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Abstract. Many applicationscanbene�t from theuseof multicastto distribute
contentef�ciently . Due to the limited deployment of network-layer multicast,
severalapplication-layermulticastschemeshavebeenproposed.In theseschemes,
thenodesin themulticasttreeareendsystemswhich aretypically connectedto
thenetwork by asingleaccesslink. Transmissionsto thechildrenof anodein the
multicasttreehaveto sharethissingleuplink,afactorlargelyignoredby previous
work.In thiswork, weexaminetheeffectof accesslink schedulingonthelatency
of contentdelivery in a multicasttree.Speci�cally, we examinethegeneralcase
wheremultiplepackets(comprisingablock of data)aresentto eachchild in turn.
Weprovideananalyticalrelationto computethelatency atanodein themulticast
treeandshow the relationshipto thepacket sizeandblock sizeusedto transfer
data.Weproposeheuristicsfor treeconstructionwhichtake link serializationinto
account.WeevaluatethiseffectusingsimulationsandexperimentsonthePlanet-
Lab network andshow that usinglarger block sizesto transferdatacanreduce
theaverage�nish timeof thenodesin themulticasttreeat theexpenseof slightly
increasedvariance.
Keywords: Peer-to-peernetworks,Multicast

1 Intr oduction
Application-layermulticast[1–5] hasbeenproposedasa viablemethodfor deploying
large-scalemulticaston theInternet.Unlikenetwork-layermulticast,in mostproposals
for application-layermulticast,the nodesthat form the multicasttree are end hosts.
Theseendhostsareresponsiblefor creatingandmaintainingthemulticasttreeandalso
forwardingthedatato theirchildrenin thetree.Applicationsthatbene�t from theuseof
application-layermulticastincludemediastreaming,multi-playergames,conferencing
and�le or contentdistribution.

Importantmetricsfor theseapplicationsarethedelayandjitter experiencedduring
datatransfer. In thecaseof �le distribution applications,theaveragetime to obtainthe
�le is alsoan importantrequirement.For this reasonmostapplication-layermulticast
schemesconcentrateoncreatingmulticasttreeswith low latency paths.

The endhoststhat form the multicasttree are often connectedto the restof the
Internetusinga singleaccesslink suchasa DSL or cablemodemline [6]. Thesingle
accesslink is asharedresourcethatmustbescheduledamongthechildrenof thenode.
Thisschedulingcanaffectthetimetakento transferdatato thechild nodes.As asimple
example,considera casein which a sourcenode � with a single accesslink to the



restof the network, transfersa block of datato its � children.Let us further assume
thatthis block is composedof severalpackets.Considertwo differentsimplemeansof
schedulingaccessto thelink: in the�rst scheme,theblock is senta packet-at-a-timeto
eachchild in turn andin thesecond,theentireblock is sentto a singlechild at a time.
Themethodsof deliveryareillustratedin Figures1 and2 respectively. The�gures show
the delivery of a block of datacomposedof four packetsfrom a sourcenodeto its �

child nodes.In thepacket-at-a-timecase,the�nish timesof all thechildrenarenearly
equal,while in the block-at-a-timemethod,the � st child hasa �nish time of � , the
seconda�nish timeof ���	� andsoon.Fromthe�gures, weseethatin thepacket-at-a-
timecase,all childrengettheblockatalmostthesametimewhile in theblock-at-a-time
case,someof thechildrengettheblock muchearlier. It canbeshown thattheaverage
�nish time in thelattercaseis lower.

To thebestof our knowledge,therehasbeenno work examiningtheeffect of this
link sharingon thedatadelivery of application-layermulticasttrees.1 In this work, we
analyzethe effect of this link sharingandwe demonstratea simpletechnique,called
Time Division Streaming,to exploit this sharingto reducetheaveragetime to transfer
data.We provide analysisof TDS usinga simplenetwork model.We thenshow how
theconstructionof multicasttreescantakeadvantageof TDSandproposeheuristicsfor
treeconstruction.Ourresultsshow thatsendinglargerblocksof datain multicasttrees
constructedusingour heuristiccanprovide a substantialimprovementin the average
�nish timeof thenodesat theexpenseof someincreasein themaximum�nish timesof
somenodes.We examinethetradeoff in our evaluationof TDS.

The restof the paperis organizedas follows: In Section2, we describethe link
sharingin detail. In Section3, we develop the relationthat allows us to computethe
latency to any host in an end-systemmulticasttree.We thenpresentalgorithmsand
heuristicsto createTDS treesin Section4. We evaluatetheseTDS treesin Section5
anddiscussrelatedwork in Section6. We concludewith somediscussionof theresults
in Section7.

2 Time Division Streaming
We presentour work in thecontext of a datadelivery applicationsuchasan audioor
videostreamthatrequiresaminimumdatarateor bandwidthof 
 bitspersecond(bps).
We notethatthis dataratecanbeachievedeitherby smallpacketsdeliveredat regular
intervals or by sendinga larger block of dataat the beginning of a time periodsuch
that the effective datarateover the time periodis greaterthanor equalto 
 . Thus,in
our discussion,we usethe term “block” of datato imply the transferof oneor more
back-to-backpacketsof databetweennodesin themulticasttree.

We now presenta schemeto exploit theserializationof packetsat theaccesslink.
Wecall thismodeof transferof dataTimeDivisionStreamingor TDS.Theideabehind
this modeof datatransferis essentiallyto usethe available uploadbandwidthof a
nodein a mannersimilar to Time Division Multiplexing (TDM) of a communication
channel,hencethename.In this mode,a nodewill senda block of data,composedof

1 The authorsin [7] point out that the singleaccesslink imposesthe constraintthat the data
intendedfor childrenof this nodemustbe serializedat the link thoughthey do not consider
theproblemof schedulingtheaccessto thelink.
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Fig.1. A block comprisingof four packetsbe-
ing sentto � childrena packet at a time
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Fig.2. A block comprisingof four packetsbe-
ing sentto

�
childrena block ata time

severalpackets,to only oneof its children,utilizing all of its uploadbandwidthfor that
transfer2. Oncethe transferis complete,the nodesendstheblock to thenext child in
orderandsoon.

Effectof TDSona singlenode To illustratetheeffectof link scheduling,werevisit our
initial exampleshown in Figures1 and2. The�gures show a scenarioin which we do
not considerthepropagationdelayto thenodes.Figure1 illustratesthecasewherethe
blockof four packetsis sentasapacket to eachchild in turn.Theaveragetimeto �nish
receiving theentireblock for thechildrenis +-,/.103254768.1032/9:6;,<4>=?9@0BA . Figure2 shows
thecasein which theentireblock is sentto eachchild. Theaverage�nish time in this
caseis .C6;,D4E=?9@0BA . Thegainin theaverage�nish timefor thisworksoutto 6F,�GH=39I+B.10?J

which is greaterthanzerofor morethanonechild, i.e., ,LKM= . More generally, if we
let N be the numberof packetsin a block, O be the sizeof a packet in bits and P be
theuplink bandwidthat thenode Q , theaverage�nish time, while sendinga packet to
eachchild in turn, is 68NRGS=?9I,TOB0?PU4V6FOB0?PW9:6F,W4S=?9@0BA whereasit is 6XNYOB0?PZ9[6F,Z4\=?9@0�A

whensendinga block at a time. The gain in average�nish time over all the nodesis
6FOB0?PW9:68N]GS=39[6F,HGS=39@0BA . It is simpleto concludefrom this analysisthat largerblocks
arebetterat reducingtheaverage�nish time.

If we incorporatethepropagationdelayof thelinks connectingthenodes,theanal-
ysisremainsunaffectedasthepropagationdelayremainsunchangedin bothcaseswith
only thetransmissiondelaychangingdueto theuseof largerblocks.

Effect of TDSin a multicasttree To evaluatethe effect of usingTDS in a multicast
tree,consideran interior node Q in the tree.If the nodehas , children,eachthe root
of a subtree,and the childrenarenumberedfrom = to , , considerthe �nish time of
the�rst child. If this child is the�rst to receive a block from Q , its �nish time is NYO�0�P

when N packetsaresentasa block asopposedto 68N^G_=39I,`O�0�PU4aOB0�P whena single
packet is sentto eachchild in turn. Irrespective of theschedulingin any othernodein
this subtree,the �nish timesof the nodesin this subtreearereducedby this factorof

68NCG]=39[6F,1Gb=39cOB0?P . The�nish timeof thelastchild child remainunaffectedby thisand
hence,thenodesin its subtreeremainunaffected.

2 For this work, we assumethatthetransportprotocolusedby theapplicationallows for blocks
of datato besentin packetsthatareback-to-backon theconnection.



Symbol De�nition
dfe

Uploadbandwidthof node g

h Numberof packetsin a block
i Sizeof apacket in bits

j

Bandwidthrequiredby datastream
k Packet index in astreamof packets

l

Index of nodein aglobalnumberingscheme
m�n

lpo

Parentindex of node
l

qcn

lro

Numberof child nodesof node
l

s

n

lpo

Index of node
l

in its parent'sTDS schedule
t

n

lro

Maximumdegreeboundof node
l

Table 1. Summaryof Notationused

In this technique,wearedelayingthebeginningof transmissionto thechildrenthat
comelater in theTDS orderto �nish transmissionof datato thechildrenearlierin the
TDS ordermuchsoonerthanotherwise.This observationshows that if thesubtreesof
node � areall of equalsize,the nodesin child � 's subtreewould �nish muchearlier
thannodesin child � 's subtree.This canbemitigatedif thesubtreesof thechild nodes
weredistributedunequally, i.e., if thesubtreeof the �rst child werelarger thanthatof
the � th child.Webuild onthis intuition in Section4 whereweproposetreeconstruction
algorithmsthattakeTDS into account.

3 Analysisof TDS
Until now wehavebeenconsideringtheeffectof usingTDSto deliverdatafrom anode
to its children.We now develop a relationto calculatethe �nish time of an arbitrary
packet in a datastreamat any nodein a TDS tree.For our model,we assumethat the
datato be transferedis composedof packetsof size u . Severalpacketsareaggregated
to form blocks.We denotethenumberof packetsin a block by v . Let w bethepacket
index in a streamof datathatis beingtransferedto theclients.

Theendhoststhatarethetargetedby application-layermulticasttreeshavediverse
accesslinks connectingthemto the Internet[6], varying from dial-up links andcable
andDSL modemsto Ethernet.A characteristicof mostof thesetypesof accesslinks
is that they offer muchlargerdownloadbandwidthto thenodethanuploadbandwidth
from thenode(afactorof 10with someISPsusingcablemodems).Let theuploadband-
width availableto eachnode x participatingin the application-layermulticasttreebe
denotedby y

g

. Thebandwidthrequirementsof theapplicationcreatesanupperbound
on thenumberof childrenthata nodecansupport.This upperboundcanbe given in
termsof thenumberof childrenthatanodex cansupportin anapplication-layermulti-
casttreeandis givenby z|{Xx~}€•M•8y

gB‚


„ƒ . Wemaketheassumptionthatin thetree,nodes
with higheruploadbandwidtharecloserto thesource,speci�cally for a node x with �

children …:†-‡@…‰ˆ?‡‰Š[Š[Š[‡c…[‹3Œfˆ , y

gŽ•

w•x-•D{Xy

q’‘

‡[Š‰Š[Š‰‡cy

q”“„•—–

} . This assumptionis reasonable
asit hasbeenshown in [8] that to obtainshorttreeswith minimumpropagationdelay,
the nodeswith largestdegreesshouldbe closestto the source.Given our interestin
improving theaveragelatency to transferdatato theclients,any treeconsideredwould
have thisproperty.

We begin by consideringthesimplecasewith a singlesourcenode � with � chil-
dren.If ˜š™›w•œžv andnode Ÿ is the  —¡X¢ child of thesource,the �nish time £

l8¤

k of
packet w atnodeŸ canbewrittenas £

lX¤

k

•\v` |{Fu

‚

y¦¥[}~§¨{XwV§š�3}[{Fu

‚

y¦¥‰} wherethe�rst
termrepresentsthetimeto sendtheblockto the   childrenbeforeŸ andthesecondterm
representsthe time to sendthe w packetsto node Ÿ . In general,for wª©«˜ , the �nish



timea packetcanbebrokenup into threeparts,
– time to transmitthepacketsof all previousblocks,
– time to transmitcurrentblock to the {p ­¬7�3} childrenprecedingŸ ,
– time requiredto transmitthepacketsof thecurrentblock to child Ÿ .

Thiscanberepresentedby £

lX¤

k

•«{8w

‚

vY}c�®{Fu

‚

y¦¥[}Y§¨v` |{Fu

‚

y¦¥[}f§_{8wž§S�3}:{;u

‚

y¦¥‰}¯Š

For a generalapplication-layermulticasttree,we begin by makingtheobservation
that oncethe �rst packet of a block arrivesat a node,the subsequentpacketsof that
block arrive back-to-back.Fromour previousassumptionabouttheuploadbandwidth
of a nodebeinggreaterthanor equalto thatof its children,we know that the time to
transferablock to anodeis lessthanor equalto thetime thatnodetakesto transferthe
block to a child. In otherwords,oncea nodebeginsreceiving a block from its parent,
it canretransmittheblock to its child without waiting for a packet to arrive.Therefore,
thetime a packet arrivesat a nodedependson thepacket'sarrival at thenode'sparent.
We assumethatoncea nodereceivesthe�rst packet of a block, it immediatelybegins
transmittingthepacket to its children.We ignorethepropagationdelayof links in this
analysisto maketheexpositionclearerbut incorporatingthedelaysis straightforward.

Let ° representthe block index, i.e., the integer value w

‚

v andlet °
ˆ be the �rst

packet of block ° . Let the function ±	{XŸ”} denotethe parentof node Ÿ andthe function
²

{XŸ”} , theindex of Ÿ in its parent'sTDS schedule.
Thetime of arrival of a packet w ata nodeŸ canbecomputedasfollows:

£

lX¤

k

•S£

m�n

lro’¤ ³

–

§

²

{XŸ”}´v�{Fu

‚

y

m�n

lro

}Y§_{8w¶µŽ·~¸Wv¹§\�3}[{Fu

‚

y

m�n

lpo

}¯Š

Fromtheaboverelations,we notethatthelatency to any nodeis dependenton the
sizeof thepacketandthenumberof packetsin a block.We evaluatetheeffectof these
factorsin Section5.

4 TreeConstruction
We now considerthe problemof constructingtreesthat take into accountTDS. Cur-
rentalgorithmsfor constructingapplication-layermulticasttreesoptimizefor delayor
bandwidthwithout consideringthe transmissiondelayat interior nodes.We wish to
createtreesthat not only take into accountthe transmissiondelay but also optimize
for the block sizebeingusedin TDS. We begin by statingthe objective for our tree
constructionalgorithm.

Theoptimizationproblemcanbe statedasfollows: Let º»•»{8��‡@¼R‡c½Z} be a com-
pletegraphwith a sourcenode � andendhosts ¼ . Let the degreeconstraintsof the
nodesbe given by the function z . Let ½ be the setof edgesbetweenthe nodes.Our
objective is to �nd the tree � with minimum average�nish time to transfertheblock

y andsatis�esthedegreeconstraints.We �rst considerthecasewheretheend-to-end
delaybetweenany pair of nodesto be thesame(in this casezero),i.e., we ignorethe
propagationdelaybut not the transmissiondelaycausedby the link scheduling.We
presenta centralizedalgorithmin Figure3 thatconstructsanoptimaltreefor this case.
Thealgorithmis run by a designatednodesuchasthesourcein thefollowing manner:
First, the nodesaresortedin non-increasingorderof their degreeconstraints.In the
main loop, thenext nodefrom thesortedlist is selectedandattachedto the treeat the



Tree T = createTree(Nodes ¾ , Source ¿ , DegreeConstraints À ,
Blocksize Á )

Sort the nodes of N in non-increasing order of degree
constraints into ÂfÃ , ÂÅÄ ,..., ÂfÆ Ç€Æ .

T = { ¿ }
Compute È„ÉX¿:Ê as the time to transmit Á to first available

child of ¿ .
Insert ¿ into MinHeap with value È„ÉX¿:Ê .

ËÍÌ Î

while
ËÐÏ Ñ

¾

Ñ

Get next node Ò from MinHeap.
Attach Â`Ó as child of Ò .
T = T Ô { Â Ó }
if Õ3ÉÖÒ-ÊØ×ÙÀ~ÉÖÒ—Ê

Recompute È@ÉÖÒ—Ê and insert Ò into MinHeap with
value È@ÉÖÒ—Ê .

if À~ÉÖÂ
Ó

ÊØÚÜÛ

Compute È@ÉÖÂÅÓXÊ and insert ÂÅÓ into MinHeap with
value È@ÉÖÂÅÓXÊ .

Ë~ÝbÝ

done
return T

Fig.3. TreeConstructionAlgorithm for TDS ignoringpropagationdelays

positionwith the minimum �nish time until all nodesareattached.If no attachment
pointsexist dueto thedegreeconstraintsof thenodes,thetreereturnedis empty.
Theorem1. Thealgorithm createTreegeneratesa treesuch that the nodeshavethe
minimum�nish timesgiventhedegreeconstraints z .
Theproof relieson thefollowing lemmas.
Lemma 1. For any nodein the optimal tree, the sizeof its childrens' subtreesare in
theorder in which datais sentto thechildren,i.e., if datais sentto child Ÿ beforechild

  , thesizeof Ÿ ' ssubtreeis greaterthanor equalto   ' ssubtree.
Lemma 2. For anynodein theoptimal tree, thechild with the larger degreeboundis
sentdatabeforea child with a lesserdegreebound.
A corollary to lemma2 is that for any node,thechild with the largestdegreeboundis
the�rst to whichdatais sent.
Lemma 3. Givena setof ¼ nodeswith degreeconstraints, the optimal treehasthe
nodewith themaximumdegreeconstraint astheroot.
Thesketchof theproof of the lemmais asfollows: We assume,for contradiction,that
theoptimaltreedoesnothavethenodewith themaximumdegreeconstraintat theroot.
It followsthatfor somesubtreein theoptimaltree,thenodex with themaximumdegree
constraintis thechild of a nodewith a smallerdegreeconstraint.By lemma2, x is the
�rst child to besentdataby its parent.We show thatexchangingx with its parentand
rearrangingthesubtreesof x andthesubtreesof theparentsuchthatthelargersubtrees
areattachedto x leadsto a treewith a lower �nish time, violating our assumptionthat
this treewasoptimal.

Thecompleteproofsof thelemmascanbefoundin theAppendix.



Proof (Theorem1). We prove this by inductionon Ÿ , thenumberof nodesattachedto
the tree.If Ÿ5•¶� , thenthereis only onenodein the tree,thesourceu andit is clearly
optimal.Assumethatthealgorithmcreatesanoptimaltreefor Ÿ nodes.By thealgorithm,
thedegreeconstraintof the ŸÅ§a� stnodeis lessthanor equalto thedegreeconstraintof
any nodein thetreeuptil now. By lemma3, node Ÿ®§V� canonly beattachedasa leaf,
andthepositionthatminimizesthe�nish timeof ŸB§b� is thepositionwith theminimum
transmissiondelayfrom thesourceto Ÿf§\� which is node x from thealgorithm.Thus,
thetreewith Ÿ®§S� nodesis alsooptimal. Þß

Thegeneralproblemof constructingoptimaltreeswith non-uniformpropagationdelays
betweennodeshasbeenshown to be NP-Hardin [9]. To handletreeconstructionfor
TDS taking propagationdelaysinto account,we proposethe following TDSheuristic
that attemptsto balancethe degreeboundof a nodeandits propagationdelayto the
tree.Theheuristiciteratively addsnodesto thetreein thefollowing manner:Initially,
threesetsof nodesarecreated,¼Wà consistingof nodesthatareattachedto thetree,¼Wà®á

consistingof nodesthatareattachedandcanacceptmorechildrenand ¼Hâ consisting
of nodesthatareunattached.Let ãI{Xäå} bethe latency of node ä to thesourcealongthe
tree.In thebeginning, ¼

à and ¼
à®á containonly thesourcenodeand ¼

â containsall
othernodes.At eachiteration,thealgorithmcomputesa costfor eachæèç•¼

â as
é<ê

u‰£:{8æ~}€•ëwìŸ’v

í-îðïòñðóåô

ãI{Xäå}

‚

ã

k

g¯õ

§¨ö	zÅ{Xæ/}

‚

z

k

g:õ

§_{´�÷¬øö	}´ù~{Xä	‡cæ/}

‚

ù

k

g¯õ

whereã

k

g¯õ

•\wEx—•

íðîðï
ñ-ó

ãc{8ä®} , z

k

g¯õ

•Sw•x—•

í-îðïûú

zÅ{Xäå} andù

k

g¯õ

•\w•x-•

í-îðïòú

¤ ü

îðï
ñ-ó

ù~{Xä	‡cýþ}

arenormalizationconstants.
Thevariables

ô

and ö control theweightof thedifferentfactorsin thecomputing
the costof eachunattachednode.The valueof

ô

controlsthe extent to which the la-
tency in thetreeto theattachmentpointaffectsthecost,while ö determinestherelative
importanceof thedegreeconstraintsandthepropagationdelayof theunattachednodes.
Fromourevaluation,weobservedthattheheuristicis relatively unaffectedby thevalue
of

ô

andsowe �x edthevalueof
ô

to be1. Weexploretheeffectof the ö parameteron
theaveragelatency in thenext section.

5 Evaluation
In ourevaluation,weattemptto quantifytheeffectof theblocksizeandpacketsizeon
the latency of end-systemmulticasttrees.We evaluateTDS on bothsimulatedtopolo-
giesaswell ason thePlanetlabtest-bed.

5.1 Simulation
Methodology We usedlibrariesprovidedby thep-simsimulator[10] to write oursim-
ulation. For our simulations,we begin by creatinga representative Internettopology
usingGT-ITM [11] comprisingof 4050nodes.We thenrandomlychoosesomeof the
nodesto bethehostsparticipatingin theapplication-layermulticasttree.We randomly
selectoneof thenodesto be thesourceof theend-systemmulticast.Thedegreecon-
straintsfor thenodesareassignedfrom auniformdistributionwith thesourcenodebe-
ing assignedthemaximumdegreeconstraint.Thelink latenciesaredrawn fromuniform
distributionswith [50ms,200ms]for thetransitlinks, [25ms,100ms]for thetransit-stub
links and[5ms,50ms]for thestub-stublinks. Thestreambandwidthrequirementsare
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Max. DegreeConstraintBlock size(kB) Percentageof nodesin �rst two subtreesDepth
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.

set at 8kBps per child in the multicasttree.We constructthe application-layerTDS
multicasttreeusingthealgorithmdetailedabove.For all theexperimentswereportthe
average�nish timeasthetimeto transfer50kB of datafrom thesourceto all thenodes
in thetree.Wechoseblocksizesof 50kBand5kB asreasonableboundsonthesizeof an
application'sdataunit.Thepacketsizeusedis usually500bytes.Wealsoexperimented
with 1500bytepacketsbut theresultsweresimilar with the1500bytepacketshaving
a slightly largeraverage�nish time.We begin by investigatingthedifferentparameters
thataffect theTDS scheme.

Effect of TDS parameters In Figure4, we plot theaverage3 �nish time of thenodes
in theTDS treeon they-axisagainstthemaximumdegreeconstraintsallowedfor the
nodeson thex-axis.Eachline representsdifferentsizetreeswith varyingblock sizes.
Fromthegraph,we seethat for smallerdegreeconstraints,thesmallerblock sizesare
betterfor TDS. The small degreeconstraintresultsin treesthat are tall and narrow,
resultingin poorperformanceof TDS asthedifferencebetweenthe�nish timesof the
�rst andlastchild at anodearenotsigni�cant enoughto offsetthelongertransmission
delays.As the maximumdegreeconstraintis increased,the treescreatedare wider
andthe largerblock sizehassigni�cantly betterperformance.The treesfor the larger
block size are more unbalancedwith the subtreesof the children that are earlier in
the TDS order being much larger that the subtreesof thoselater in the TDS order.
This canbe seenin the tablein Table2 in which we show the sizeof the subtreesin
termsof thepercentageof thetotalnodesthatthesubtreecontains.Althoughthedegree
boundsfor the nodesareassignedfrom a uniform distribution, the distribution of the
degreesof nodesin the �nal treeis similar to the distribution of degreesobservedby
Sripanidkulchaietal [6].

3 In all cases,themedianwaslessthantheaverage.We omit plotting themediansfor clarity.



4

6

8

10

12

14

16

18

20

22

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

T
im

e 
(s

)

Beta value

Deg 5
Deg 8

Deg 10
Deg 5 (90 percentile)
Deg 8 (90 percentile)

Deg 10 (90 percentile)

Fig.5. Varying ÿ with block sizeof 50kB

6.5

7

7.5

8

8.5

9

9.5

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

T
im

e 
(s

)

Beta value

Deg 5
Deg 8

Deg 10
Deg 5 (90 percentile)
Deg 8 (90 percentile)

Deg 10 (90 percentile)

Fig.6. Varying ÿ with block sizeof 5kB

6.5

7

7.5

8

8.5

9

0 0.2 0.4 0.6 0.8 1

T
im

e 
(s

)

Beta value

Deg 5, CT
Deg 10, CT
Deg 20, CT
Deg 5, TDS

Deg 10 TDS
Deg 20 TDS

Fig.7. Varying ÿ with block sizeof 5kB using
CT andTDS heuristicsfor 1000nodes

2

4

6

8

10

12

14

16

18

0 0.2 0.4 0.6 0.8 1

T
im

e 
(s

)

Beta value

Deg 5, CT
Deg 10, CT
Deg 20, CT
Deg 5, TDS

Deg 10 TDS
Deg 20 TDS

Fig.8. Varying ÿ with blocksizeof 50kBusing
CT andTDSheuristicsfor 1000nodes

Effect of � parameter on the TDS heuristic In Figure5, we plot theaverage�nish
timeof thenodesin theTDStreeonthey-axisagainstvariousvaluesof ö onthex-axis.
Eachline representstreesconstructedwith aparticularmaximumdegreeconstraintand
eachpoint is theaverageof � ve runsof thesimulatorwith differentseeds.We observe
thattheaverage�nish timeisonlymarginallyaffectedfor valuesof ö upto0.5.Actually
theaverage�nish time is reducingin this interval, but asthevalueof ö increasesabove
0.5, the average�nish time increasesquickly. This is alsoseenin Figure6, in which
thecurvesareplottedfor ablocksizeof 5kB. Theseplotsshow thatselectingthenodes
primarily on the basisof thepropagationdelayto constructTDS treesresultsin poor
performance.Thebestbalanceseemsto beto equallyweight thedegreeconstraintsof
thenodesandtheirpropagationdelaywhenconsideringthenext nodeto addto thetree.

We alsoplot the �ð˜ð¡X¢ percentilevalueof node�nish timesfor eachof the degree
constraints.We observe thatthe �ð˜-¡X¢ percentilevalueof the50kB block with a degree
constraintof 10hasasmaller�nish timethantheaverage�nish timeusing5kB blocks.
This indicatesthatmostof thenodesbene�t whenwe uselargerblocks.Anotherob-
servationwe canmake from thegraphis that the �-˜

¡X¢ percentilevalueis closerto the
average�nish time for the5kB block sizethanfor the50kB block size,indicatingthe
increasedvariancedueto thelargerblocksize.

Performance relative to existing heuristics Therehave beenother heuristicspro-
posedto constructdegree-boundedtreesfor application-layermulticast.Theheuristics



proposedarefor minimizing themaximumlatency to clients[12] (whichwecall Com-
pactTree)andfor minimizing thecostof usingproxies[8] (which we call Min Cost).
The CompactTreeheuristicincrementallyconstructsa minimum spanningtree from
thesourceu . For eachnodeæ not in thetree,it �nds theminimumcostedge{8äD‡Iæ~} from
a node ä in theMST. Thecostthat is minimizedis theoverlaydelay ù~{Fu-‡cæ/} from the
sourceto thenode æ . TheMin Costheuristicis quitesimilar exceptfor thecostfunc-
tion usedto selectthenext node.TheMin Costheuristicconsiderstheminimumlatency
edge{8äD‡Iæ~} aswell asthedegreeconstraintz of thenodeswhile selectingthebestnode
to attachto thetree.Thecostfunctionis ���f{Xæ/}€•

ô

zÅ{Xæ/}

‚

z

k

g:õ

§>{´� ¬

ô

}Iù

k

l

h

‚

ù~{;uð‡cæ/} .
The

ô

parameterplaysthesameroleasthe ö parameterin theTDSheuristicand z

k

g:õ

and ù

k

l

h arenormalizationconstants.Bothheuristicsdonot considerthecostof trans-
missionof datawhile constructingthetrees.

Foroursimulations,weimplementbothheuristicsusingthesameroutine.Thevalue
of theparameterö>•›˜ createstreesbasedon theCompactTreeheuristicwhile other
valuesof ö createtreesbasedontheMin Costheuristic.Weplot theaverage�nish times
for delivering 50kB of datausingtreeswith 1000nodesconstructedby the different
heuristicsin �gures 7 and8 for blocksizesof 5kB and50kBrespectively. In general,the
graphsshow that theTDS heuristicperformsmuchbetterfor every degreeboundthat
is usedasit considersthetransmissiondelaysincurredat eachnode.Themagnitudeof
theimprovementof theTDSheuristicis largerwith blocksizesof 50kBthanwith 5kB.
The treescreatedby theTDS heuristicfor the5kB blocksarenot very differentfrom
thetreescreatedby theotherheuristicsandsotheimprovementseenis ontheorderof a
secondin theaverage�nish times.On theotherhand,thetreesfor the50kBblock size
createdby the TDS heuristicexploit the largerblock sizeto createtreesthatarevery
differentfrom thosecreatedby theotherheuristicsresultingin signi�cant improvement
over the otherheuristics.Whenthe valueof ö is in the rangeof 0.5 to 0.7, the Min
CostandCompactTreeheuristicsperformthebestasthey considera combinationof
thedegreeconstraintsof thenodesalongwith thepropagationdelayto thenodesin the
tree.

5.2 Planet-Lab Experiments
To evaluatetheeffectsof TDS in a real-world scenario,we developeda smallapplica-
tion to run on thePlanetLabnetwork [13]. Theapplicationrunningon differentnodes
forms an application-layermulticasttree.The sourceat the root of the treetransmits
datato its childrenusingUDP with a speci�c block andpacket size.We measurethe
�nish timesof thedifferentnodesin thetreeandcomputetheaverage�nish timeof the
tree.In alimited experimentusing16nodes,blocksizesof 50kBand5kB,apacketsize
of 1000bytes,weobservedthattheaverage�nish timeof the50kBblocksizewas6.32
secondswhile for the5kB blockwas8.41secondswhichagreeswell with ouranalysis.
We planto conductmoreextensive experimentswith existing multimediaapplications
aspartof futurework.

6 RelatedWork
In relatedwork we discusssomeof the treeconstructionschemesthathave beenpro-
posedin thecontext of creatingdegreeboundedtreesfor application-layermulticast.

In [12], the authorsdescribethe problemof creatingminimum diameterdegree
boundedspanningtreesandshow that it 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 show that this
problemis NP-Hardin thegeneralcasewith non-uniformedges.

In [9], theminimumaverage-latency degree-boundeddirectedspanningtreeprob-
lem is introducedin context of a two-tier infrastructurefor implementinglarge-scale
media-streamingapplications.Theinfrastructure,calledOMNI (OverlayMulticastNet-
work Infrastructure)consistsof a set of Multicast ServiceNodes(MSNs) to which
end-hostsconnectto form themulticasttree.Theobjectiveof thiswork is to reducethe
averagelatency to theend-hosts.Thisis achievedby arrangingtheMSNsto createmin-
imum latency treeswhereeachMSN is weightedby the numberof clientsconnected
to it. Theauthorsimposea degreeboundon eachMSN in theoverlaynetwork but do
not accountfor the transmissiondelaysduring datadelivery at the MSNs which we
considerin this work. Also, we focuson application-layermulticasttreeswithout any
explicit infrastructurein thenetwork.

In [7], theauthorspoint out that themodelsusedcurrentlyto constructthesetrees
neglect to considerthefact that themostnodesin anend-systemmulticasttreehave a
singlenetwork connectionandthisconnectionhasto besharedbetweenall thechildren
of the node.In their work, the authorsproposean overlaynetwork model to account
for thesecostsandproposeheuristicalgorithmsto constructmulticasttreesbasedon
their overlaymodelthat considerthe transmissionandcomputationdelaysat eachof
thenodesin themulticasttree.Theoverlaymodelproposeddoesnotexplicitly consider
thedegreeconstraintsatnodes.Theconstructionof thetreeis basedonminimizingthe
delayto hostsbut doesnot considertheeffectof thedegreeconstraintsimposedby the
accesslink bandwidthof the nodesor the effect of the accesslink schedulingon the
averagedelayof thenodesin thetree.

7 Discussionand Future Work
Ourresultsshow thatnodessendinglargeblocksof datato eachchild in turncanreduce
theaverage�nish timeof nodesin themulticasttree.Thetradeoff involvedin thisgain
is theincreasedvarianceof theactual�nish timesof nodes.Basedon this tradeoff, the
blocksizeandpacketsizefor TDS canbespeci�edto matchapplicationrequirements.
For example,the larger variancewith larger block sizescanbe usedasan incentive
mechanismto encouragenodesto dedicatemoreuplink bandwidthto theapplication.
This in turnwould placethosenodesin positionswheretheir �nish timesareearlier.

In thiswork,weexaminetheeffectof thesingleaccesslink thatmany endhoststhat
participatein application-layermulticasthave.Weshow thattheaverage�nish timesof
nodesin the treeareaffectedby theway in which this link is usedto transferdatato
a node's children.We proposeda techniquecalledTime Division Streamingto share
this accesslink suchthattheaverage�nish timesarereducedascomparedto previous
work. Wealsoprovideanalyticalresultsbasedona limited modelof this techniqueand
proposeheuristicsthattake this serializationinto accountwhenconstructingthetree.

Using the TDS heuristicto constructmulticasttrees,we show 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 earlier in the TDS schedulebeing larger. In future work, we plan to create
distributedversionof theTDS heuristicthatcanbeusedto addnodesto treesasthey
arrive.Anotherdirectionof work is to vary theTDS parametersto tailor themfor spe-
ci�c applicationsandto studytheeffectof thesecustomizations.
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Appendix A

We�rst outlinesomenotationfor thesubtreesof nodesthatwill beusedin thefollowing
proofs.Weuse �

l

õ

to denotethe •Å¡X¢ subtreeof nodeŸ and ¼��	�




to denotethenumberof
nodesin thesubtree.As in theprevioussections,we use …B{XŸ´} to denotethenumberof
childrenof nodeŸ and z|{8Ÿ´} to denotethemaximumdegreeboundof Ÿ .

Proof (Lemma1). Assume,for thesakeof contradiction,thattheoptimalTDStreehas
a node± which hasadjacentchild nodesŸ and   , suchthat node Ÿ is sentdatabefore
node   but Ÿ 's subtreeis smallerthan   's subtree.Considerthe changein �nish times
if we insteadsenddatato node  before Ÿ . The�nish timesof thenode Ÿ andits entire
subtreewill beincreasedby a factorof vYu

‚

y

m while the�nish timesof node  andits
entiresubtreeare reducedby vYu

‚

y

m . Sincethe numberof nodeswhose�nish times
arereducedis greaterthanthenumberof nodeswhose�nish timesareincreased,the
overallaverage�nish timeof theentiretreeis reduced. Þß
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Fig.9. TDS treebeforeswappingpositionsof nodes
Ë
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Proof (Lemma2). Assume,for thesakeof contradiction,thattheTDSmulticasttreein
Figure9 is anoptimal treewith nodesŸ

and
 
, suchthat

z|{8Ÿ´}¦œUzÅ{r /}
but

Ÿ
is sentdata

before
 
. We show thata treewith a smalleraverage�nish time canbeconstructedin

which node
 

is sentdatabeforenode
Ÿ
. Without lossof generality, we assumethatthe

time at theparentnode
�

beforesendingtheblock of data
vYu

to node
Ÿ

is zero.From
our analysisof TDS, we know that the �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
changes,the �nish time of all othernodesin thesubtreechangecorrespondingly, and
hencethe average�nish times.In the following construction,we exchangecomplete
subtreesbetweentheaffectednodeswhich resultsin the�nish timesof theroot nodes
of thesubtreeschanging.

The new tree is constructedin the following manner. The nodes
Ÿ

and
 

are ex-
changedandthesubtreesof nodes

Ÿ
and

 
areassignedasfollows:

– If thenumberof childrenof
 
,

…B{r —}
is greaterthanthatof

Ÿ
, i.e.,

…B{r /}W© …B{8Ÿ´}
, the

…B{p /} ¬ …B{XŸ´}
subtreesremainattachedto node

 
at their original positions.Clearly,

the �nish timesof the nodesin thesesubtreesare improved by
vYu

‚

y­¥
from the

original treeandsotheaverage�nish time is alsolower for thesesubtrees.
– If

…B{p /}bœ …B{8Ÿ´}
, then the

…B{XŸ”}5¬\…B{p /}
subtreesare moved from node

Ÿ
to node

 
.

Notethatthis is alwayspossibleas
z|{p /} ©azÅ{XŸ´}

. In thiscase,the�nish timesof the
nodesin thesesubtreeschangesby a factorof

vYu‰ãc{Xy
�þ¬>y

l

}

‚

y

l

y��
from

vYu3ã

‚

y

l

to
vYu3ã

‚

y��
where

ã5ç��r{X…ð{8Ÿ´} ¬ …B{p /}û§U�-‡[Š‰Š[Š:‡@…B{8Ÿ´}��
. Since

zÅ{r /} © z|{8Ÿ´}
implies that

y��•©›y

l , the �nish timesandhencethe average�nish timesof thesesubtreesis
earlier.

For
•^ç�� �-‡IwEŸ’v�{X…B{XŸ”}:‡c…B{r /}I}��

, thesubtrees
�

l

õ

and
�

�

õ

areassignedto thenodes
Ÿ

and
 

basedon their respectivesizes.
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, �
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õ

is assignedto node   and �

l

õ

is assignedto node Ÿ . The �nish
timeof subtree�
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õ

in theoriginal treeis

��vYu
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Thechangefrom theoriginal to thenew treeis vYu
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m . Similarly, the�nish time of �
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Thechangein this caseis ¬÷vYu
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m but sincethesizeof this subtreeis smaller, thenet
gainin �nish timesis positive.
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Thechangefrom theoriginal to thenew treeis thus
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For thesubtree�
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, theoriginal �nish time is
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Again, dueto ¼
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, the gain in the �nish time of the nodesin �

l

õ

outweighs
the increasein �nish time of thenodesin �

�

õ

. If thesubtreesareof thesamesize,the
changein �nish timesof thesubtreesequalizeandthenetchangeis zero.

Thus,in all cases,thenew treehasa lesseraverage�nish timethantheoriginal tree
showing thattheoriginal treecouldnotbeanoptimaltree. Þß
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Proof (Lemma3). Assume,for sake of contradiction,that thenodewith themaximum
degreeconstraintis not the root of the optimal TDS tree.By Lemma2, this nodeis
the�rst in orderto receive datafrom its immediateparent.Considerthesectionof this
optimalTDStreeshown in Figure10wherez|{p /} ©azÅ{XŸ”} . Weshow by constructionthat
exchangingthepositionsof nodesŸ and  in thetreewill resultin aTDStreewith lower
average�nish time.Thisconstructioncanbeappliedasmany timesasrequiredto move
thenode  to therootof theTDS tree,establishingthecontradiction.

In Figure10, to show that exchangingthe positionsof nodesŸ and   resultsin a
lower average�nish time for thetree,we proceedin a mannersimilar to theproof for
Lemma2. WLOG, we assumethatthetime at theroot of thegiventreejust beforethe
�rst block is sentis zero.ThenodesŸ and  areexchangedandthesubtreesareassigned
in thefollowing manner:Let ãòç��p{F…B{8Ÿ´}ò¬š…B{p /}Y§\�ð‡‰Š[Š‰Š:‡c…B{XŸ´}�� .

– If the numberof children of   , …B{p /} is greaterthan that of Ÿ , i.e., …B{p /}¨© …B{XŸ´} ,
the …B{p /}Å¬ì…ð{8Ÿ´} subtreesremainattachedto node  at theiroriginalpositionsandare
movedalongwith thenode  . Clearly, the�nish timesof thenodesin thesesubtrees
arechangedfrom vYu

‚

y

l

§ u

‚

y�� §S{Fãå¬>�?}”vYu
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y�� to vYu3ã
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y�� . Theimprovementin
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}
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y�� .
– If …B{p /}bœ …B{8Ÿ´} , then the …B{XŸ”}5¬\…B{p /} subtreesare moved from node Ÿ to node   .

Note that this is alwayspossibleas z|{p /}è©¶z|{8Ÿ´} . In this case,the �nish timesof
thenodesin thesesubtreeschangesfrom vYu3ã

‚

y

l to vYu3ã

‚

y�� for animprovementof
vYu3ãI{Xy��÷¬øy

l

}
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y�� .

For •^ç�� �-‡IwEŸ’v�{X…B{XŸ”}:‡c…B{r /}I}�� , thesubtrees�
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areassignedto thenodesŸ and
  basedon their respectivesizes.
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timesis positive, showing that exchangingthe positionsof nodesŸ and   reducesthe
average�nish time. Þß


