority. In RVMCC, thispriority informationis embedded
in themulticastaddressthata layerof asessionuses.Thelower theaddress,thehigher
its priority. But this ruleonly appliesto layersof thesameVM session,not to layersof
differentVM sessions.

Eachtime a VM sessionappliesfor multicastaddresses,it shouldbe assigneda
block of continuousaddresses.Then the VM sessionassignslower addressesto its
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lower layersandhigheraddressesto its higherlayers.Furthermore,eachVM session
is assigneda VM sessionnumberby the sourcehost.This sessionnumberis usedto
distinguishtwo different sessionsinitiated from the samehost.The sessionnumber
needsonly to beuniquein thesourcehostbut not globally unique.Thelayerswith the
samesourceaddressandVM sessionnumberareassigneddifferentprioritiesaccording
to theirmulticastaddresseswhenRVMCC needsto blockor channela layer.

2.2 SolvingCongestionand Claiming Bandwidth

Insteadof usinglayer-addandlayer-dropasin end-to-endvideomulticastcongestion
controlschemes,RVMCC useslayer-block andlayer-channelto solve congestionand
to claim bandwidth,respectively. Layer-block is themodificationof themulticastrout-
ing tableto prevent a layer from enteringa congestedlink, while layer-channelis the
modificationof theroutingtableto allow a layerto entera link. In layer-block, routing
statessuchasthesourceaddressof thelayer, themulticastaddressof thelayerandthe
link atwhich thelayeris blocked,aresavedandareusedlaterfor layer-channel.Those
routingstatescanonly bedeletedby unsubscriptionactionsof receivers.

In fact,for efficientnetwork resourceutilization,therouterthatjustblockeda layer
shouldforwardtheblockinginformationupstream.Sotheupstreamroutersthatdo not
needto forward that layer to otherbranchesexceptthecongestedonemayalsoblock
that layer. In this way, no layerwill reacha routerwhereno downstreamreceiver will
receive thelayer. Whentherouterthatblockedlayersjustnow needsto channela layer,
it alsohasto sendchannelinginformationupstreamto graftthemulticastbranchleading
to it. With thismechanism,althoughbandwidthwill beefficiently usedin datatransmis-
sion,aconsiderableamountof communicationandcooperationwill berequiredamong
routers.

In RVMCC, blockinginformationis not forwardedupstream.Instead,receiversac-
tively participatein the adjustmentof sessionrate to simplify the network assistance
and to relieve routersof excessive communicationandprocessingburden.Every re-
ceiver unsubscribesto all but thelowestemptylayerof its session.An emptylayeris a
layersubscribedto by a receiver but receiving no databecauseof beingblockedsome-
wherein the network. At the sametime, whenthe emptylayer is channeledanddata
arrivesat theemptylayer, receiversmustsubscribeto anotherlayerto preparefor anew
emptylayer, if morelayersareavailablefor subscription.

With this simplifiedmechanism,althoughoneredundantlayermayarrive at some
upstreamroutersabove a bottleneck,network andprocessingoverheadis considerably
lowered.Furthermore,with this mechanism,datawill arrive at receivers fasterwhen
congestiondisappears,sincegraftingabove thebottleneckis not neededanymore.Es-
peciallyfor videomulticast,this is agreatadvantage.

2.3 Achieving Fairnessand Stability

Intra-sessionfairnessis successfullyachieved in a VM session.Thenumberof layers
thatareceivercanreceiveis notdecidedby its own actionsor by otherreceivers’actions
but only by the bottleneckon the pathleadingto it from the multicastsource.This is
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not truefor mostcurrentend-to-endmulti-layermulticastcongestioncontrolschemes,
althoughthey adoptdifferentmethodstrying to achieve this goal.

Inter-sessionfairnessis a tough topic for all transportprotocol design.Even for
matureunicasttransportprotocols,suchasTCP, fairnessisnotalwaysachievedbetween
theirown sessions.Whentwo TCPsessionssharingthesamebottleneckarewith much
differentRTTs,theirsharesof thebottleneckbandwidthcanbefarfrom equal.RVMCC
approachesthe Max-Min fairnessclosely and shows the following characteristicsin
inter-sessionfairness:(1) With besteffort, everysessionis assignedthelink-equal-share
bandwidth;(2) With besteffort, sparebandwidthfrom any sessionis sharedby all other
sessions;(3) No sessionis starvedfor bandwidth.Thedesigndetailsfor achieving these
goalsaredescribedbelow.

First,RVMCC ensuresthatVM sessionsgettheinstantaneousVM-total-link-equal-
share.Whencongestionoccursatalink, if thetotalbandwidthcurrentlyusedby all VM
sessionspassingthroughthe link is lessthanthe VM-total-link-equal-share,RVMCC
will notblocklayers.Thishassomemeaningof class-basedservice.But for variablebit
rate(VBR) videosources,this doesnot ensurethelong-runVM-total-link-equal-share
becauselayersmaybeblockedduringtheir peak-rateperiod.

Second,whenblockingis necessary, theVM sessionwith thehighestshareof band-
width amongall VM sessionspassingthroughthelink is selectedto block a layer. On
the otherhand,whenchannelingis necessary, the VM sessionwith the lowestshare
of bandwidthamongall VM sessionspassingthroughthe link is selectedto channela
layer.

Third, whena new VM sessionarrivesandcongestionoccurs,thelink-equal-share
is recalculated.If VM sessionsareusingmorebandwidththanthenew VM-total-link-
equal-share,somelayersof themareblocked.

Fourth,whena new TCP sessionarrives,RVMCC blockslayersfor it only if the
VM-share-ratiois largerthanathresholdor thereis noTCPsessionpassingthroughthe
link. WhentheVM-share-ratiois lessthanthe threshold,the new TCP sessionhasto
grabbandwidthfrom othercurrentTCPsessions.But whena new TCPsessionarrives
andthe thresholdis reached,the VM-total-link-equal-shareis recalculatedandsome
bandwidthis releasedif VM sessionsare using more bandwidththan the VM-total-
link-equal-share.ThisprocedurecanstabilizeVM traffic while notstarveTCPsessions
at any time.SinceTCPsessionsmaycomeandgo frequently, to respondto every new
TCPsessionmaycauseunstableVM traffic.

Fifth, whenaVM sessionleaves,theremainingVM sessionsclaimsomebandwidth
from it to achieve the new VM-total-link-equal-share.In this process,TCP sessions
alsogetsomebandwidth.This is necessaryfor fairness,sincea departingVM session
usuallyreleasesasignificantamountof bandwidth.

Thelast,whenaTCPsessionleaves,RVMCC only claimssomebandwidthfrom it
if theVM-share-ratiois lessthana threshold.Otherwise,thebandwidthsparedby the
departingTCPsessionis claimedby otherTCPsessions.Theconsiderationis alsofor
thestability of VM traffic, sinceTCPsessionsmaycomeandgo frequently.
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2.4 Further Designfor Stability

Whenlossesareobservedat a link, RVMCC doesnot block layersinstantlyif thereis
no new session,even if the total bandwidthbeingusedby all VM sessionsis greater
thantheVM-total-link-equal-share.Only if thelossespersistfor sometime longerthan
a threshold,doesRVMCC startto block layers.This procedurefurther stabilizesVM
traffic.

Becauseof theAdditive IncreaseandMultiplicativeDecrease(AIMD) flow control
schemeimplementedwith TCP, TCP traffic usuallyshows saw-tooth like fluctuation
andmay causetemporarylight congestion.So the above procedurecanfilter out this
kind of temporarybut possiblyfrequentlight congestion.

Oneimportantpoint is that, unlike end-to-endvideo multicastcongestioncontrol
schemes,RVMCC canafford the time to judge temporarycongestionbecauseit can
solve the congestionquickly if the congestionturnsout to be serious.For end-to-end
schemes,delayedresponseto seriouscongestioncomeswith ahighpriceto pay.

2.5 Network Cost

AlthoughtheRVMCC protocoldoesnot requireany changeof thestructureof thecur-
rent Internet,thereis somenetwork costin its operation,mainly theestimationof the
numberof sessionsand the ratesof VM sessionspassingthrougha congestedlink.
But becausetheestimationis only startedat a link whencongestionoccursat that link
duringa multicastsession,the total costfor a multicastsessionmaynot behigh. Fur-
thermore,webelieve thecostis worthwhile.First, it hasnotbeenshown thatanend-to-
endmulti-layervideomulticastcongestioncontrolschemecancoexist with TCPwith
somekind of fairness,althoughresearchhasbeengoing on for sometime. Second,
otherexisting network-assistedschemesneedconsiderablechangeof thecurrentInter-
net.Finally, therateestimationof multicastsessionsat congestedlinks canpreventthe
abuseof currentInternetresources,intentionallyor accidently, by multicastapplica-
tions.If thecostdoesbecomea concernfor backbonerouters,they canignoretherate
estimationof eachmulticastsession.Instead,they selectsessionsto block or channela
layeronly accordingto thetotalnumberof layersthateachsessionhas.Thenbackbone
routersarerelieved of excessive burden.This will not affect the schemesignificantly
becauseit hasbeenshown thatlossesin MBonemainlyoccuron localnetworks[15].

3 Simulation Results

In this sectionwe presentthe simulationresults.We aremainly interestedin observ-
ing the convergence,fairnessand stability characteristicsof RVMCC. Two kinds of
VM sourcesareused:ConstantBit Rate(CBR) sourcesandVariableBit Rate(VBR)
sources.The VBR sourceshave exponentiallydistributedburst-timesand idle-times.
Onesource(VBR1) hasan averageburst time of 200msandan averageidle time of
100ms,while boththeaverageburst time andtheaverageidle time of theothersource
(VBR2) are 200ms.Eachsourcehas5 layersand the averagerate of eachlayer is
200Kb/s.Thethroughputshown in our figuresis averagedover onesecond,so it does
not representtheinstantaneousrateof asession.
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3.1 Network Topologyand Parametersin Our Simulations

The topologyusedin our simulationsis shown in Fig.1. Therearetwo concatenated
bottlenecksin this topology. The first onehasa bandwidthof 2.4Mb/s,a capacityof
12 layers,while the secondonehasa bandwidthof 1.2Mb/s,a capacityof 6 layers.
ReceiversRm1andRm2arewith theVM session1. Rm1is underthefirst bottleneck,
while Rm2is underthesecondbottleneck.VM session2 alsohastwo receivers,Rm3
andRm4.Rm3is underthefirst bottleneck,while Rm4is underthesecondbottleneck.
Rt is the receiver of the TCP sessionandlocatedunderthe secondbottleneck.So all
threesessionswill competefor bandwidthat bothbottlenecksif all of themarealive.
But Rm1andRm3areonly affectedby thefirst bottleneck,while Rm2,Rm4andRt are
undertheinfluenceof bothbottlenecks.

Fig.1. SimulationTopology

3.2 Simulation Scenarios

ScenarioOne: Two CompetingVM SessionsIn thisscenario,theinteractionbetween
two VM sessionsis tested.Thefirst VM sessionstartsat time0 andstopsat the1200th
second,while thesecondVM sessionstartsat the100thsecondandstopsat the1100th
second.Theresultsareshown in Fig.2,Fig.3andFig.4
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Fig.2. Numberof Layers:Two CompetingCBR VM Sessions

Thefirst thingwecanseein thesefiguresis thatfairnessis goodatbothbottlenecks,
evenif thetwo VM sessionsstartatdifferenttimes.In theCBRcase,R1andR3sharing
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the first bottleneckget 5 layerseach,while R2 andR4 sharingthe secondbottleneck
get3 layerseach.Althoughthefirst bottleneckcansustain12CBRlayers(2.4M / 200k
= 12), eachVM sourcehasonly 5 layers,soR1 andR3 only get5 layerseach.At the
secondbottleneck,1.2Mb/sis sharedequallyby two VM sessions,so R2 andR4 get
3 layerseach.In the VBR case,the situationis a little complicated.With the VBR1
source,the bandwidth-sharingpatternis almost the sameas that with CBR source,
exceptthatR2 andR4 only get2 insteadof 3 layerseach.With theVBR2 source,both
R1 andR3 get4 layers,but R2 andR4 getdifferentnumbersof layers:1 layerand2
layers,respectively.

Thereasonthatin theVBR2 casethereis onelayerdifferencebetweenthetwo VM
sessionsat thesecondbottleneckis thatthesecondbottleneckcanonly sustain3 VBR2
layers(wewill discusswhy bottleneckssustainadifferentnumberof layerswith differ-
entVBR sourceslater).The3-layercapacitycannotbesharedequallybetweenthetwo
VM sessions,sooneVM sessiongets2 layerswhile theothergets1 layer. Generally,
thegranularityof the fairnessin multi-layermulticastcongestioncontrol is onelayer.
Whenabottleneckcanonly sustainanumberof layersthatcannotbeassignedequally
amongthe sessionspassingthroughit, onelayer differencebetweensomesessionsis
inevitable.Weknow end-to-endmulti-layervideomulticastcongestioncontrolschemes
show seriousunfairnessbetweencompetingmulticastsessions[9] [10]. Usually, later
arriverscannotgrabaright shareof bandwidth.In theRVMCC case,althoughVM ses-
sion1 andVM session2 startatdifferenttimes,they geta right shareof thebandwidth
atbothbottlenecks.

The secondthing we observed is that the numberof layersat eachbottleneckhas
goodstability in all cases.The numberof layersis almostconstantin the CBR case,
exceptthelayeradjustmentfor thecomingor thegoingVM session.In theVBR case,
althoughthereis somelayeradjustmentat eachbottleneck,the layeradjustmentonly
occursin oneVM sessionateachbottleneck.Theothersessionstill hasastablenumber
of layers.Furthermore,in thesessionwith layeradjustmenttheadjustmentis rareand
only goesin onedirectionfrom abasiclevel. At R1 in Fig3, theadjustmentis from the
basiclevel of 5 layersto 4 layersandthengoesbackto the basiclevel of 5, while at
R4, theadjustmentis from thebasiclevel of 2 layersto 3 layersandthengoesback.In
RVMCC, highervarianceof traffic only causesa lessnumberof layerssustainedby the
bottleneckbut notanunstablenumberof layers.Thiscanbeobservedin Fig.4.

The third thing we canconcludefrom thesefiguresis thathighervarianceof VM
sourcesusuallyrenderslower throughputat bottlenecks.With theVBR1 source,only
4 layersaresustainedby thesecondbottleneck,but it sustains6 CBR layers.With the
VBR2 source,which hasa highervariancethan the VBR1 source,only 3 layersare
sustainedat the secondbottleneckandthe first bottleneckalsoonly sustains8 layers.
This is dueto the varying-ratecharacteristicof VBR sources.Without enoughband-
width reservedfor a VBR sourceat a bottleneck,at its peakratetheVBR sourcemay
causeheavy lossesand consequentlayer-blocking at the bottleneck.The higher the
variance,the more the bandwidthneededto be reserved for the peakrate.So higher
varianceusuallycauseslower throughput.A lower numberof layersfor VBR sources
with higherratevarianceis alsonecessaryfor maintainingfairnesswith TCPsessions,
sincefrequentlossesmaythrottleTCPtraffic.
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Lastly, theconvergenceisclearin all cases.With anincomingsessionoranoutgoing
session,othersessionsrespondappropriatelyto releaseor claim bandwidth.This can
beobservedin all figures.

0 200 400 600 800 1000 1200
0

1

2

3

4

5

6

7

Time:(second)

Num
ber 

of L
ayer

s

R1,BN1,VBR1

0 200 400 600 800 1000 1200
0

1

2

3

4

5

6

7

Time:(second)

Num
ber 

of L
ayer

s

R3,BN1,VBR1

0 200 400 600 800 1000 1200
0

1

2

3

4

5

6

7

Time:(second)

Num
ber 

of L
ayer

s

R2,BN2,VBR1

0 200 400 600 800 1000 1200
0

1

2

3

4

5

6

7

Time:(second)

Num
ber 

of L
ayer

s

R4,BN2,VBR1

Fig.3. Numberof Layers:Two CompetingVBR1 VM Sessions
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Fig.4. Numberof Layers:Two CompetingVBR2 VM Sessions

ScenarioTwo: A TCP SessionJoining Existing VM SessionsIn this scenario,how
VM sessionsrespondto a new TCPsessionis observed.A TCPsessionstarts100sec-
ondslater after two VM sessionsstarted.The simulationresultsareshown in Fig.5,
Fig.6,Fig.7 andFig.8. In thesefigures,we canseethat thegoodstability andconver-
gencecharacteristicsobservedin scenario1 arestill preservedin thisscenario.Wewill
focuson thefairnessissuein thefollowing text.

In theCBR case,in Fig.5 we canseethatR1 andR3 get5 layerseachat thefirst
bottleneck,but thelink-equal-shareat thefirst bottleneckis 800Kb/s(2.4Mb/samong3
sessions),which meanslessthan5 layersfor eachsession.This canbeexplainedif we
have a look at thesecondbottleneck.Still in Fig.5,we seethatR2 andR4 get2 layers
eachat thesecondbottleneck,which is just thelink-equal-sharethere(6-layercapacity
for 3 sessions).SotheTCPsessionalsogetsashareof 2 layers(400Kb/s)at thesecond
bottleneck.Becauseof the restrictionat the secondbottleneck,the TCP sessioncan
only consumeat most400Kb/sat the first bottleneck.This meansthat 2Mb/s out of
2.4Mb/sis left for the two VM sessionsat thefirst bottleneck.If Max-Min fairnessis
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Fig.5. Numberof Layers:TCPSessionJoiningCBR VM Sessions
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approached,thetwo VM sessionsshouldget1Mb/seachat thefirst bottleneck.This is
just whatshown in Fig.5.But in Fig.6 we canfind that theTCPsessiononly achieves
anaveragethroughputmuchlessthan400Kb/s.Thereasonis thatTCPtraffic is alsoa
kind of VBR traffic.

In the VBR case,in Fig.7 we seethat at the secondbottleneckthe two VM ses-
sionshave a one-layerdifference.This is becuasetheVM-total-link-equal-sharethere
(400Kb/sx 2 = 800Kb/s)canonly sustain3 VBR1 layersdueto the varying rateof
the layers.In Fig.8, theTCP sessionachievesanaveragethroughputalmostthesame
asthat in Fig.6. So thereis still about2Mb/s bandwidthleft for the two VM sessions
at the first bottleneckbecauseof the restrictionat the secondbottleneckfor the TCP
session.Becausethetwo VM sessionshaveVBR1 sources,eachof themonly achieves
a throughputof 4 layersthere.
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Fig.7. Numberof Layers:TCPSessionJoiningVBR1 VM Sessions
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In summary, in this scenarioof TCP joining VM sessions,VM sessionsstill have
stablenumbersof layersand the convergenceis still stableand clear. Furthermore,
Max-Min fairnessis closelyapproachedatbottlenecks.

ScenarioThr ee: VM SessionsJoining the Existing TCP Session In this scenario,
VM sessionsjoining anexistingTCPsessionis tested.VM session1 andVM session2
start100secondslaterafter theTCPsessionstarted.Thesimulationresultsareshown
in Fig.9,Fig.10,Fig.11andFig.12.

In fact,thisscenariois verysimilar to thelastone,exceptthattheVM sessionsstart
later insteadof earlierthantheTCPsession.If we comparefiguresfrom 9 through12
with figuresfrom 5 through8, respectively, wecanfind thatwhenall threesessionsare
alive the bandwidth-sharingpatternsarealmostthe samein eachpair of figures.For
example,wecanhavea look atFig.5andFig.9.In Fig.5,bothVM sessionsget5 layers
at the first bottleneckalmostall the time. At the secondbottleneck,they get 3 layers
eachbeforetheTCPsessionarrivesatthe100thsecond.After thatthey bothget2 layers
each.In Fig.9,after thetwo VM sessionsbecomealive at the100thsecond,they get5
layerseachatthefirst bottleneckandget2 layerseachatthesecondbottleneck.Soafter
the 100thsecond,which is the point that all 3 sessionsbecomealive, the bandwidth-
sharingpatternin Fig.5 is almostthesameasthatin Fig.9.Thesamethinghappensfor
otherpairsof figures.

In summary, in this scenarioMax-Min fairnessis still closelyapproachedat both
bottlenecks,althoughthe two VM sessionsbecomealive later thanthe TCP session.
Both VM sessionsstill have goodstability in numberof layers.Furthermore,conver-
genceis still steadyandclear.

4 Summary

TheRVMCC protocolattacksthemulti-layervideomulticastcongestioncontrolprob-
lem from a new direction:enrichingtheabstractionsof theroutinglayer. It overcomes
mostof theinherentdisadvantagesof end-to-endmulti-layervideomulticastcongestion
controlschemes,suchasunfairnessin sharingbandwidthandinstability in throughput.
It alsoavoidsthecomplexity of mostnetwork-assistedcongestioncontrolschemes.No
structurechangeof queuing,schedulingor forwardingof the currentInternetis nec-
essaryfor implementingthis protocol.RVMCC is also scalablebecausethereis no
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Fig.9. Numberof Layers:CBR VM SessionsJoiningaTCPSession
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communicationoverheadfor RVMCC protocol.Controlactionsin a routeror receiver
are independentof thosein other routersandreceivers. In end-to-endmulticastcon-
gestioncontrolschemes,communicationoverheador necessarydependenceof actions
amongreceiversusuallyrestrictstheir scalability. All of thesecharacteristicsgive the
RVMCC protocol the strengthto be a goodcandidatefor a standardizedmulti-layer
videomulticastcongestioncontrolprotocol.
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