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ABSTRACT

Application-level multicastis a nev mechanisnfor enablingmul-

ticastin the Internet. Driven by the fastgrowth of network au-

dio/videostreamsapplication-leel multicasthasbecomeancreas-
ingly importantfor its efficiengy of datadelivery andits ability of

providing value-addedservicesto satisfy applicationspecificre-

quirements.From a network designperspectie, application-leel

multicastdiffersdrasticallyfrom traditional IP multicastin its net-

work costmodeland routing stratgjies. We presentthesediffer-

encesandformulatethemasa network designproblemconsisting
of two parts:oneis bandwidthassignmenin the overlay network,

theotheris load-balancingnulticastroutingwith delayconstraints.
We useanalyticalmethodsandsimulationsto shav thatour design
solutionis a valid and cost-efective approach.Simulationresults
shav thatwe areableto achieve network utilization within 10% of

thebestpossibleutilization while keepingthe sessiorrejectionrate
low.

Keywords

application-leel multicast,network planning,loadbalancingrout-
ing

1. INTRODUCTION

IP multicastandits variouscompaniorproblemssuchasreliable
transportand multicastsecurity have beenhot researchopicsin
recentyears.Although mary innovative approachebsave beende-
veloped thedeploymentof IP multicastin theInternethasnotbeen
easy In fact,exceptfor the Mbone[6], thereis no globalmulticast
infrastructureavailable. The mostcited problemspreventing ISPs
from deplg/ing amulticast-enabledetwork include: the comple-
ity of mostmulticastrouting protocolsandtheir implementations;
thelack of ascalabldnter-domainrouting protocol;andthelack of
supportin accesgontrolandtransportservices.

Despitethesedifficulties, it is undeniable¢hatmulticastis anef-
ficient transmissiormechanismo reducenetwork load for very
large groupsand save transmissiortime and bandwidthfor data
sourcesvenin small multicastgroups. Recently researctefforts

Permissionto male digital or hard copiesof all or part of this work for
personalor classroomuseis grantedwithout fee provided that copiesare
not madeor distributedfor profit or commercialadvantageandthatcopies
bearthis noticeandthefull citationonthefirst page.To copy otherwiseto
republishto poston senersor to redistrituteto lists, requiresprior specific
permissiorand/orafee.

NOSSBV'01 June25-26,2001,PortJeferson,New York, USA.
Copyright 2001ACM 1-58113-370-7/01/0006.$5.00.

have emegedin two areas: oneis to simplify the IP multicast
modelto enablevery large scalesingle sourcemulticast[12,13];
andthe otheris to build an overlay multicasttree amongsession
participantgend-systemsr proxy seners)andunicastdataalong
treelinks. We cateyorizethe latter asapplicationlevel multicast
[1,2,7,14].

Besideghe pushfrom contentdistribution networks, application
level multicastalsosuitsothermulticastapplicationssuchasvideo
conferencinggatareplicationservicesetc. Theseapplicationgyp-
ically have mary-to-mary semanticsand/orinteractve sessions,
andsessiorentitiescanvary widely in their processingpower and
network connectity. In [16], we proposedAMcastasa common
servicelayerto facilitate multipoint applicationswithout the need
of native network support. The key ideain AMcastis to deplg
applicationsenersto aggrgatedatagram$rom endusersandtun-
nel pacletsto senersin otherdomains. Logically, senerscreate
a virtual multicasttreeamongall sener participantsof a session,
andspavn a startopologyfrom eachsener to its endusers. The
adwantageof suchan architectureas thatenduserssendor receve
exactly onecopy of all pacletsdisseminatedver the sessionand
the work of duplicatingpacletsis shiftedfrom datasourcedo all
sessiorseners. Giventhefastdevelopmentof opticalcommunica-
tion infrastructure the capacityof backboneor core networks are
progressingnuchfasterthaninterconnectionérom home-usersr
businesscorporationsto their ISPs. Meanwhile, sener clusters,
suchasweb seners, cachingsenersandothersarealsospeeding
up their network connectionsnto gigabitrangestherebycreating
incentvesfor our AMcastmodel.

In thispaperwefocusonthenetwork designaspect®f multicast
overlay networks. In AMcast, bandwidthin the backbonenetwork
is assumedo be plentiful, while thelimitations on sener process-
ing power andnetwork interfacebandwidtharesystembottlenecks
becausesenersbehae asapplication-leel routers,which have to
both forward andduplicatepaclets. For the purposeof this study
we alsoassumehatthesesenershave enoughcpu power for pro-
cessingpacletsandsaturatingheir interfacesatlink rate,but they
may not have enoughacces$andwidthwhentraffic loadis heavy.
Thisassumptions typically truefor mostof today’s sener clusters
which negotiatewith ISPsfor servicelevel agreementsit certain
prices.

The designprocesdescribedn this paperincludestwo compo-
nents:oneis to quantifytraffic loadatsenersaccordingo asession
traffic model and assignproperaccesshandwidthto eachsener
site. We referto this stepasthe dimensioningprocess the other

L Although datarelay doesnot necessarilyhappenpurely at the
applicationlayer, we useit as a generalterm referring to self-
organizingmulticastoverlay network



components to devise multicastrouting algorithmsthat male the
bestuseof the above dimensionedetwork, subjectto routingcon-
straintssuchasend-to-endlelaybounds.We shav thatby closely
combiningthe dimensioningprocesswith a load balancingrout-
ing algorithm,we canachieze high overall network utilization of
within 10% of the theoreticallower boundwith low sessiorrejec-
tion rate,i.e. only a small fraction of sessiondail to satisfythe
delayconstraint.

The restof the paperis organizedasfollows: in section2, we
describeour designobjectives and stepstaken in our designap-
proachesin sections3 and4, we formalizetheproblemsandpresent
our algorithmsfor multicastrouting andbandwidthdimensioning,
respectiely. In sections, we usesimulationto evaluatethesealgo-
rithms; in section6, we compareour work to otherrelatedworks
andthenconcludein section?.

2. DESIGN OBJECTIVES AND APPROACHES

Overlay multicastnetworks differ from traditional networks in
severalways,leadingto differencesn how they arebestconfigured
andoperatedThesemaindifferencesre:

o Network reachability: Theoverlaynetwork amongendpoints
in application-l@el multicastis a fully meshedhetwork, as
eachnodeis ableto reacheverybodyelsein the network via
unicastconnectionsThereforeunlike in IP multicastwhere
a pathfrom onerouterto anotheris definedby its physical
connectiity, an n-nodeapplicationmulticastsessioncould
have n™~2 differentspanningrees.

e Network cost: Historically, the cost of a network is de-
terminedlargely by the summationof individual link costs.
Thisis certainlytruefor network providerswhohaveto phys-
ically deploy the links or leasethemfrom others. But from
anapplicationor applicationsener’s point of view, network
costis actually the total amountpaid to gain accessband-
widthateachserviceprovider'ssiteto thebackboneetwork.
This divergenceof costmetrichasa deepimpacton bothde-
signandroutingstrateyies.

e Routing constraints: TraditionallP multicastroutesthrough
ashortespathtreeto minimizeaveragedelayfrom sourceto
membersij.e. reducingthe numberof links neededo carry
sessiortraffic. Building the network atthe applicationlayer
givesthe flexibility of matchingrouting stratgiesto appli-
cation needs. For applicationssuchas streamingmediaor
conferencinga routing strateyy that producesboundedde-
lay betweenary pair of participantsresultsin significantly
higherquality from anapplications perspectie.

Thispaperaddresseswvo problems First,givenasenernetwork
topology and a setof traffic assumptionsye wantto find an as-
signmentof network acces$andwidthto eachsener subjectto a
fixed overall bandwidthconstraint. Second,given the above di-
mensionedsener network, we wantto devise a routing algorithm
thatdynamicallyroutesmulticastsessionand makesthe bestuse
of the availablenetwork resourcesoasto accommodatéhe maxi-
mumnumberof sessiongswell assatisfyingtheapplicationdelay
constraint. The two problemsinteract. The dimensioningprocess
must know the intrinsic propertyof a routing algorithm suchas
the possibletraffic concentratiorpoints, and assignbandwidthto
senersaccordingly Onthe otherhand,the performancef a rout-
ing algorithmis significantly affected by the differencebetween
thebandwidthassignmenin theunderlyingnetwork andtheactual
traffic load.

It is reasonabldgo questionthe network efficiency of our ap-
proachvs. traditionalIP multicast. It is obviousthatby tunneling
multicastpacletsthroughunicastconnectionsthereareduplicated
paclets on physicallinks, notablyfrom a sener’s local interface
to the branchingpoint of two unicastconnectionsn the network.
This discrepang in efficiengy is potentially significantif the size
of multicastsessioris very large[3]. However, for AMcastvirtual
network, we ervision the numberof sener clustersis within the
rangeof tensor hundredso at mostlower thousandsvorld-wide,
with eachclusterconsistingof a large numberof processinginits.
In [14], we have quantifiedthroughsimulationthe efficiengy ratio
of virtual overlay multicasttreesvs. IP multicasttrees.In a 6000
nodenetwork, the costof a virtual multicasttree on 50 randomly
distributednodesjs within 1.5timesthe costof alP multicasttree,
wherethe costis measure@sthenumberof links traversedoy each
paclet. While it would certainlybe moreefficient to provide mul-
ticastasanative IP service,in theabsencef awidely deploedIP
multicastservice the overlay approactcanbeuseful.

3. MULTICAST ROUTING ALGORITHMS

In this section,we presentwo multicastrouting algorithmsfor
the AMcastoverlay network. Therearetwo mainperformancenb-
jectivesfor therouting algorithms. First, they shouldusenetwork
resourceefficiently, in orderto carry asmuchtraffic aspossible;
Second,they shouldkeepthe end-to-enddelay as low as possi-
ble,i.e. keepingthe treediametersmall. Unfortunately thesetwo
objectvesareorthogonal:a smalldiametertreecreategraffic con-
centrationon nodesthatareat the centerof thetopology andcon-
sequentlythesenodesbecomebottlenecksof the system;on the
other hand, increasingoverall utilization typically meansto dis-
tributeload moreevenly acrosssenerswhichresultsin longerpath
andlongerdelay Althoughit is impossibleto optimize both pa-
rametersatthe sametime, we caninsteadix atargetboundfor one
objective while optimizingontheother Thisleadsusto designtwo
alternatve routingalgorithms.

3.1 Algorithm for Delay Optimization

We first formulatethe routing problemto minimize the end-to-
enddelayof a multicasttreewhile satisfyingeachsener’s access
bandwidthconstraint. Eachlink in the multicasttreeis assumed
to requiresomespecificamountof bandwidthb, soif a sener has
degreed in the multicasttree, it will requireatleastd * b units of
acces$bandwidth.Thisleadsto thefollowing problemformulation.

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

Given an undirected completegraph G = (V, E), a dgyree
boundd..(v) € N for eath vertex v € V; acoste(e) € Z+ for
ead edgee € E. Find a spanningtreeT of G sud that for eadh
v € T, dggree of v satisfiesdr (v) < dmaz(v) andthe diameter
of T dia(T), which is the costof the longestsimplepathin T, is
minimized.

Much previous researcthasbeendoneon relatedproblems.In
[11], Ho etal. provedthatin geometricspacethereexists a mini-
mumdiameterspanningreein whichthereareat mosttwo interior
points(non-leafnodes)yandtheoptimaltreecanbefoundin O(n?)
time. HassinandTamirestablishedh [10], thatfor ageneralgraph,
a minimum diameterspanningree problemis identicalto the ab-
solute 1-centerproblemintroducedby Hakimi [9] andassuch,a
solutioncanbefoundin O(mn + n’logn), wheren is thenumber
of nodesand m the numberof edges. In [11] and [15] respec-
tively, they prove that minimum diametey minimum spanningree



andminimum maximumdegree, minimum spanningireeareboth
NP-complete.

THEOREM 1. Thedecisionversionof MDDBST—findinga span-
ning treewith diameterboundB anda degreeconstaint d,nq. (v)
for each node is NP-completefor 2 < dipeq(v) < |V|—1.

Proof: Clearly, the problemis in NP, sincewe canverify in poly-

nomialtime if a candidatesolutionsatisfiesboththe diameterand
degreeconstraintsFor the specialcasewhered, ... (v) = 2 for all

v € V, the problemis the sameasthe Traveling SalesmarProb-
lem(TSP)[8]. We reducefrom the TSP problemfor the general
caseof dmaz(v) > 2. Let G = (V, E) bethegraphof a TSPin-

stance WetransformG to G' = (V', E’) by addingdmaz (v) — 2

verticesus, . . . , Uq,, ., (v)—2 t0 €achu € V. Wejoin eachof these
new verticesu; to v with anedgelengthof 0; All otheredgedrom

u; havelengthB + 1, sothatG’ is still acompletegraph.Now, the
MDDBST instancein G’ hasa spanningree of diameterB if and
only if the TSPinstancen G hasa pathjoining all the verticesof

lengthB. O

3.1.1 HeuristicAlgorithmfor MDDBST

We have developeda heuristicalgorithmfor the MDDBST prob-
lem, which is a greedyalgorithm similar to Prim’s algorithm for
MinimumSpanningTree[4]. Figurel shavs the stepsof the algo-
rithm. We denote (v) asthelongestpathof v to ary othernodesn
T. Similarly to Prim’s algorithm,we startfrom a singleroot node.
At eachstepwhenaddinga nev nodew to the existing component
T, we selectthe nodethathasthe smallest (u). Then,we update
thenodesn theexisting componenthathave changedheirlongest
path becauseof the nev node,§(v) = max(d(v),distr(u,v)).
Finally, for eachnodev notin thecomponentye updateits parent
to nodeg which, without violating the degree constraint,gives v
thesmallestongestpath.

The algorithmfails whenit finisheswith someverticeshaving
d(v) = oo, meaningthatwe cannotbuild a spanningreewith the
specifiedsetof degreeconstraintsTherearetwo occasiongor this
to happen:oneis thatthe total degreeconstraintanbe lessthan
2 % (|[V| — 1), which is the minimum total degreerequiredfor a
sessiorspanningtree; the otheris that during the progressof the
algorithm,a leaf nodemaybeaddedto the currenttreecomponent
andconsumesll the sparedegreesof the component|eaving the
restof the nodesdisconnected Both of thesefailuresdo not oc-
cur very oftenin areal system,asthe degreeconstraintsfor each
sessiorareusuallygenerougnoughto avoid them. Only whenthe
systemis extremely highly loaded,someor all of the nodesmay
have stringentdegreeconstraintsvhich causethe algorithmto fail.
We can performa simple feasibility teston the summationof the
degreeconstraintgo identify thefirst typeof failure. Toremedythe
secondypeof failure,we canaddacountof thesparedegreeof the
tree componentanddeferthe additionof a leaf nodeif it reduces
the countto zero.

During the updatingphasejt requiresO(n) time to updatethe
new longestpathfor eachv € W; and O(n?) time to find the
new parentfor eachv ¢ W. And the total runningtime of the
greedyalgorithmis O(n®). We analyzeits performanceratio in
termsof the tree diameter Let Agreeqy @and A* denotethe tree
diameterconstructedy the greedyalgorithmandanoptimalsolu-
tion, respectiely. And let d™" = min(dmaz(v)) andd™*® =
maz(dmaz(u)).

LEMMA 1. If theratio of edge weightsis boundedbye € Z 7T,
and the degree constaints satisfy2 < d™" < d™*® < d for
aconstantd < |V| — 1, thenAgreeay < O(k)N*, whee k =
gloggmin d™%.

Edge cost c(u,v), for w,weV
Degree constraints dmaz(v)
Qutput: T with the snallest dianeter
foreach reV
foreach veV
(v) = ¢(r,v);
p(v) =
T = (W{r}, L={});
while (W #V)
let ueV —W be the vertex with smallest §(u
W =W U{u}; L = LU{{u, p(u)}};
foreach v € W — {u}
&(v) = mazx{é(v), distr(u,v)};
foreach veV -W
&(v) = o0;
foreach g e W
if degree(q) < dmaz(q) and c(v,q) + d(q) < d(v)
6(v) = ¢(v,q) + d(a);

p(v) = ¢

Figure 1: Heuristic Algorithm for MDDBST

Proof: Withoutlossof generalityletthesmallesedgeweightbel
andthelargestedgeweighte. Theoptimalsolutionachieres\* >
2log ma= m. Now, let'sassumasimplealgorithmA for construct-
ing a spanningree: at eachstepof addinga new node, A simply
selectsa nodeto maximizethe degreeof w € T without consider
ationof thetreediameter In theworstcase Aa < 2e(loggmin 1).
We obsere that Agreeay < A4, Sincewhenaddinga new node,
the greedyalgorithmalwaysattemptgo selectthe onenodewhich
will resultin thesmallestdiameteiincreaseTherefore Agreeqdy <
O(k)X*, wherek = 2zlog jmin d™**. [

We further evaluatethe MDDBST algorithmthroughsimulation
in section5. There,we useda topology closeto a real network.
We obsene thatthe MDDBST algorithmis capableof creatingmul-
ticasttree with small delay but is lack of the ability to distribute
traffic load acrossseners. Consequentlythe utilization of the sys-
temis low andthe sessionrejectionrateis high. A sessiorrequest
is rejectedif it arrivesat a sener which doesnot have ary spare
bandwidth. This suggestghat if we can distribute the work on
heaily loadedsenersto otherswho arenearbybut arelessloaded,
we canpreventthe bottlenecksenersfrom “choking” andreduce
the sessiorrejectionrate. We introducea load-balancingouting
algorithmthatutilizesthis idea.

3.2 Load Balancing Routing Strategy

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

Given an undirected completegraph G = (V, E), a dgyree
bound dmaz (v) for eah v € V; acoste(e) € Z* for eath
e € E; aboundB € Z*. Find a spanningtree T of G that
dr(v) < dmac(v), for eah v € V; diameterof T dia(T) < B
andmaximizemin(dmqez(v) — dr (v)).

The above problemis also NP-completesinceits specialcase
whenevery nodehasa degreeof two, correspondso the decision
versionof the TSPproblem.

Theresiduabandwidthof aseneris dpmas (v) —dr(v). By max-
imizing the minimum of the residualbandwidth,we give the bot-
tlenecksener a betterchanceto sene othersessionsf requested.
Overall, this increaseghe total load that the systemcanhandleat



the costof increasedend-to-enddelay In orderto distribute load
while still satisfyingthe constraintof end-to-encdelay we intro-
ducea balancefactor M to denotethe tradeof betweendiameter
andload balancing. We vary the previous MDDBST algorithmto
take into accountthis balancefactor: at eachstepwhenaddinga
new node,insteadof selectingthe one nodethat hasthe smallest
d(v), we selecta setof M smallesinodesandchooseoneof them
that maximizesthe minimal residualbandwidthof theseM nodes
andtheir parentnodes. If M = 1, this algorithmis the sameas
the one shown in Figurel. On the otherhand,if M equalsthe
numberof senersin a multicastsessionthenthe algorithmcon-
sidersload balancingasthe solerouting criteria andsenesasan
approximationalgorithmfor BDRBST. For intermediatevaluesof
M, it takesbothparameterto account.We have foundthatsmall
valuesof M (e.g.5) provide goodloadbalancewhile still meeting
the diameterbound.

Wehave alsoconsideredslightly differentversionof theBDRBST
algorithmwhich maximizesthe proportionalresidualbandwidthat
eachsener. We defineit asfollows.

DEFINITION 3. Boundeddiameter, residualfraction-balanced
spanningtree(BDRFBST)

Given an undirected completegraph G = (V, E), a dgyree
bounddmq.(v) for eah v € V; a coste(e) € Z* for eath
e € E; aboundB ¢ Z*. Find a spanningtree T’ of G that
dr(v) < dmaz(v), for eahh v € V; diameterof T dia(T) < B
andmaximizemin( dmaz(t=dz(v))

However, in mostof the simulations BDRFBST consistentlyper
formsworsethanBDRBST, asshawvn in Figure1l. Therefore we
will notdiscusst ary furtherin therestof the simulations.

4. DIMENSIONING SERVER ACCESS
BANDWIDTH

In this sectionwe describethe dimensioningorocess Themain
objectie is that given a topologyanda traffic model, we wantto
assignaccesshandwidthto individual seners (subjectto a fixed
total), suchthat a specificrouting algorithmwill bestutilize the
allocatedbandwidth. In other words, the dimensioningprocess
createsthe degreeconstraintsas describedearlierin the routing
algorithms for individual seners.

Therearetwo importantparametersnvolved in the process:a)
thelocation, or the topology of AMcastseners;andb) the traffic
modelusedfor bandwidthdimensioning. For the purposeof this
study we have madestatisticalassumption®n theseparameters
sincecloselymodelingthemasthey arein the real networksis a
separat@endcomple issuebeyondthe scopeof this paper

4.1 Dimensioningto Minimize Delay

Whenthereis no degreeconstrainton seners, the quality of a
multicasttreeis characterizedby its diameterwhich s to provide
thebestpossiblemulticasttreefor applications Thereforewe con-
structthe multicasttreeasa minimum-diametespanningree

Figure 2 shavs an example of a dimensionedsener network.
Thetopologyis derivedfrom ageographienapof 50 largestmetropoli-
tanareasn US[17] andlink delayis calculatecasthegeographical
distancedetweercities. We modelsessiorequestsasa Poisson
processand sessionfanoutas a Binomial distribution with mean
equalto 10. We computethe averagetraffic load of eachsener
during the whole simulationtime. The total network bandwidth
capacityis 10,000units, which is allocatedto individual seners
proportionalto its traffic load. Therearetwo factorsimpactthe
traffic load distribution acrossthe seners. Oneis the numberof

sessionghata sener will participatein (a sener participatesn a
sessiornif oneof the usersin its serviceareais a participant);the
otheris thelocationof asenerwhichdecidegshedegreeof asener
in amulticasttree. A geocentricsenertypically hasalargerdegree
sinceit actsasatransithopfor nodeson bothsides.Thereforethe
traffic loadon senersin largermetroareasandsenersin the cen-
ter of thetopologyis expectedto be heary. Figure?2 illustratesthis
effect.
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Figure 2: Dimensionof Sewver AccessBandwidth

Thesenersareorderedon x-axis by their population.The over-
all trendis that senersin larger areasreceve higherbandwidth,
while senersat the centerof the US continentalsoreceve signif-
icantly more bandwidth. For example,Chicagohasabout43% of
New York’s populationbut receves1.3timesmorebandwidth.

4.2 Dimensioningfor SpecificRouting Algorithms

For a specificrouting algorithmto performwell, we needto al-
locatebandwidthascloseaspossibleto how the routingalgorithm
will usethem underthe presumptie traffic load. The previous
delay-basedlimensioninghascreateda configurednetwork, over
which we canroutethetraffic oncemoreusingthe actualloadbal-
ancingroutingalgorithm.

Respectiely, let C; and C} be the capacityassignedto each
sener after one (delay-basedlimensioning)andtwo (routing al-
gorithm specificdimensioning)rounds. We re-assignbandwidth
capacityC; = L+ ¥ wheren isthenumberof seners, L the
carriedload of eachsener duringthe secondroundof dimension-
ing andR; theaverageresiduabandwidthof seneri in thesecond
round. Intuitively, the algorithm convergessincethe load balanc-
ing algorithm always tries to equalizethe residualbandwidthof
eachsener by addingmoretransittraffic to senerswith available
capacitieswhile offloading smallerseners,andthe dimensioning
algorithmalsoreduceghe excesscapacitief big senersandadd
themto thosewhosebandwidtharelessabundant.

Throughsimulation we shav thatby tightly couplingthedimen-
sioningprocesgo theroutingalgorithm,we improve ontheoverall
network utilization.

5. PERFORMANCE EVALUATION

In this section,we evaluatethe performanceof the two rout-
ing algorithmin two aspects:oneis the tree diametey the other
is the network utilization. We have selectedhe 50 mostpopulated
metropolitanareasin the United Stateqg17] asthe sener network



topology Throughouthesimulation,we alsousedgeographidis-
tancebetweercitiesasedgecost.

5.1 Performanceon TreeDiameter

Figure3 shavsthesimulatedmulticasttreediameteiof MDDBST
by restraininga nodes degreeas a binomial randomdistribution
with meanp. In eachsimulationrun, we randomlyselectover the
50 cities a fixed fanout (or sessionsize), shavn as x-axis. The
y-axis shawvs theratio betweermulticasttreediameterandthe ge-
ographicaldistanceof two furthestapartcitiesin a sessionwhich
is alsotheoptimumof end-to-endlelayfor thesessionTheresults
clearlyshaws thatour heuristicalgorithmworksvery well with the
largestend-to-enddelayno morethan1.25timestheoptimum. For
smallerdegreebound,the spanningtreeis morelikely to be long
legged,thuslongerdiameter On the otherhand,asthe densityof
the sessiorincreasesglosebynodesareconnectedo eachotherif
its degreeboundallows, which resultsin a shorterdiameter
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Figure 3: MDDBST Performanceon TreeDiameter
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Figure4: BDRBST Performanceon TreeDiameter

Figure4 shavsthe performancentreediameterof the BDRBST
algorithm. We usethe same50-city network as describedprevi-
ously andwe usea binomialdistribution with mean= 7 asdegree
boundfor eachnodeanda diameteboundof 8,000kilometers(or

roughly 40msone-vay delay). By varying the balancefactor M,
we illustratethetradeof betweerioad-balancingndtreediameter
in theBDRBST algorithm.Clearly, we canseethatthemorewe lean
towardsloadbalancingj.e. alarger M, thelongerthetreediame-
ter. Neverthelesswe areableto constructa spanningreeto meet
thediameterboundfor all M. Thisis partly dueto that8,000km is
ageneroudoundenougho cover coast-to-coagtropagatiordelay
for the entirenation,yetit is alsoa reasonabl&oundfrom anap-
plication standpoint of view. Therefore for therestof simulation
sets,we mainly focuson the load balancingpart of the algorithm
andmerelyensurehatthe diameterboundis alwayssatisfied.

5.2 Performanceon Load Balancing

In this simulation,we assumeraffic densityon a sener is pro-
portionalto the populationof its serviceareaandaccordingly we
selectthe probability of a sener participatingin a given AMcast
session. Although suchassumptionis quite simplistic and may
not reflectthe actualtraffic pattern,it setsup a traffic modelthat
we can apply consistentlyin both the dimensioningand routing
process.Neitherof the two algorithm’s operationdependsn the
traffic model,andwe alsodemonstrat@etwork performancavhen
the projectedtraffic in network dimensioningdiffers from the ac-
tual routedtraffic. We model the dynamic sessionrequestsand
removals as Poissonsessionarrivals with Pareto sessionservice
time. We generatesessiorfanoutas a binomial distribution with
meanequalsto 10. Eachsessioris assumedo consumeone unit
bandwidthpertreelink.

In orderto focuson moreimportantaspectf the simulations,
we havefixedseveralparameterthroughvarioussimulationsshavn
in appendixA.

e ValueofloadbalancingactorM . Wefoundthatwith asmall
M, typically 2 or 5, theload balancingachiezesfull-fledged
performancegain, while furtherincreaseof M only hasdi-
minishing effects. As a small M alsohasadwantagein re-
ducingthe compleity of the algorithm,we choseM equal
to 5in following simulations.

e Overall bandwidthcapacity This parameteaffectsdirectly
the sessionrejectionrate, the larger the total capacitythe
smallerrejectionrate. From Figure 11, we choseto usethe
mid-rangecapacityof roughly 200 sessionbandwidthunit
persener for furthersimulation.

5.2.1 Performanceunder Different DimensioningStrate-
gies

We evaluateAMcast network performanceby examinesession
rejectionrateundera dynamictraffic load. The network is config-
uredusingthe dimensioningalgorithmdescribedn sectiond4. We
shav the performanceof BDRBST algorithmover two differently
dimensionechetwork, oneis delay-basediimensioningthe other
usesBDRBST-specificdimensioningstratayy.

Figure5 shaws the performanceof MDDBST andBDRBST algo-
rithms. Additionally, we computedatheoreticalower boundof the
wholesystem.Thelower-boundis computedy emulatingasingle
gueuingsystemwherethe total sener bandwidthamountsto the
gueuesize andeachsessiorcorrespond$o a messagavhosesize
equalsto the sessiorsize. Although this lower boundis not very
tight, it givesanindicationof thebestachievableutilization for ary
routingalgorithm.

As describecktarlier MDDBST generateshe multicasttreewith-
out ary considerationof sener load balancingbut only consid-
ersthe maximumsener capacityconstraint. Clearly, it doesnot
have ary adaptvenesgo loadvarianceacrossenersandperforms
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Figure5: PerformanceComparisonof DimensioningStrategies

poorly asexpected.If we expectour systemto operateat rejection
ratio of 1 every 10,000sessionswe canonly carrytraffic amounts
to 44% of total network capacityusingvanilla MDDBST. On the
otherhand,BDRBST outperformsMDDBST significantly For the
network to operateatthesamerejectionratio, BDRBST givesa50%
gainover MDDBST andallowsthenetwork to operateatamorerea-
sonabldoad. This suggestshatit is worthwhile to endurea little
higherdelayin orderto achieve a highersystemutilization. Addi-
tionally, the differentbandwidthallocationstratgjiesalsoindicate
that the closerthe dimensioningprocesss tied with the routing
algorithm, the betterthe performance. When dimensionedwith
BDRBST-specificassignmentthe performanceof BDRBST algo-
rithm approachewvithin 10% of thelower bound.

5.2.2 Performanceof Handling Traffic Noise

The real challengeof designinga robust routing algorithm is
when the assumedraffic patterndoesnot agreewith the actual
load. This is certainly the casehereas our assumptiorof traffic
proportionalto city populationis quite simplistic. In orderto ex-
aminethe network performanceundervaried conditions,we have
addedGaussiamoiseto eachcity’s population thuschangingheir
probabilitiesof participatinga multicastsessiorandtraffic inten-
sity acrosghe network.
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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 Dimensioned Network
with Traffic Noise

Figure6, 7 and8 depictthe performanceof the two algorithms
when handling traffic noise. For the desirednetwork operation
pointof 10~* rejectionratio, a 50%noiseresultsaboutl 5%perfor
mancedrop at mostfor bothalgorithms.Therelative performance
acrosgwo network configurationss alsopreseredastraffic noise
increases.

6. RELATED WORK

Application-level multicastis a generalterm referringto self-
organizationof overlay multicastnetwork. It is alsoa very young
areawith muchpotentialspothfor researctandcommercialsers,
andthushasrecevedincreasingattentionrecently Previously, we
have proposeda versionof AMcast at end systemscalled ALMI
[14], whichemplgys centralizedcontrolandfocusesnoreonvalue
addedmiddleware functions. The goal then wasto allow small
groupscreatenteractve sessionsvith low to moderatéoandwidth.
AMcastis alogical extensionafterthatto provide aninfrastructure
servicefor the Internet. Thereare several otheroverlay multicast
architecturen therecentliteratureswhich we discusshelow.

Yallcast[7], aimsto extendthe Internetmulticastarchitecture
anddefinesa setof protocolsfor host-basedontentdistribution ei-
therthroughtunneledunicastconnection®r IP multicastwherever
available. It usesa rendezvousostto bootstrapgroup members



into the multicasttree. The functionality of the rendezvougostis
to inform new membersaboutseveral currentmembersn thetree
buttherendezwushostis notconnectedo themulticastdatapaths.
Yallcastcreatesa sharedmulticasttree usinga distributedrouting
protocol. It alsomaintainsameshtopologyamonggroupmembers
to ensurehatthe multicastgroupis not partitioned.Overall, Yall-
castervisions the deployment of IP multicastwithin small “net-
work islands” and provides a rudimentaryarchitecturefor global
multicast.

In contrastto Yallcast, EndsystemMulticast [2] is aiming to-
wards small and sparsegroup communicationapplicationsmuch
like ALMI does.In EndsystenMulticast,groupmembersareself-
organizedinto multicasttreesusing a routing protocol similar to
DVMRP [5] that createssource-basedhulticasttress. It require
membersto periodically broadcastefreshmessageso keepthe
multicasttree partitionfree. A companionprotocol of Endsystem
Multicastis called Narada,which focuseson optimizing the effi-
cieng of theoverlayin termsof delayboundshasedn end-to-end
measurements.

Scattercadtl] is anapplication-leel infrastructureserviceengi-
neeredor contentdistribution. It usesshortespathroutingto build
source-rootedlistributiontrees.In orderto build a routingtableat
the applicationlevel, a meshis first built amongmulticastproxies
using a protocol called Gossamefor neighbordiscosery. Addi-
tionally, a customizablégransportis definedin Scattercastwhich
prioritizesapplicationdatabasedn their content for exampletext
datais prioritizedfor reliability, while lossesn imagedataareig-
noredto someextent.

All threeof the abore schemedry to leveragethe existing mul-
ticastrouting protocolsandre-applythemat the applicationlevel.
Although, at the applicationlevel, the compleity of IP routingis
greatlyreducedsincethenumberof nodesnvolvedis muchfewer
thanthe numberof routersall over the Internet,thereis additional
compleity introducedby the sensitvity of endhostmeasurement
andthe potentialof endhostunreliability. Additionally, the costof
building anapplication-le@el multicasttreediffersgreatlyfrom the
costof building a network level multicasttreeandresultsin very
differentnetwork designandrouting perspecties. And it is these
aspectshatwetry to addressn this paper

7. CONCLUSION AND FUTURE WORK

In this paper we have taken a systematicapproachfor design-
ing anoverlay network for application-l@el multicast.We first de-
finedthe uniquenetwork costmetricandroutingconstraintgiffer-
entfrom corventionalnetworks. Accordingto theseperformance
criteria, we then provisionedthe network assumingcertaintraffic
characteristicsLast, we devisedrouting stratgieswhich take ad-
vantageof our dimensioningprocesgo 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 further prove the validity of our approachesSpecifi-
cally, it is worthwhileto look at morecontrollednetwork topology
suchasgeocentriandequal-distancéopologyasthey emphasizes
or deemphasizethe importanceof geographicalocation,respec-
tively andcanlet usfurtherunderstandheintrinsic characteristics
of theroutingalgorithms.

We are currently undervay defininga completeAMcast archi-
tectureincluding schemedor multicastaddressinginitialization
andinteractionbetweerendusersandseners.In orderto putthese
algorithmsinto use,we also needto definea distributed routing
protocolandexploit variousissuesin routing proceduressuchas

updatefrequeng, forms of information exchangesand etc. Fur

thermore oneof theadwantage®f usingsenersinsteadof routers
is thefeasibility andflexibility of providing value-addedervicefor

applicationsWe arelookinginto issuesn providing suchaservice
platform.

APPENDIX

A. SIMULATION FOR PARAMETER SELEC-
TIONS IN THE BDRBST ALGORITHM

A.1 MatchedProjectedTraffic and Routed Traffic

As afirst stepto understandhe performanceof our algorithms,
we generatesoutedtraffic exactly the sameaswe projected.lde-
ally, this shouldgive a utilization closeto the offeredload. Figure
9 shaws the network utilization for this case.The main parameter
we usedto causetraffic variationis the sessiorsize. In Figure9,
we useda binomialdistribution on sessiorsizewith meanequalto
10for both projectedandroutedtraffic load.
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Figure 9: Network Utilization of Matched Traffic

Whenthe network is lessloaded,all sessionsareacceptedand
adelay-boundednulticasttreecanbe successfullyconstructedor
eachof them. Whenthe offeredload increasesthe network uti-
lization lagsthe offered load when no load-balancingM = 1) is
considered With the increaseof the balancefactorM, the overall
utilizationimproves.

A.2 Varying Traffic with SessiorFanout

In Figure 10, we vary thetraffic load by usingdifferentdistribu-
tion on sessiorsize. Again, with theincreaseof the balancefactor
M, the total network utilization is improved. Especiallyfor small
M, thegainsof loadbalancings alreadynoticeable.

A.3 Impact of Total Network Capacity

Figure 11 shaws sessiorrejectionrate vs. offeredload. Gen-
erally, the higherthe overall capacity the lower the rejectionrate.
Assumingeachsessiorhasunit bandwidth andwe dimensiomet-
work with differentcapacityrangingfrom 5,120bandwidthunits
to 25,600bandwidthunits. If eachsessiortransmitsat rateof 10
Mb/s, a total of 25,600units amountsto 5 Gb/saccesdandwidth
persener, which canbe cost-efectively provisionedusingGigabit
Ethernetor correspondindeasedines.

Session fanout * Arrival rate
Offered Load =

Service rate % Total bandwidth
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(a) Projectedraffic loadfor network dimensioningusesBino-
mial distribution of sessiorsize with mean= 10; the offered
traffic loadis 0.75andthe sessiorfanoutdistribution 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 sessiorsize; the offeredtraffic load is
0.75,andthe sessiorsizeis Binomial distribution with mean
=5,10and?20.

Figure 10: Network Utilization Under Varied Traffic load
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