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Abstract. Many applicationscanbene t from the useof multicastto distribute
contentefciently. Due to the limited deployment of network-layer multicast,
severalapplication-layemulticastschemesave beermproposedin theseschemes,
thenodesin the multicasttreeareendsystemsawhich aretypically connectedo
thenetwork by asingleaccessink. Transmissionso thechildrenof anodein the
multicasttreehave to sharethis singleuplink, afactorlargelyignoredby previous
work.In thiswork, we examinetheeffect of accesdink schedulingonthelateny
of contentdelivery in a multicasttree.Speci cally, we examinethe generakcase
wheremultiple paclets(comprisingablock of data)aresentto eachchild in turn.
We provide ananalyticalrelationto computethelateng atanodein themulticast
treeandshaw therelationshipto the paclet sizeandblock size usedto transfer
data.We proposeheuristicgor treeconstructiorwhichtake link serializatiorinto
accountWe evaluatethis effect usingsimulationsandexperimentonthe Planet-
Lab network andshaw that usinglarger block sizesto transferdatacanreduce
theaveragenish time of thenodesn themulticasttreeat the expenseof slightly
increased/ariance.

Keywords: Peerto-peemetworks, Multicast

1 Intr oduction

Application-layermulticast[1-5] hasbeenproposedasa viable methodfor deploying
large-scalanulticaston theInternet.Unlike network-layermulticast,in mostproposals
for application-layemulticast,the nodesthat form the multicasttree are end hosts.
Theseendhostsareresponsibldor creatingandmaintainingthe multicasttreeandalso
forwardingthedatato their childrenin thetree.Applicationsthatbene t from theuseof
application-layemulticastincludemediastreamingmulti-playergamesgonferencing
and le or contentdistribution.

Importantmetricsfor theseapplicationsarethe delayandjitter experiencediuring
datatransfer In the caseof le distribution applicationsthe averagetime to obtainthe

le is alsoanimportantrequirementFor this reasonmostapplication-layemulticast
schemegoncentrat®n creatingmulticasttreeswith low lateng paths.

The end hoststhat form the multicasttree are often connectedo the restof the
Internetusinga singleaccesdink suchasa DSL or cablemodemline [6]. The single
accesdink is asharedesourcehatmustbe scheduleamongthe childrenof thenode.
This schedulingcanaffectthetime takento transferdatato thechild nodes As asimple
example,considera casein which a sourcenode with a single accesdink to the



restof the network, transfersa block of datato its  children.Let us further assume
thatthis blockis composef several paclets.Considettwo differentsimplemeansof
schedulingaccesgo thelink: in the rst schemetheblockis senta paclet-at-a-timeo
eachchild in turn andin the secondthe entireblock is sentto a singlechild atatime.
Themethodf deliveryareillustratedin Figuresl and2 respectiely. The gures show
the delivery of a block of datacomposedf four pacletsfrom a sourcenodeto its
child nodes.n the paclet-at-a-timecase the nish timesof all the childrenarenearly
equal,while in the block-at-a-timemethod,the st child hasa nish time of , the
second nish time of andsoon.Fromthe gures, we seethatin the paclet-at-a-
time caseall childrengettheblock atalmostthe sametime while in theblock-at-a-time
case someof the childrengetthe block muchearlier It canbe shavn thatthe average
nish timein thelattercases lower.

To the bestof our knowledge therehasbeenno work examiningthe effect of this
link sharingon the datadelivery of application-layemulticasttrees? In this work, we
analyzethe effect of this link sharingandwe demonstrate simpletechnique called
Time Division Streamingto exploit this sharingto reducethe averagetime to transfer
data.We provide analysisof TDS usinga simple network model.We thenshov how
theconstructiorof multicasttreescantake advantageof TDS andproposéheuristicsfor
tree construction.Ouresultsshav thatsendinglargerblocksof datain multicasttrees
constructedusing our heuristiccan provide a substantiaimprovementin the average

nish time of thenodesattheexpenseof someincreasen themaximum nish timesof
somenodesWe examinethetradeof in our evaluationof TDS.

The restof the paperis organizedasfollows: In Section2, we describethe link
sharingin detail. In Section3, we develop the relationthat allows usto computethe
lateng/ to ary hostin an end-systenmulticasttree. We then presentalgorithmsand
heuristicsto createTDS treesin Section4. We evaluatetheseTDS treesin Section5
anddiscusgelatedwork in Section6. We concludewith somediscussiorof theresults
in Section?.

2 Time Division Streaming

We presentour work in the context of a datadelivery applicationsuchasan audioor
videostreanthatrequiresaminimumdatarateor bandwidthof bits persecondbps).
We notethatthis dataratecanbe achievedeitherby small packetsdeliveredat regular
intervals or by sendinga larger block of dataat the beginning of a time period such
thatthe effective datarate over the time periodis greaterthanor equalto . Thus,in
our discussionwe usetheterm “block” of datato imply the transferof one or more
back-to-baclpacletsof databetweemodesin the multicasttree.

We now presenta schemedo exploit the serializationof packetsat the accesdink.
We call this modeof transferof dataTime Division Streamingor TDS. Theideabehind
this mode of datatransferis essentiallyto usethe available upload bandwidthof a
nodein a mannersimilar to Time Division Multiplexing (TDM) of a communication
channelhencethe name.In this mode,a nodewill senda block of data,composedf

! The authorsin [7] point out that the single accesdink imposesthe constraintthat the data
intendedfor childrenof this nodemustbe serializedat the link thoughthey do not consider
the problemof schedulinghe accesdo thelink.
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Fig. 1. A block comprisingof four pacletsbe- Fig.2. A block comprisingof four pacletsbe-
ing sentto  childrena pacletatatime ing sentto  childrenablockatatime

severalpaclets,to only oneof its children,utilizing all of its uploadbandwidthfor that
transfef. Oncethe transferis complete the nodesendsthe block to the next child in
orderandsoon.

Effectof TDSon a singlenode To illustratetheeffect of link schedulingyve revisit our
initial exampleshaowvn in Figuresl and2. The gures shov a scenarian which we do
not considerthe propagatiordelayto the nodes Figurel illustratesthe casewherethe
block of four pacletsis sentasapacletto eachchild in turn. Theaveragetimeto nish
receving theentireblock for the childrenis . Figure2 shaws
the casein which the entireblock is sentto eachchild. The average nish time in this
cases . Thegainin theaveragenish time for thisworksoutto
which is greaterthanzerofor morethanonechild, i.e., . More generally if we
let bethe numberof pacletsin ablock, bethesizeof a pacletin bitsand be
the uplink bandwidthat the node , the average nish time, while sendinga paclet to
eachchild in turn, is whereast is
whensendinga block at a time. The gainin average nish time over all the nodesis
. It is simpleto concludefrom this analysisthat larger blocks

arebetteratreducingtheaverage nish time.

If we incorporatethe propagatiordelayof thelinks connectinghe nodestheanal-
ysisremainsunafectedasthe propagatiordelayremainsunchangedh bothcaseswith
only thetransmissiordelaychangingdueto the useof largerblocks.

Effectof TDSin a multicasttree To evaluatethe effect of using TDS in a multicast
tree,consideraninterior node in thetree.If the nodehas children,eachthe root
of a subtreeandthe childrenare numberedrom to , considerthe nish time of
the rst child. If this child is the rst to receve ablockfrom , its nish timeis
when pacletsaresentasa block asopposedo whena single
pacletis sentto eachchild in turn. Irrespectve of the schedulingn ary othernodein
this subtreethe nish timesof the nodesin this subtreeare reducedby this factor of
. The nish time of thelastchild child remainunafectedby thisand
hencethenodesn its subtreaemainunafected.

2 For this work, we assumehatthetransportprotocolusedby the applicationallows for blocks
of datato be sentin pacletsthatareback-to-baclon the connection.



Symbo De nition
Uploadbandwidthof node
Numberof pacletsin ablock

Sizeof apacletin bits
Bandwidthrequiredby datastream
Pacletindex in astreamof paclets

Index of nodein aglobalnumberingschem¢

Parentindex of node

Numberof child nodesof node
Index of node in its parents TDS schedulg
Maximumdegreeboundof node
Table 1. Summaryof Notationused

In thistechniquewe aredelayingthe beginning of transmissionio the childrenthat
comelaterin the TDS orderto nish transmissiorof datato the childrenearlierin the
TDS ordermuchsoonerthanotherwise.This obsenation shows thatif the subtreesf
node areall of equalsize,the nodesin child 's subtreewould nish muchearlier
thannodesin child 'ssubtreeThis canbe mitigatedif the subtreeof the child nodes
weredistributedunequallyi.e., if the subtreeof the rst child werelargerthanthat of
the thchild. We build onthisintuition in Section4 wherewe proposdreeconstruction
algorithmsthattake TDS into account.

3 Analysisof TDS
Until now we have beenconsideringheeffectof usingTDSto deliverdatafrom anode
to its children.We now develop a relationto calculatethe nish time of an arbitrary
pacletin a datastreamat ary nodein a TDS tree.For our model,we assumehatthe
datato betransfereds composedf pacletsof size . Severalpacletsareaggreyated
to form blocks.We denotethe numberof pacletsin ablockby .Let bethepaclet
index in a streamof datathatis beingtransferedo theclients.
Theendhoststhatarethetargetedby application-layemulticasttreeshave diverse
accesdinks connectinghemto the Internet[6], varying from dial-up links andcable
andDSL modemsto Ethernet A characteristiof mostof thesetypesof accesdinks
is thatthey offer muchlarger downloadbandwidthto the nodethanuploadbandwidth
fromthenode(afactorof 10with somelSPsusingcablemodems)Lettheuploadband-
width availableto eachnode participatingin the application-layemulticasttree be
denoteddy . Thebandwidthrequirement®f theapplicationcreatesanupperbound
on the numberof childrenthata nodecansupport.This upperboundcanbe givenin
termsof thenumberof childrenthatanode cansupportin anapplication-layemulti-

casttreeandis givenby . We maketheassumptionhatin thetree,nodes
with higheruploadbandwidtharecloserto the source speci cally for anode with
children . Thisassumptions reasonable

asit hasbeenshawvn in [8] thatto obtainshorttreeswith minimum propagatiordelay
the nodeswith largestdegreesshouldbe closestto the source.Given our interestin
improving theaverageateng to transferdatato theclients,ary treeconsideredvould

have this property

We beagin by consideringthe simple casewith a singlesourcenode with  chil-
dren.If andnode isthe  child of the sourcethe nish time of
paclet atnode canbewrittenas wherethe rst

termrepresentthetimeto sendtheblocktothe childrenbefore andtheseconderm
representshetime to sendthe  pacletsto node . In generalfor , the nish



time a packet canbe brokenup into threeparts,

—time to transmitthe pacletsof all previousblocks,

—time to transmitcurrentblock to the childrenpreceding,
—time requiredto transmitthe pacletsof the currentblock to child .

This canberepresentedy

For a generalapplication-layemulticasttree,we begin by makingthe obsenation
thatoncethe rst paclet of a block arrivesat a node,the subsequenpacletsof that
block arrive back-to-backFrom our previous assumptioraboutthe uploadbandwidth
of anodebeinggreaterthanor equalto that of its children,we know thatthetime to
transferablock to anodeis lessthanor equalto thetime thatnodetakesto transferthe
block to a child. In otherwords,oncea nodebeginsreceving a block from its parent,
it canretransmitheblock to its child without waiting for a pacletto arrive. Therefore,
thetime a paclet arrivesat a nodedepend®n the paclet's arrival at the nodes parent.
We assumehatoncea noderecevesthe rst paclet of a block, it immediatelybegins
transmittingthe pacletto its children.We ignorethe propagatiordelayof links in this
analysisto make the expositionclearerbut incorporatinghe delaysis straightforward.

Let representheblockindex, i.e., the integervalue andlet bethe rst
paclet of block . Let the function denotethe parentof node andthe function

, theindex of in its parents TDS schedule.

Thetime of arrival of apaclket atanode canbecomputedasfollows:

Fromthe above relations,we notethatthelateny to any nodeis dependenon the
sizeof the paclketandthe numberof pacletsin a block. We evaluatethe effect of these
factorsin Sectionb.

4 TreeConstruction

We now considerthe problemof constructingtreesthat take into accountTDS. Cur
rentalgorithmsfor constructingapplication-layemulticasttreesoptimizefor delayor
bandwidthwithout consideringthe transmissiordelay at interior nodes.We wish to
createtreesthat not only take into accountthe transmissiordelay but also optimize
for the block size beingusedin TDS. We begin by statingthe objective for our tree
constructioralgorithm.

The optimizationproblemcanbe statedasfollows: Let beacom-
plete graphwith a sourcenode andendhosts . Let the degreeconstraintsof the
nodesbe given by the function . Let bethe setof edgesbetweenthe nodes.Our
objectveis to nd thetree with minimum average nish time to transferthe block

andsatis esthe degreeconstraintsWe rst considerthe casewherethe end-to-end
delaybetweenary pair of nodesto be the same(in this casezero),i.e., we ignorethe
propagationdelay but not the transmissiordelay causedby the link scheduling.We
presenta centralizedalgorithmin Figure3 thatconstructsanoptimaltreefor this case.
Thealgorithmis run by a designateshodesuchasthe sourcein the following manner:
First, the nodesare sortedin non-increasingrder of their degree constraintsin the
mainloop, the next nodefrom the sortedlist is selectecandattachedo the treeat the



Tree T = createTree(Nodes , Source , DegreeConstraints

Blocksize )
Sort the nodes of N in non-increasing order of degree
constraints into s e
T={}
Compute as the time to transmit to first available
child  of
Insert into MinHeap with value
while
Get next node from MinHeap.
Attach as child of
T=T { 1}
if
Recompute and insert into MinHeap with
value
if
Compute and insert into MinHeap with
value
done
return T

Fig. 3. TreeConstructionAlgorithm for TDS ignoring propagatiordelays

positionwith the minimum nish time until all nodesare attachedlIf no attachment
pointsexist dueto the degreeconstraintof the nodesthetreereturneds empty
Theorem 1. Thealgorithm createTee geneitesa tree sud that the nodeshavethe
minimum nish timesgiventhedegreeconstaints .

Theproofreliesonthefollowing lemmas.

Lemma 1. For any nodein the optimaltreg the sizeof its childrens' subteesare in
theorderin which datais sentto the children,i.e., if datais sentto child before child

, thesizeof 'ssubteeis greaterthanor equalto 'ssubtee

Lemma 2. For anynodein the optimaltree the child with the larger degreeboundis
sentdatabefore a child with a lesserdegreebound.

A corollaryto lemmaz2 is thatfor any node,the child with thelargestdegreeboundis
the rst to which datais sent.

Lemma 3. Givena setof  nodeswith degree constrints, the optimal tree hasthe
nodewith the maximundegreeconstaint astheroot.

The sketchof the proof of the lemmais asfollows: We assumefor contradictionthat
theoptimaltreedoesnothave thenodewith the maximumdegreeconstrainattheroot.
It followsthatfor somesubtrean theoptimaltree,thenode with themaximumdegree
constraints the child of a nodewith a smallerdegreeconstraintBy lemma2, isthe
rst child to be sentdataby its parent.We shav thatexchanging with its parentand
rearranginghesubtree®f andthesubtree®f theparentsuchthatthelargersubtrees
areattachedo leadsto atreewith alower nish time, violating our assumptiorthat
thistreewasoptimal.

Thecompleteproofsof thelemmascanbefoundin the Appendix.



Proof (Theoem1). We prove this by inductionon , the numberof nodesattachedo
thetree.If , thenthereis only onenodein the tree,the source andit is clearly
optimal.Assumehatthealgorithmcreatesanoptimaltreefor nodesBy thealgorithm,
thedegreeconstrainbof the stnodeis lessthanor equalto the degreeconstrainof

ary nodein thetreeuptil now. By lemma3, node canonly beattachedasa leaf,
andthe positionthatminimizesthe nish time of is thepositionwith the minimum
transmissiordelayfrom the sourceto whichis node from thealgorithm.Thus,
thetreewith nodesds alsooptimal.

Thegeneraproblemof constructingoptimaltreeswith non-uniformpropagatiordelays
betweenmodeshasbeenshavn to be NP-Hardin [9]. To handletree constructionfor
TDS taking propagatiordelaysinto accountwe proposethe following TDS heuristic
that attemptsto balancethe degreeboundof a nodeandits propagatiordelayto the
tree.The heuristiciteratively addsnodesto thetreein the following manner:nitially,
threesetsof nodesarecreated, consistingof nodeghatareattachedo thetree,
consistingof nodesthat areattachedandcanacceptmorechildrenand consisting
of nodesthatareunattachedLet bethelateng of node to the sourcealongthe
tree.In the begginning, and containonly the sourcenodeand containsall
othernodes At eachiteration,the algorithmcomputesa costfor each as

where , and
arenormalizationconstants.

Thevariables and controlthe weightof the differentfactorsin the computing
the costof eachunattachedode.Thevalueof controlsthe extentto which the la-
teng in thetreeto theattachmenpoint affectsthecost,while  determinegherelative
importanceof thedegreeconstraintandthepropagatiordelayof theunattachedodes.
Fromourevaluation,we obsenedthatthe heuristicis relatively unafectedby thevalue
of andsowe x edthevalueof tobel.Weexploretheeffectofthe parameteon
theaveragdateng in thenext section.

5 Evaluation

In our evaluation,we attemptto quantify the effect of the block sizeandpaclet sizeon
thelateng of end-systenmulticasttrees.We evaluateTDS on both simulatectopolo-
giesaswell asonthe Planetlaktest-bed.

5.1 Simulation

Methodology We usedibrariesprovidedby the p-simsimulator[10] to write our sim-

ulation. For our simulations,we begin by creatinga representatie Internettopology
usingGT-ITM [11] comprisingof 4050nodes We thenrandomlychoosesomeof the

nodego bethehostsparticipatingin the application-layemulticasttree.We randomly
selectoneof the nodesto be the sourceof the end-systenmulticast.The degreecon-

straintsfor thenodesareassignedrom a uniform distribution with the sourcenodebe-

ing assignedhe maximumdegreeconstraintThelink latenciesaredravn from uniform

distributionswith [50ms,200msffor thetransitlinks, [25ms,100ms]for thetransit-stub
links and[5ms, 50ms]for the stub-stulinks. The streambandwidthrequirementsre
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Fig. 4. Varyingthe maximumdegreeconstrainiof the nodesparticipatingin the multicasttree

Max. DegreeConstraintBlock size(kB) |Percentagef nodesin rst two subtreefDepth
10 50 66 8
5 39 5
8 50 66 8
5 39 6
5 50 75 9
5 67 7

Table 2. Nodedistribution of TDS treesfor differentblock sizes.

setat 8kBps per child in the multicasttree. We constructthe application-layerTDS
multicasttreeusingthe algorithmdetailedabove. For all the experimentsve reportthe
averagenish timeasthetimeto transfer50 kB of datafrom thesourceto all thenodes
in thetree.We choseblock sizesof 50kBand5kB asreasonableoundsonthesizeof an
applicationsdataunit. Thepacletsizeuseds usually500bytes.We alsoexperimented
with 1500byte pacletsbut the resultsweresimilar with the 1500byte pacletshaving
aslightly largeraverage nish time.We begin by investigatinghe differentparameters
thataffectthe TDS scheme.

Effect of TDS parameters In Figure4, we plot theaveragé nish time of the nodes
in the TDS treeon the y-axis againsthe maximumdegreeconstraintsallowed for the
nodeson the x-axis. Eachline representslifferentsize treeswith varyingblock sizes.
Fromthe graph,we seethatfor smallerdegreeconstraintsthe smallerblock sizesare
betterfor TDS. The small degreeconstraintresultsin treesthat are tall and narrow,
resultingin poor performancef TDS asthe differencebetweerthe nish timesof the
rst andlastchild atanodearenotsigni cant enoughto offsetthelongertransmission
delays.As the maximumdegree constraintis increasedthe treescreatedare wider
andthe larger block size hassigni cantly betterperformanceThe treesfor the larger
block size are more unbalancedvith the subtreesof the childrenthat are earlierin
the TDS order being much larger that the subtreesof thoselater in the TDS order
This canbe seenin the tablein Table 2 in which we shav the size of the subtreesn
termsof thepercentagef thetotal nodeghatthe subtreecontains Althoughthedegree
boundsfor the nodesare assignedrom a uniform distribution, the distribution of the
degreesof nodesin the nal treeis similar to the distribution of degreesobsened by
Sripanidkulchaktal [6].

% In all casesthe medianwaslessthanthe average We omit plotting the mediangor clarity.
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Effect of parameter on the TDS heuristic In Figure5, we plot the average nish
time of thenodedn theTDStreeonthey-axisagainswariousvaluesof onthex-axis.
Eachline representtreesconstructedvith a particularmaximumdegreeconstraintand
eachpointis theaverageof verunsof the simulatorwith differentseedsWe obsene
thattheaveragenish timeis only maminally affectedfor valuesof upto0.5.Actually
theaveragenish timeis reducingin thisinterval, but asthevalueof increasesbove
0.5, the average nish time increasegjuickly. This is alsoseenin Figure6, in which
thecurvesareplottedfor ablock sizeof 5kB. Theseplotsshaw thatselectinghenodes
primarily on the basisof the propagatiordelayto constructTDS treesresultsin poor
performanceThebestbalanceseemso beto equallyweightthe degreeconstraintof
thenodesandtheir propagatiordelaywhenconsideringhe next nodeto addto thetree.

We alsoplot the percentilevalue of node nish timesfor eachof the degree
constraintsWe obsene thatthe percentilevalueof the 50kB block with a degree
constrainiof 10 hasasmaller nish timethantheaveragenish time using5kB blocks.
This indicatesthat mostof the nodesbene t whenwe uselarger blocks. Anotherob-
senationwe canmake from the graphis thatthe percentilevalueis closerto the
average nish time for the 5kB block sizethanfor the 50kB block size,indicatingthe
increasediariancedueto thelargerblock size.

Performance relative to existing heuristics There have beenother heuristicspro-
posedto constructdegree-boundettreesfor application-layemulticast. The heuristics



proposedarefor minimizing themaximumlateng to clients[12] (which we call Com-
pactTree)andfor minimizing the costof usingproxies[8] (whichwe call Min Cost).
The CompactTree heuristicincrementallyconstructsa minimum spanningtree from
thesource . Foreachnode notin thetree,it nds theminimumcostedge from
anode in the MST. The costthatis minimizedis the overlay delay from the
sourceto thenode . The Min Costheuristicis quite similar exceptfor the costfunc-
tion usedto selecthenext node.TheMin Costheuristicconsidersheminimumlateng
edge aswell asthedegreeconstraint of thenodeswhile selectinghebestnode
to attachto thetree. Thecostfunctionis

The parameteplaysthesameroleasthe parametem the TDS heuristicand

and arenormalizationconstantsBoth heuristicsdo not considerthe costof trans-
missionof datawhile constructinghetrees.

For oursimulationsweimplementbothheuristicausingthesameroutine. Thevalue
of the parameter createdreesbasedon the CompactTreeheuristicwhile other
valuesof creatdreeshasedntheMin Costheuristic We plottheaveragenish times
for delivering 50kB of datausingtreeswith 1000 nodesconstructedy the different
heuristicin gures 7 and8for block sizesof 5kB and50kB respectiely. In generalthe
graphsshow thatthe TDS heuristicperformsmuchbetterfor every degreeboundthat
is usedasit considerghetransmissiordelaysincurredat eachnode.The magnitudeof
theimprovementof the TDS heuristicis largerwith block sizesof 50kB thanwith 5kB.
Thetreescreatedby the TDS heuristicfor the 5kB blocksarenot very differentfrom
thetreescreatedy theotherheuristicsandsotheimprovementseeris ontheorderof a
secondn theaverage nish times.On the otherhand,thetreesfor the 50kB block size
createdby the TDS heuristicexploit the larger block sizeto createtreesthat arevery
differentfrom thosecreatedby the otherheuristicsresultingin signi cantimprovement
over the other heuristics Whenthe valueof is in the rangeof 0.5to 0.7, the Min
Costand CompactTree heuristicsperformthe bestasthey considera combinationof
thedegreeconstraintof thenodesalongwith the propagatiordelayto thenodesn the
tree.

5.2 Planet-Lab Experiments _ _
To evaluatethe effectsof TDS in areal-world scenariowe developeda smallapplica-

tion to run on the PlanetLanetwork [13]. The applicationrunningon differentnodes
forms an application-layemulticasttree. The sourceat the root of the treetransmits
datato its childrenusing UDP with a speci ¢ block andpaclet size.We measureghe

nish timesof the differentnodesn thetreeandcomputeheaveragenish time of the
tree.In alimited experimentusing16 nodesblock sizesof 50kB and5kB, apacletsize
of 1000bytes,we obsenedthattheaveragenish time of the 50kB block sizewas6.32
secondsvhile for the 5kB block was8.41secondsvhich agreeavell with ouranalysis.
We planto conductmoreextensive experimentswith existing multimediaapplications
aspartof futurework.

6 RelatedWork
In relatedwork we discusssomeof the tree constructionschemeghat have beenpro-

posedn thecontext of creatingdegreeboundedreesfor application-layemulticast.
In [12], the authorsdescribethe problem of creatingminimum diameterdegree
boundedspanningreesandshaw thatit is NP-Hard.They proposea greedyheuristic



to createtreesbasedon this objective. In [8], the authorsde ne the costof a treeas
the numberof specialproxy nodesusedto createmulticasttrees.Basedon this they
proposeto createtreeswhich satisfya maximumdelayboundwhile minimizing cost.
They provide an optimal solution for graphswith uniform edgesand shav that this
problemis NP-Hardin the generakasewith non-uniformedges.

In [9], the minimum average-lateng degree-boundedirectedspanningree prob-
lem is introducedin context of a two-tier infrastructurefor implementinglarge-scale
media-streamingpplicationsTheinfrastructurecalledOMNI (OverlayMulticastNet-
work Infrastructure)consistsof a setof Multicast ServiceNodes(MSNSs) to which
end-hostgonnecto form themulticasttree.The objective of thiswork is to reducethe
averagdateng to theend-hostsThisis achiezedby arranginghe MSNsto createmin-
imum lateng treeswhereeachMSN is weightedby the numberof clientsconnected
to it. The authorsimposea degreeboundon eachMSN in the overlay network but do
not accountfor the transmissiordelaysduring datadelivery at the MSNs which we
considerin this work. Also, we focuson application-layemulticasttreeswithout any
explicit infrastructuran the network.

In [7], the authorspoint out thatthe modelsusedcurrentlyto constructhesetrees
neglectto considerthefactthatthe mostnodesin an end-systermulticasttreehave a
singlenetwork connectiorandthis connectiorhasto besharedetweerall thechildren
of the node.In their work, the authorsproposean overlay network modelto account
for thesecostsand proposeheuristicalgorithmsto constructmulticasttreesbasedon
their overlay modelthat considerthe transmissiorand computationdelaysat eachof
thenodesin themulticasttree. Theoverlaymodelproposedioesnotexplicitly consider
thedegreeconstraintsat nodes Theconstructiorof thetreeis basedn minimizing the
delayto hostsbut doesnot considerthe effect of the degreeconstraintsmposedby the
accesdink bandwidthof the nodesor the effect of the accesdink schedulingon the
averagedelayof thenodesn thetree.

7 Discussionand Futur e Work

Ourresultsshav thatnodessendingargeblocksof datato eachchild in turncanreduce
theaveragenish time of nodesin the multicasttree. Thetradeof involvedin thisgain
is theincreasedrarianceof theactual nish timesof nodesBasedon thistradeof, the
block sizeandpacletsizefor TDS canbespeci edto matchapplicationrequirements.
For example,the larger variancewith larger block sizescanbe usedas an incentive
mechanismto encouragenodesto dedicatemore uplink bandwidthto the application.
Thisin turnwould placethosenodesn positionswheretheir nish timesareearlier

In thiswork, we examinethe effect of thesingleaccesdink thatmary endhoststhat
participatein application-layemulticasthave. We shav thatthe averagenish timesof
nodesin the treeareaffectedby the way in which this link is usedto transferdatato
a nodes children.We proposeda techniquecalled Time Division Streamingto share
thisaccesdink suchthatthe average nish timesarereducedascomparedo previous
work. We alsoprovide analyticalresultsbasedn alimited modelof this techniqueand
proposeheuristicshattake this serializationinto accounwhenconstructinghetree.

Using the TDS heuristicto constructmulticasttrees,we shav signi cant reduc-
tion in the average nish timesof nodes.The heuristicexploits the effect of TDS by
creatingtreessuchthat the interior nodeshave unequalsubtreeswith the subtreesof



children earlierin the TDS schedulebeing larger In future work, we planto create
distributedversionof the TDS heuristicthat canbe usedto addnodesto treesasthey
arrive. Anotherdirectionof work is to vary the TDS parameterso tailor themfor spe-
ci ¢ applicationsandto studythe effect of thesecustomizations.

References

1. Chu,Y.,Ra0,S.G.,Seshan$.,Zhang H.: A casefor endsystemmulticast.In: IEEE Journal
on SelectedAreasin Communication(2001)
2. PendarakisD., Shi, S., Verma,D., Waldwogel, M.: Almi: An applicationlevel multicast
infrastructureIn: USITS.(2001)
3. BanerjeeS.,BhattacharjeeB., KommareddyC.: Scalableapplicationlayer multicast. In:
Sigcomm.(2002)
4. Padmanabhary., Wang,H., Chou,P.: Resilientpeerto-peerstreaming.In: ICNP. (2003)
5. Castro,M., Druschel,P, KermarrecA., Nandi, A., Rowstron,A., Singh,A.: Splitstream:
High-bandwidthmulticastin cooperatie ervironments.In: SOSP(2003)
6. SripanidkulchaiK., GanjamA., Maggs,B., Zhang,H.: Thefeasibility of supportingarge-
scalelive streamingapplicationsvith dynamicapplicationend-points.In: Sigcomm . (2004)
7. Brosh,E., Shavitt, Y.: Approximationandheuristicalgorithmsfor minimum-delayapplica-
tion layermulticasttrees.In: Infocom.(2004)
8. Malouch,N.M., Liu, Z., RubensteinD., Sahu,S.: A graphtheoreticapproacto bounding
delayin proxy-assistedend-systenmulticast.In: IWQo0S.(2002)
9. Banerjee S., KommareddyC., Kar, K., BhattacharjeeS., Khuller, S.: Constructionof an
ef cient overlay multicastinfrastructurefor real-timeapplications.In: Infocom.(2003)
10. Merugu,S., Srinivasan,S., Zegura,E.: p-sim: A simulatorfor peerto-peernetworks. In:
MASCQTS. (2003)
11. Calvert, K., Zegura,E., BhattacharjeeS.: How to modelaninternetwork. In: Infocomm.
(1996)
12. Shi, S., Turner J., Waldwogel, M.: Dimensioningsener accesdbandwidthand multicast
routingin overlaynetwork. In: NOSSDAV. (2001)
13. PlanetLab:http://www planet-latorg/ (2004)

Appendix A

We rst outlinesomenotationfor thesubtree®f nodeghatwill beusedn thefollowing
proofs.Weuse todenotethe  subtreeof node and to denotethe numberof
nodesin the subtree As in the previous sectionswe use to denotethe numberof
childrenof node and to denotethe maximumdegreeboundof .

Proof (Lemmal). Assumefor thesale of contradictionthattheoptimal TDStreehas
anode which hasadjacentchild nodes and , suchthatnode is sentdatabefore
node but 'ssubtreeis smallerthan 's subtree Considerthe changein nish times
if we insteadsenddatato node before . The nish timesof thenode andits entire
subtreewill beincreasedy afactorof while the nish timesof node andits
entire subtreeare reducedby . Sincethe numberof nodeswhose nish times
arereduceds greaterthanthe numberof nodeswhose nish timesareincreasedthe
overallaverage nish time of theentiretreeis reduced.



1 X c(i) 1 X c(j)

Fig.9. TDS treebeforeswappingpositionsof nodes and

Proof (Lemma2). Assumefor the sale of contradictionthatthe TDS multicasttreein
Figure9 is anoptimaltreewith nodes and , suchthat but is sentdata
before . We shawv thatatreewith a smalleraverage nish time canbe constructedn
whichnode is sentdatabeforenode . Withoutlossof generalitywe assumehatthe
time atthe parentnode beforesendingthe block of data  to node is zero.From
our analysisof TDS, we know thatthe nish time of a non-rootnodeis dependent
on the nish time of its parent.Therefore,if the nish time of the root of a subtree
changesthe nish time of all othernodesin the subtreechangecorrespondinglyand
hencethe average nish times.In the following constructionwe exchangecomplete
subtreedetweerthe affectednodeswhich resultsin the nish timesof theroot nodes
of thesubtreeshanging.

The new treeis constructedn the following manner The nodes and areex-
changedandthe subtree®f nodes and areassignedsfollows:

— If the numberof childrenof , is greaterthanthatof , i.e., , the

subtreegemainattachedo node attheir original positions.Clearly,

the nish timesof the nodesin thesesubtreesare improved by from the
original treeandsotheaverage nish timeis alsolower for thesesubtrees.

— If , thenthe subtreesare moved from node to node .
Notethatthisis alwayspossibleas . In this casethe nish timesof the
nodesin thesesubtreeshangedy a factorof from
to where . Since impliesthat

, the nish timesandhencethe average nish timesof thesesubtreess
earlier
For ,thesubtrees and areassignedo thenodes and

basedntheirrespectie sizes.



If , isassignedo node and is assignedo node . The nish
time of subtree  in theoriginaltreeis

while the nish timein thenew treeis

Thechangegrom the original to the new treeis . Similarly, the nish time of
in the originaltreeis

andin new treeis

The changen this caseis but sincethe sizeof this subtreds smaller the net
gainin nish timesis positive.
For the casein which , Iisassignedonode and is assignedo

node . The nish time of subtree in theoriginaltreeis

while in thenew tree,it is

The changdrom theoriginal to the new treeis thus

For thesubtree |, theoriginal nish timeis

andthenew nish timeis

leadingto achangean nish time of

Again, dueto , the gainin the nish time of the nodesin outweighs

theincreasdan nish time of thenodesin . If the subtreesareof the samesize,the
changen nish timesof the subtreegqualizeandthe netchanges zero.

Thus,in all casesthenew treehasalesserveragenish timethantheoriginaltree
shaving thatthe original treecould notbeanoptimaltree.



c(i)

1 X c(j)

Fig. 10. TDS treebeforeswappingpositionsof nodes and

Proof (Lemma3). Assumefor sale of contradictionthatthe nodewith the maximum
degreeconstraintis not the root of the optimal TDS tree.By Lemma2, this nodeis
the rst in orderto recevve datafrom its immediateparent.Considerthe sectionof this
optimal TDStreeshovn in Figurel0where . We shaw by constructiorthat
exchanginghepositionsof nodes and in thetreewill resultin a TDStreewith lower
averagenish time. Thisconstructiorcanbeappliedasmary timesasrequiredto move
thenode totherootof the TDStree,establishinghecontradiction.

In Figure 10, to shav that exchangingthe positionsof nodes and resultsin a
lower average nish time for thetree,we proceedn a mannersimilar to the proof for
Lemma2. WLOG, we assumahatthetime attheroot of the giventreejust beforethe

rst blockis sentis zero.Thenodes and areexchangedindthesubtreesreassigned
in thefollowing mannerLet

— If the numberof childrenof , is greaterthanthat of , i.e., ,
the subtreesemainattachedo node attheiroriginal positionsandare
movedalongwith thenode . Clearly, the nish timesof thenodesn thesesubtrees
arechangedrom to . Theimprovementin
the nish timesis .

- If , thenthe subtreesare moved from node to node .
Note that this is always possibleas . In this case the nish timesof
thenodesn thesesubtreeshangesrom to for animprovementof
For ,thesubtrees and areassignedo thenodes and

basedntheirrespectie sizes.



If , isassignedo node and is assignedo node . The nish
time of subtree  in theoriginaltreeis

while the nish timein the new treeis . Thechangen nish timesis
. Similarly, the nish timeof intheoriginaltreeis and
in thenew treeis

Thechangen nish timesis . Dueto the differentialin
thesizeof thesubtreesthenetgainis positive.
For the casein which , Isassignedo node and is assignedo

node . The nish time of subtree in theoriginaltreeis

andin thenew treeis

Thechangdn nish timesis

Forthesubtree ,theoriginal nish timeis andthenew nish timeis
givingachangen nish timeof . Thus,theoverallchangen nish
timesis positive, shaving that exchangingthe positionsof nodes and reduceghe
averagenish time.



