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ABSTRACT
Application-level multicastis a new mechanismfor enablingmul-
ticast in the Internet. Driven by the fast growth of network au-
dio/videostreams,application-level multicasthasbecomeincreas-
ingly importantfor its efficiency of datadelivery andits ability of
providing value-addedservicesto satisfy applicationspecificre-
quirements.From a network designperspective, application-level
multicastdiffersdrasticallyfrom traditionalIP multicastin its net-
work costmodelandrouting strategies. We presentthesediffer-
encesandformulatethemasa network designproblemconsisting
of two parts:oneis bandwidthassignmentin theoverlaynetwork,
theotheris load-balancingmulticastroutingwith delayconstraints.
Weuseanalyticalmethodsandsimulationsto show thatourdesign
solutionis a valid andcost-effective approach.Simulationresults
show thatweareableto achieve network utilizationwithin 10%of
thebestpossibleutilizationwhile keepingthesessionrejectionrate
low.

Keywords
application-level multicast,network planning,loadbalancingrout-
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1. INTR ODUCTION
IP multicastandits variouscompanionproblemssuchasreliable

transportandmulticastsecurity, have beenhot researchtopics in
recentyears.Althoughmany innovative approacheshave beende-
veloped,thedeploymentof IP multicastin theInternethasnotbeen
easy. In fact,exceptfor theMbone[6], thereis noglobalmulticast
infrastructureavailable. ThemostcitedproblemspreventingISPs
from deploying amulticast-enablednetwork include:thecomplex-
ity of mostmulticastroutingprotocolsandtheir implementations;
thelackof ascalableinter-domainroutingprotocol;andthelackof
supportin accesscontrolandtransportservices.

Despitethesedifficulties,it is undeniablethatmulticastis anef-
ficient transmissionmechanismto reducenetwork load for very
large groupsand save transmissiontime and bandwidthfor data
sourceseven in smallmulticastgroups.Recently, researchefforts
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have emerged in two areas: one is to simplify the IP multicast
model to enablevery large scalesinglesourcemulticast[12,13];
and the other is to build an overlay multicasttreeamongsession
participants(end-systemsor proxy servers)andunicastdataalong
treelinks. We categorizethe latterasapplicationlevel multicast1

[1,2,7,14].
Besidesthepushfrom contentdistributionnetworks,application

level multicastalsosuitsothermulticastapplicationssuchasvideo
conferencing,datareplicationservices,etc.Theseapplicationstyp-
ically have many-to-many semanticsand/or interactive sessions,
andsessionentitiescanvary widely in their processingpower and
network connectivity. In [16], we proposedAMcastasa common
servicelayer to facilitatemultipoint applicationswithout theneed
of native network support. The key idea in AMcast is to deploy
applicationserversto aggregatedatagramsfrom endusersandtun-
nel packets to servers in otherdomains.Logically, serverscreate
a virtual multicasttreeamongall server participantsof a session,
andspawn a startopologyfrom eachserver to its endusers.The
advantageof suchanarchitectureis thatenduserssendor receive
exactly onecopy of all packetsdisseminatedover thesession,and
thework of duplicatingpacketsis shiftedfrom datasourcesto all
sessionservers.Giventhefastdevelopmentof opticalcommunica-
tion infrastructure,the capacityof backboneor corenetworks are
progressingmuchfasterthaninterconnectionsfrom home-usersor
businesscorporationsto their ISPs. Meanwhile,server clusters,
suchaswebservers,cachingserversandothersarealsospeeding
up their network connectionsinto gigabit ranges,therebycreating
incentivesfor ourAMcastmodel.

In thispaper, wefocusonthenetworkdesignaspectsof multicast
overlaynetworks. In AMcast,bandwidthin thebackbonenetwork
is assumedto beplentiful, while thelimitationson server process-
ing power andnetwork interfacebandwidtharesystembottlenecks
becauseserversbehave asapplication-level routers,which have to
both forwardandduplicatepackets. For thepurposeof this study,
we alsoassumethattheseservershave enoughCPU power for pro-
cessingpacketsandsaturatingtheir interfacesat link rate,but they
maynot have enoughaccessbandwidthwhentraffic loadis heavy.
Thisassumptionis typically truefor mostof today’sserverclusters
which negotiatewith ISPsfor servicelevel agreementsat certain
prices.

Thedesignprocessdescribedin this paperincludestwo compo-
nents:oneis toquantifytraffic loadatserversaccordingtoasession
traffic model and assignproperaccessbandwidthto eachserver
site. We refer to this stepasthe dimensioningprocess; the other

�
Although data relay doesnot necessarilyhappenpurely at the

applicationlayer, we use it as a generalterm referring to self-
organizingmulticastoverlaynetwork



componentis to devisemulticastroutingalgorithmsthatmake the
bestuse� of theabove dimensionednetwork, subjectto routingcon-
straintssuchasend-to-enddelaybounds.We show thatby closely
combiningthe dimensioningprocesswith a load balancingrout-
ing algorithm,we canachieve high overall network utilization of
within 10%of thetheoreticallower boundwith low sessionrejec-
tion rate, i.e. only a small fraction of sessionsfail to satisfy the
delayconstraint.

The restof the paperis organizedasfollows: in section2, we
describeour designobjectives and stepstaken in our designap-
proaches;in sections3and4,weformalizetheproblemsandpresent
our algorithmsfor multicastroutingandbandwidthdimensioning,
respectively. In section5, weusesimulationto evaluatethesealgo-
rithms; in section6, we compareour work to otherrelatedworks
andthenconcludein section7.

2. DESIGN OBJECTIVES AND APPROACHES
Overlay multicastnetworks differ from traditionalnetworks in

severalways,leadingto differencesin how they arebestconfigured
andoperated.Thesemaindifferencesare:

� Network reachability: Theoverlaynetwork amongendpoints
in application-level multicastis a fully meshednetwork, as
eachnodeis ableto reacheverybodyelsein thenetwork via
unicastconnections.Therefore,unlike in IP multicastwhere
a pathfrom onerouter to anotheris definedby its physical
connectivity, an n-nodeapplicationmulticastsessioncould
have ���	��
 differentspanningtrees.

� Network cost: Historically, the cost of a network is de-
terminedlargely by the summationof individual link costs.
Thisiscertainlytruefor networkproviderswhohavetophys-
ically deploy the links or leasethemfrom others.But from
anapplicationor applicationserver’s point of view, network
cost is actually the total amountpaid to gain accessband-
widthateachserviceprovider’ssiteto thebackbonenetwork.
Thisdivergenceof costmetrichasadeepimpactonbothde-
signandroutingstrategies.

� Routing constraints: TraditionalIP multicastroutesthrough
ashortestpathtreeto minimizeaveragedelayfrom sourceto
members,i.e. reducingthenumberof links neededto carry
sessiontraffic. Building thenetwork at theapplicationlayer
gives the flexibility of matchingrouting strategiesto appli-
cationneeds. For applicationssuchasstreamingmediaor
conferencing,a routing strategy that producesboundedde-
lay betweenany pair of participantsresultsin significantly
higherquality from anapplication’s perspective.

Thispaperaddressestwoproblems.First,givenaserver-network
topologyanda setof traffic assumptions,we want to find an as-
signmentof network accessbandwidthto eachserver subjectto a
fixed overall bandwidthconstraint. Second,given the above di-
mensionedserver network, we want to devise a routingalgorithm
thatdynamicallyroutesmulticastsessionsandmakesthebestuse
of theavailablenetwork resourcessoasto accommodatethemaxi-
mumnumberof sessionsaswell assatisfyingtheapplicationdelay
constraint.The two problemsinteract. Thedimensioningprocess
must know the intrinsic propertyof a routing algorithm suchas
the possibletraffic concentrationpoints,andassignbandwidthto
serversaccordingly. On theotherhand,theperformanceof a rout-
ing algorithm is significantly affectedby the differencebetween
thebandwidthassignmentin theunderlyingnetwork andtheactual
traffic load.

It is reasonableto questionthe network efficiency of our ap-
proachvs. traditionalIP multicast. It is obvious thatby tunneling
multicastpacketsthroughunicastconnections,thereareduplicated
packets on physicallinks, notably from a server’s local interface
to the branchingpoint of two unicastconnectionsin the network.
This discrepancy in efficiency is potentiallysignificantif the size
of multicastsessionis very large[3]. However, for AMcastvirtual
network, we envision the numberof server clustersis within the
rangeof tensor hundredsto at mostlower thousandsworld-wide,
with eachclusterconsistingof a largenumberof processingunits.
In [14], we have quantifiedthroughsimulationtheefficiency ratio
of virtual overlaymulticasttreesvs. IP multicasttrees.In a 6000
nodenetwork, the costof a virtual multicasttreeon 50 randomly
distributednodes,is within 1.5timesthecostof a IP multicasttree,
wherethecostis measuredasthenumberof links traversedby each
packet. While it would certainlybemoreefficient to provide mul-
ticastasanative IP service,in theabsenceof a widely deployedIP
multicastservice,theoverlayapproachcanbeuseful.

3. MULTICAST ROUTING ALGORITHMS
In this section,we presenttwo multicastrouting algorithmsfor

theAMcastoverlaynetwork. Therearetwo mainperformanceob-
jectivesfor theroutingalgorithms.First, they shouldusenetwork
resourcesefficiently, in orderto carry asmuchtraffic aspossible;
Second,they shouldkeep the end-to-enddelay as low as possi-
ble, i.e. keepingthe treediametersmall. Unfortunately, thesetwo
objectivesareorthogonal:a smalldiametertreecreatestraffic con-
centrationon nodesthatareat thecenterof thetopology, andcon-
sequentlythesenodesbecomebottlenecksof the system;on the
other hand, increasingoverall utilization typically meansto dis-
tributeloadmoreevenlyacrossserverswhichresultsin longerpath
andlongerdelay. Although it is impossibleto optimizeboth pa-
rametersat thesametime,wecaninsteadfix atargetboundfor one
objectivewhile optimizingontheother. This leadsusto designtwo
alternative routingalgorithms.

3.1 Algorithm for DelayOptimization
We first formulatethe routing problemto minimize the end-to-

enddelayof a multicasttreewhile satisfyingeachserver’s access
bandwidthconstraint. Eachlink in the multicasttree is assumed
to requiresomespecificamountof bandwidth� , so if a server has
degree 
 in themulticasttree,it will requireat least 
���� unitsof
accessbandwidth.Thisleadsto thefollowingproblemformulation.

DEFINITION 1. Minimum diameter, degree-boundedspan-
ning tr ee(MDDBST)

Given an undirectedcompletegraph ������������� , a degree
bound
	���! "�$#%��&(' for each vertex #)&*� ; a cost +,�.-/��&*021 for
each edge -)&3� . Find a spanningtree 4 of � such that for each
#5&64 , degreeof # satisfies
	7��$#%�98:
	���! ;�$#%� and the diameter
of T 
=<.>��?4@� , which is the costof the longestsimplepath in 4 , is
minimized.

Much previous researchhasbeendoneon relatedproblems.In
[11], Ho et al. provedthat in geometricspace,thereexistsa mini-
mumdiameterspanningtreein whichthereareatmosttwo interior
points(non-leafnodes)andtheoptimaltreecanbefoundin AB�$�DCE�
time. HassinandTamirestablishedin [10], thatfor ageneralgraph,
a minimumdiameterspanningtreeproblemis identicalto theab-
solute1-centerproblemintroducedby Hakimi [9] andassuch,a
solutioncanbefoundin AB�$FG��HI� 
KJMLON ��� , where� is thenumber
of nodesand F the numberof edges. In [11] and [15] respec-
tively, they prove thatminimumdiameter, minimumspanningtree



andminimummaximumdegree,minimumspanningtreeareboth
NP-complete.

THEOREM 1. Thedecisionversionof MDDBST–findinga span-
ning treewith diameterbound P anda degreeconstraint 
 ���K �$#%�
for each node, is NP-complete, for Q98R
	���! ;�$#%��SUT �VTOWYX .
Proof: Clearly, theproblemis in NP, sincewe canverify in poly-
nomial time if a candidatesolutionsatisfiesboth thediameterand
degreeconstraints.For thespecialcasewhere
	���! ;�$#%���ZQ for all
#[&Y� , theproblemis thesameastheTravelingSalesmanProb-
lem(TSP)[8]. We reducefrom the TSP problemfor the general
caseof 
 ���! �$#%�]\^Q . Let �:�_��������� bethegraphof a TSPin-
stance.Wetransform� to �@`��^���]`a���b`M� by adding
	���! "�$#%�cW[Q
verticesd � �Ke!eKeK�fd"gih�jlk=monip ��
 to each#q&*� . We join eachof these
new verticesdsr to # with anedgelengthof 0; All otheredgesfrom
dsr have length P[H3X , sothat �@` is still acompletegraph.Now, the
MDDBST instancein � ` hasa spanningtreeof diameterP if and
only if theTSPinstancein � hasa pathjoining all theverticesof
length P .

3.1.1 HeuristicAlgorithmfor MDDBST
We have developeda heuristicalgorithmfor the MDDBST prob-

lem, which is a greedyalgorithmsimilar to Prim’s algorithmfor
MinimumSpanningTree[4]. Figure1 shows thestepsof thealgo-
rithm. Wedenotet%�$#%� asthelongestpathof # to any othernodesin
4 . Similarly to Prim’s algorithm,we startfrom a singleroot node.
At eachstepwhenaddinga new node d to theexisting component
4 , we selectthenodethathasthesmallestt;�$du� . Then,we update
thenodesin theexistingcomponentthathavechangedtheir longest
path becauseof the new node, t%�$#%�V�vFw>%xc�$t;�$#%�y�a
=<azK{|7}�$dc�|#%�f� .
Finally, for eachnode# not in thecomponent,weupdateits parent
to node ~ which, without violating the degreeconstraint,gives #
thesmallestlongestpath.

The algorithmfails whenit finisheswith someverticeshaving
t%�$#%����� , meaningthatwe cannotbuild a spanningtreewith the
specifiedsetof degreeconstraints.Therearetwo occasionsfor this
to happen:oneis that the total degreeconstraintscanbe lessthan
Q�����T �VT	W�X!� , which is the minimum total degreerequiredfor a
sessionspanningtree; the other is that during the progressof the
algorithm,a leaf nodemaybeaddedto thecurrenttreecomponent
andconsumesall thesparedegreesof thecomponent,leaving the
restof the nodesdisconnected.Both of thesefailuresdo not oc-
cur very often in a real system,asthe degreeconstraintsfor each
sessionareusuallygenerousenoughto avoid them.Only whenthe
systemis extremelyhighly loaded,someor all of the nodesmay
have stringentdegreeconstraintswhichcausethealgorithmto fail.
We canperforma simplefeasibility teston the summationof the
degreeconstraintsto identify thefirst typeof failure.To remedythe
secondtypeof failure,wecanaddacountof thesparedegreeof the
treecomponentanddeferthe additionof a leaf nodeif it reduces
thecountto zero.

During the updatingphase,it requiresAB�$��� time to updatethe
new longestpath for each #�&�� ; and AB�$�c
!� time to find the
new parentfor each #��&^� . And the total running time of the
greedyalgorithm is AB�$��CO� . We analyzeits performanceratio in
termsof the tree diameter. Let �u�����|� gy� and ��� denotethe tree
diameterconstructedby thegreedyalgorithmandanoptimalsolu-
tion, respectively. And let 
 ��r �6��FG<.���$
	���! ;�$d��f� and 
 ���! �
Fw>	x��$
 ���! �$d��f� .

LEMMA 1. If theratio of edge weightsis boundedby ��&I0 1 ,
and the degree constraints satisfy Q�S�
 ��r � 8�
 ���! S�
 for
a constant
ZS�T �qT;W�X , then �u�����|� gy� SvAB�.�;�f��� , where ���
�c���E� g h���� 
 ���K .

Input:
G = (V, E)
Edge cost c(u,v), for �u�� b¡)¢
Degree constraints £O���K ;¤M E¥

Output: T with the smallest diameter
foreach ¦§¡B¢
foreach  b¡)¢¨ ¤© E¥�ª3«K¤M¦K�� E¥ ;¬ ¤M E¥Dª3¦ ;
T = (W= ­ r ® , L= ­!® );
while ( ¯±°ª[¢ )
let �B¡B¢6²w¯ be the vertex with smallest

¨ ¤©�"¥ ;
¯³ª[¯µ´b­y�"®/¶¸·Gª[·¹´@­!­y�u� ¬ ¤©�"¥a®!® ;
foreach  ¹¡�¯�²(­y�"®¨ ¤© E¥�ª3º9»/¼;­ ¨ ¤M E¥|�l£O½$¾l¿ 7 ¤©�u�a E¥a® ;
foreach  ¹¡�¢6²w¯¨ ¤© E¥�ª5À ;
foreach Á§¡�¯
if £OÂyÃO¦!ÂyÂ/¤MÁ!¥ÅÄÆ£/�}�! ;¤MÁ!¥ and «K¤© =�fÁ!¥;Ç ¨ ¤MÁ!¥�Ä ¨ ¤M E¥¨ ¤© E¥�ª[«K¤M =�¸Á!¥"Ç ¨ ¤?ÁK¥ ;¬ ¤M E¥�ª3Á ;

Figure1: Heuristic Algorithm for MDDBST

Proof: Without lossof generality, let thesmallestedgeweightbe1
andthelargestedgeweight � . Theoptimalsolutionachieves � �bÈ
Q��o�,� g h}jlk � . Now, let’sassumeasimplealgorithm É for construct-
ing a spanningtree: at eachstepof addinga new node, É simply
selectsa nodeto maximizethedegreeof d3&*4 without consider-
ationof thetreediameter. In theworstcase,�sÊ5S�Q/�	�$�o�,� g h���� ��� .
We observe that �u���l�¸� gi� 8�� Ê , sincewhenaddinga new node,
thegreedyalgorithmalwaysattemptsto selecttheonenodewhich
will resultin thesmallestdiameterincrease.Therefore,�u�D���|� gi� S
AB�.�;�f� � , where�B�ZQ/���o�E� g h��©� 
 ���! .

We further evaluatethe MDDBST algorithmthroughsimulation
in section5. There,we useda topologycloseto a real network.
Weobserve thattheMDDBST algorithmis capableof creatingmul-
ticast treewith small delaybut is lack of the ability to distribute
traffic loadacrossservers.Consequently, theutilization of thesys-
temis low andthesessionrejectionrateis high. A sessionrequest
is rejectedif it arrivesat a server which doesnot have any spare
bandwidth. This suggeststhat if we can distribute the work on
heavily loadedserversto otherswhoarenearbybut arelessloaded,
we canprevent the bottleneckserversfrom “choking” andreduce
the sessionrejectionrate. We introducea load-balancingrouting
algorithmthatutilizesthis idea.

3.2 Load Balancing Routing Strategy

DEFINITION 2. Boundeddiameter, residual-balancedspan-
ning tr ee(BDRBST)

Given an undirectedcompletegraph ������������� , a degree
bound 
 �}�! �$#%� for each #µ&�� ; a cost +,�.-/�R&�0 1 for each
-�&�� ; a bound PË&�0§1 . Find a spanningtree 4 of � that

 7 �$#%��8Ì
 �}�! �$#%� , for each #[&Í� ; diameterof T 
=<.>��?4@��S:P
andmaximizeFG<.���$
	���! "�$#%�cWI
	7��$#%�f� .

The above problemis alsoNP-complete,sinceits specialcase
whenevery nodehasa degreeof two, correspondsto thedecision
versionof theTSPproblem.

Theresidualbandwidthof aserveris 
	���! ;�$#%�OW]
	7��$#%� . By max-
imizing theminimum of the residualbandwidth,we give thebot-
tleneckserver a betterchanceto serve othersessionsif requested.
Overall, this increasesthe total load that thesystemcanhandleat



the costof increasedend-to-enddelay. In orderto distribute load
whileÎ still satisfyingthe constraintof end-to-enddelay, we intro-
ducea balancefactor M to denotethe tradeoff betweendiameter
and load balancing. We vary the previous MDDBST algorithmto
take into accountthis balancefactor: at eachstepwhenaddinga
new node,insteadof selectingthe onenodethat hasthe smallest
t%�$#%� , we selecta setof Ï smallestnodesandchooseoneof them
thatmaximizesthe minimal residualbandwidthof theseM nodes
andtheir parentnodes. If ÏÐ�ÑX , this algorithmis the sameas
the oneshown in Figure1. On the other hand,if Ï equalsthe
numberof servers in a multicastsession,thenthe algorithmcon-
sidersload balancingasthe solerouting criteria andservesasan
approximationalgorithmfor BDRBST. For intermediatevaluesof
Ï , it takesbothparametersinto account.Wehavefoundthatsmall
valuesof Ï (e.g.5) provide goodloadbalancewhile still meeting
thediameterbound.

Wehavealsoconsideredaslightly differentversionof theBDRBST

algorithmwhichmaximizestheproportionalresidualbandwidthat
eachserver. Wedefineit asfollows.

DEFINITION 3. Boundeddiameter, residualfraction-balanced
spanningtr ee(BDRFBST)

Given an undirectedcompletegraph �Ò�Ó��������� , a degree
bound 
	���! "�$#%� for each #µ&�� ; a cost +,�.-/�R&�0 1 for each
-�&�� ; a bound PË&µ021 . Find a spanningtree 4 of � that

	7}�$#%��8Ì
	���! "�$#%� , for each #[&Í� ; diameterof T 
=<�>��?4@��S:P
andmaximizeFG<.��� g h}jlk monKp � gKÔcmonipg h�jyk monKp � .

However, in mostof thesimulations,BDRFBST consistentlyper-
formsworsethanBDRBST, asshown in Figure11. Therefore,we
will notdiscussit any furtherin therestof thesimulations.

4. DIMENSIONING SERVER ACCESS
BANDWIDTH

In this section,we describethedimensioningprocess. Themain
objective is that given a topologyanda traffic model,we want to
assignaccessbandwidthto individual servers (subjectto a fixed
total), suchthat a specificrouting algorithm will bestutilize the
allocatedbandwidth. In other words, the dimensioningprocess
createsthe degreeconstraints,as describedearlier in the routing
algorithms,for individual servers.

Therearetwo importantparametersinvolved in theprocess:a)
the location,or the topologyof AMcastservers;andb) the traffic
modelusedfor bandwidthdimensioning.For the purposeof this
study, we have madestatisticalassumptionson theseparameters
sincecloselymodelingthemasthey arein the real networks is a
separateandcomplex issuebeyondthescopeof thispaper.

4.1 Dimensioningto Minimize Delay
Whenthereis no degreeconstraintson servers,thequality of a

multicasttreeis characterizedby its diameter, which is to provide
thebestpossiblemulticasttreefor applications.Therefore,wecon-
structthemulticasttreeasa minimum-diameterspanningtree.

Figure 2 shows an exampleof a dimensionedserver network.
Thetopologyisderivedfromageographicmapof 50largestmetropoli-
tanareasin US[17] andlink delayis calculatedasthegeographical
distancesbetweencities. We modelsessionrequestsasa Poisson
processandsessionfanoutas a Binomial distribution with mean
equalto 10. We computethe averagetraffic load of eachserver
during the whole simulationtime. The total network bandwidth
capacityis 10,000units, which is allocatedto individual servers
proportionalto its traffic load. Thereare two factorsimpact the
traffic load distribution acrossthe servers. One is the numberof

sessionsthat a server will participatein (a server participatesin a
sessionif oneof the usersin its serviceareais a participant);the
otheris thelocationof aserverwhichdecidesthedegreeof aserver
in amulticasttree.A geocentricservertypically hasalargerdegree
sinceit actsasa transithopfor nodesonbothsides.Therefore,the
traffic loadon serversin largermetroareasandserversin thecen-
ter of thetopologyis expectedto beheavy. Figure2 illustratesthis
effect.
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Figure2: Dimensionof Server AccessBandwidth

Theserversareorderedonx-axisby their population.Theover-
all trend is that servers in larger areasreceive higherbandwidth,
while serversat thecenterof theUS continentalsoreceive signif-
icantly morebandwidth.For example,Chicagohasabout43%of
New York’s populationbut receives1.3timesmorebandwidth.

4.2 Dimensioningfor SpecificRouting Algorithms
For a specificroutingalgorithmto performwell, we needto al-

locatebandwidthascloseaspossibleto how theroutingalgorithm
will use them under the presumptive traffic load. The previous
delay-baseddimensioninghascreateda configurednetwork, over
which we canroutethetraffic oncemoreusingtheactualloadbal-
ancingroutingalgorithm.

Respectively, let ×�r and × `r be the capacityassignedto each
server after one (delay-baseddimensioning)and two (routing al-
gorithm specificdimensioning)rounds. We re-assignbandwidth
capacity× `r ��Ø�Ùr H3ÚÆÛDÜ�� , where� is thenumberof servers,Ø�Ùr the
carriedloadof eachserver duringthesecondroundof dimension-
ing and Ý Ùr theaverageresidualbandwidthof server < in thesecond
round. Intuitively, the algorithmconvergessincethe load balanc-
ing algorithm always tries to equalizethe residualbandwidthof
eachserver by addingmoretransittraffic to serverswith available
capacitieswhile offloadingsmallerservers,andthe dimensioning
algorithmalsoreducestheexcesscapacitiesof big serversandadd
themto thosewhosebandwidtharelessabundant.

Throughsimulation,weshow thatby tightly couplingthedimen-
sioningprocessto theroutingalgorithm,weimproveontheoverall
network utilization.

5. PERFORMANCE EVALUATION
In this section,we evaluatethe performanceof the two rout-

ing algorithm in two aspects:one is the tree diameter, the other
is thenetwork utilization. We have selectedthe50 mostpopulated
metropolitanareasin theUnitedStates[17] astheserver network



topology. Throughoutthesimulation,wealsousedgeographicdis-
tanceÎ betweencitiesasedgecost.

5.1 Performanceon TreeDiameter
Figure3 showsthesimulatedmulticasttreediameterof MDDBST

by restraininga node’s degreeasa binomial randomdistribution
with meanÞ . In eachsimulationrun, we randomlyselectover the
50 cities a fixed fanout (or sessionsize), shown as x-axis. The
y-axisshows theratio betweenmulticasttreediameterandthege-
ographicaldistanceof two furthestapartcities in a session,which
is alsotheoptimumof end-to-enddelayfor thesession.Theresults
clearlyshows thatourheuristicalgorithmworksverywell with the
largestend-to-enddelaynomorethan1.25timestheoptimum.For
smallerdegreebound,the spanningtreeis morelikely to be long
legged,thuslongerdiameter. On theotherhand,asthedensityof
thesessionincreases,closebynodesareconnectedto eachotherif
its degreeboundallows,which resultsin a shorterdiameter.

10ß 20ß 30 40
# of servers/session

1

1.1

1.2

1.3

D
ia

m
et

er
/L

on
ge

st
 D

is
ta

nc
e

à

p = 3á
p = 5á
p = 7á
p = 10á

Figure3: MDDBST Performanceon TreeDiameter
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Figure4: BDRBST Performanceon TreeDiameter

Figure4 shows theperformanceontreediameterof theBDRBST

algorithm. We usethe same50-city network asdescribedprevi-
ously, andwe usea binomialdistribution with mean= 7 asdegree
boundfor eachnodeanda diameterboundof 8,000kilometers(or

roughly 40msone-way delay). By varying the balancefactor Ï ,
we illustratethetradeoff betweenload-balancingandtreediameter
in theBDRBST algorithm.Clearly, wecanseethatthemorewelean
towardsloadbalancing,i.e. a larger Ï , the longerthetreediame-
ter. Nevertheless,we areableto constructa spanningtreeto meet
thediameterboundfor all Ï . This is partlydueto that8,000km is
agenerousboundenoughto covercoast-to-coastpropagationdelay
for theentirenation,yet it is alsoa reasonableboundfrom anap-
plicationstandpoint of view. Therefore,for therestof simulation
sets,we mainly focuson the load balancingpartof the algorithm
andmerelyensurethatthediameterboundis alwayssatisfied.

5.2 Performanceon Load Balancing
In this simulation,we assumetraffic densityon a server is pro-

portionalto thepopulationof its serviceareaandaccordingly, we
selectthe probability of a server participatingin a given AMcast
session. Although suchassumptionis quite simplistic and may
not reflectthe actualtraffic pattern,it setsup a traffic model that
we can apply consistentlyin both the dimensioningand routing
process.Neitherof the two algorithm’s operationdependson the
traffic model,andwealsodemonstratenetwork performancewhen
the projectedtraffic in network dimensioningdiffers from the ac-
tual routedtraffic. We model the dynamicsessionrequestsand
removals as Poissonsessionarrivals with Paretosessionservice
time. We generatesessionfanoutasa binomial distribution with
meanequalsto 10. Eachsessionis assumedto consumeoneunit
bandwidthpertreelink.

In orderto focuson moreimportantaspectsof thesimulations,
wehavefixedseveralparametersthroughvarioussimulations,shown
in appendixA.

� Valueof loadbalancingfactor Ï . Wefoundthatwith asmall
Ï , typically 2 or 5, theloadbalancingachievesfull-fledged
performancegain,while further increaseof Ï only hasdi-
minishingeffects. As a small Ï alsohasadvantagein re-
ducingthecomplexity of thealgorithm,we choseÏ equal
to 5 in following simulations.

� Overall bandwidthcapacity. This parameteraffectsdirectly
the sessionrejection rate, the larger the total capacitythe
smallerrejectionrate. FromFigure11, we choseto usethe
mid-rangecapacityof roughly 200 sessionbandwidthunit
perserver for furthersimulation.

5.2.1 Performanceunder Different DimensioningStrate-
gies

We evaluateAMcast network performanceby examinesession
rejectionrateundera dynamictraffic load. Thenetwork is config-
uredusingthedimensioningalgorithmdescribedin section4. We
show the performanceof BDRBST algorithmover two differently
dimensionednetwork, oneis delay-baseddimensioning,theother
usesBDRBST-specificdimensioningstrategy.

Figure5 shows theperformanceof MDDBST andBDRBST algo-
rithms.Additionally, wecomputedatheoreticallowerboundof the
wholesystem.Thelower-boundis computedby emulatingasingle
queuingsystemwherethe total server bandwidthamountsto the
queuesizeandeachsessioncorrespondsto a messagewhosesize
equalsto the sessionsize. Although this lower boundis not very
tight, it givesanindicationof thebestachievableutilizationfor any
routingalgorithm.

As describedearlier, MDDBST generatesthemulticasttreewith-
out any considerationof server load balancingbut only consid-
ers the maximumserver capacityconstraint. Clearly, it doesnot
haveany adaptivenessto loadvarianceacrossserversandperforms
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Figure5: PerformanceComparisonof DimensioningStrategies

poorly asexpected.If we expectour systemto operateat rejection
ratio of 1 every 10,000sessions,we canonly carrytraffic amounts
to 44% of total network capacityusingvanilla MDDBST. On the
otherhand,BDRBST outperformsMDDBST significantly. For the
network to operateat thesamerejectionratio,BDRBST givesa50%
gainover MDDBST andallowsthenetwork to operateatamorerea-
sonableload. This suggeststhat it is worthwhile to endurea little
higherdelayin orderto achieve a highersystemutilization. Addi-
tionally, thedifferentbandwidthallocationstrategiesalsoindicate
that the closerthe dimensioningprocessis tied with the routing
algorithm, the better the performance. When dimensionedwith
BDRBST-specificassignment,the performanceof BDRBST algo-
rithm approacheswithin 10%of thelower bound.

5.2.2 Performanceof HandlingTraffic Noise
The real challengeof designinga robust routing algorithm is

when the assumedtraffic patterndoesnot agreewith the actual
load. This is certainly the casehereasour assumptionof traffic
proportionalto city populationis quite simplistic. In orderto ex-
aminethe network performanceundervariedconditions,we have
addedGaussiannoiseto eachcity’spopulation,thuschangingtheir
probabilitiesof participatinga multicastsessionandtraffic inten-
sity acrossthenetwork.
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Figure6: MDDBST Algorithm Under Traffic Noise
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Figure 7: BDRBST Over Delay-basedDimensionedNetwork
with Traffic Noise
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Figure 8: BDRBST Over Specifically DimensionedNetwork
with Traffic Noise

Figure6, 7 and8 depicttheperformanceof the two algorithms
when handling traffic noise. For the desirednetwork operation
pointof X!ì	�uí rejectionratio,a50%noiseresultsabout15%perfor-
mancedropat mostfor bothalgorithms.Therelative performance
acrosstwo network configurationsis alsopreservedastraffic noise
increases.

6. RELATED WORK
Application-level multicast is a generalterm referring to self-

organizationof overlaymulticastnetwork. It is alsoa very young
areawith muchpotentials,bothfor researchandcommercialusers,
andthushasreceived increasingattentionrecently. Previously, we
have proposeda versionof AMcast at endsystemscalledALMI
[14], whichemployscentralizedcontrolandfocusesmoreonvalue
addedmiddleware functions. The goal then was to allow small
groupscreateinteractivesessionswith low to moderatebandwidth.
AMcastis a logicalextensionafterthatto provideaninfrastructure
servicefor the Internet. Thereareseveral otheroverlay multicast
architecturein therecentliteratures,whichwe discussbelow.

Yallcast[7], aims to extend the Internetmulticastarchitecture
anddefinesasetof protocolsfor host-basedcontentdistributionei-
therthroughtunneledunicastconnectionsor IP multicastwherever
available. It usesa rendezvoushost to bootstrapgroupmembers



into themulticasttree. Thefunctionalityof the rendezvoushostis
to informî new membersaboutseveralcurrentmembersin the tree
but therendezvoushostis notconnectedto themulticastdatapaths.
Yallcastcreatesa sharedmulticasttreeusinga distributedrouting
protocol.It alsomaintainsameshtopologyamonggroupmembers
to ensurethat themulticastgroupis not partitioned.Overall, Yall-
castenvisions the deployment of IP multicastwithin small “net-
work islands”andprovides a rudimentaryarchitecturefor global
multicast.

In contrastto Yallcast,EndsystemMulticast [2] is aiming to-
wardssmall andsparsegroup communicationapplicationsmuch
like ALMI does.In EndsystemMulticast,groupmembersareself-
organizedinto multicasttreesusinga routing protocol similar to
DVMRP [5] that createssource-basedmulticasttress. It require
membersto periodically broadcastrefreshmessagesto keep the
multicasttreepartition free. A companionprotocolof Endsystem
Multicast is calledNarada,which focuseson optimizing the effi-
ciency of theoverlayin termsof delayboundsbasedonend-to-end
measurements.

Scattercast[1] is anapplication-level infrastructureserviceengi-
neeredfor contentdistribution. It usesshortestpathroutingto build
source-rooteddistribution trees.In orderto build a routingtableat
theapplicationlevel, a meshis first built amongmulticastproxies
using a protocol called Gossamerfor neighbordiscovery. Addi-
tionally, a customizabletransportis definedin Scattercast,which
prioritizesapplicationdatabasedon their content,for exampletext
datais prioritizedfor reliability, while lossesin imagedataareig-
noredto someextent.

All threeof theabove schemestry to leveragetheexisting mul-
ticastroutingprotocolsandre-applythemat theapplicationlevel.
Although,at the applicationlevel, thecomplexity of IP routing is
greatlyreduced,sincethenumberof nodesinvolvedis muchfewer
thanthenumberof routersall over theInternet,thereis additional
complexity introducedby thesensitivity of endhostmeasurement
andthepotentialof endhostunreliability. Additionally, thecostof
building anapplication-level multicasttreediffersgreatlyfrom the
costof building a network level multicasttreeandresultsin very
differentnetwork designandrouting perspectives. And it is these
aspectsthatwe try to addressin this paper.

7. CONCLUSION AND FUTURE WORK
In this paper, we have taken a systematicapproachfor design-

ing anoverlaynetwork for application-level multicast.We first de-
finedtheuniquenetwork costmetricandroutingconstraintsdiffer-
ent from conventionalnetworks. Accordingto theseperformance
criteria, we thenprovisionedthe network assumingcertaintraffic
characteristics.Last,we devisedroutingstrategieswhich take ad-
vantageof our dimensioningprocessto maximizenetwork utiliza-
tion andto satisfyapplicationservicerequirement.Throughsim-
ulation, we evaluatedthe performanceof our routing algorithms
undervarioustraffic distributions.

As partof future work, we arelooking into othernetwork con-
figurationsto furtherprove thevalidity of ourapproaches.Specifi-
cally, it is worthwhileto look at morecontrollednetwork topology
suchasgeocentricandequal-distancetopologyasthey emphasizes
or deemphasizesthe importanceof geographicallocation,respec-
tively andcanlet usfurtherunderstandtheintrinsic characteristics
of theroutingalgorithms.

We arecurrentlyunderway defininga completeAMcast archi-
tectureincluding schemesfor multicastaddressing,initialization
andinteractionbetweenendusersandservers.In orderto put these
algorithmsinto use,we also needto definea distributed routing
protocolandexploit variousissuesin routing procedures,suchas

updatefrequency, forms of informationexchangesandetc. Fur-
thermore,oneof theadvantagesof usingserversinsteadof routers
is thefeasibilityandflexibility of providing value-addedservicefor
applications.Wearelooking into issuesin providing suchaservice
platform.

APPENDIX

A. SIMULA TION FOR PARAMETER SELEC-
TIONS IN THE BDRBST ALGORITHM

A.1 Matched ProjectedTraffic and RoutedTraffic
As a first stepto understandtheperformanceof our algorithms,

we generatesroutedtraffic exactly thesameaswe projected.Ide-
ally, this shouldgive a utilization closeto theofferedload. Figure
9 shows thenetwork utilization for this case.Themainparameter
we usedto causetraffic variationis the sessionsize. In Figure9,
we useda binomialdistributionon sessionsizewith meanequalto
10 for bothprojectedandroutedtraffic load.
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Figure9: Network Utilization of Matched Traffic

Whenthe network is lessloaded,all sessionsareacceptedand
a delay-boundedmulticasttreecanbesuccessfullyconstructedfor
eachof them. Whenthe offered load increases,the network uti-
lization lags the offered load whenno load-balancing(M = 1) is
considered.With the increaseof thebalancefactorM, theoverall
utilization improves.

A.2 Varying Traffic with SessionFanout
In Figure10,we vary thetraffic loadby usingdifferentdistribu-

tion on sessionsize.Again,with theincreaseof thebalancefactor
M, the total network utilization is improved. Especiallyfor small
M, thegainsof loadbalancingis alreadynoticeable.

A.3 Impact of Total Network Capacity
Figure11 shows sessionrejectionratevs. offered load. Gen-

erally, thehighertheoverall capacity, the lower therejectionrate.
Assumingeachsessionhasunit bandwidth,andwedimensionnet-
work with differentcapacityrangingfrom 5,120bandwidthunits
to 25,600bandwidthunits. If eachsessiontransmitsat rateof 10
Mb/s, a total of 25,600unitsamountsto 5 Gb/saccessbandwidth
perserver, whichcanbecost-effectively provisionedusingGigabit
Ethernetor correspondingleasedlines.
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(a) Projectedtraffic loadfor network dimensioningusesBino-
mial distribution of sessionsizewith mean= 10; the offered
traffic loadis 0.75andthesessionfanoutdistribution is Bino-
mial with mean= 5, 20 anda Paretodistribution,with shape=
0.5andscale= 5.
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(b) Projectedtraffic load for network dimensioningusesa
Paretodistribution of sessionsize; the offered traffic load is
0.75,andthesessionsizeis Binomial distribution with mean
= 5, 10and20.

Figure10: Network Utilization Under Varied Traffic load
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