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ABSTRACT
Abundant content,datatype and diversemembers’interestsnat-
urally leadto preferenceheterogeneity within a multicastsession
requiring frequentcommunication within subgroups of members
sharingcommoninterests/requirements.In this paper, we propose
a topology-sensitive subgroupcommunication(TSC) mechanism
to support efficient subgroup communicationsin large-scalemulti-
castapplications. Our mechanismtakes an end-to-end approach
which can completelyeliminate additional creationof multicast
groups. Our TSCmechanismexploits thespatiallocality of mem-
berswithin agivensubgroup,andenablesmemberstoautonomously
build aTSCforwardingstructureconsistingof multipleunicastand
scopedmulticastconnections.Throughsimulations,we observe
thatTSCmechanismsperformwell for diversedensitiesanddistri-
butionsof nodesin a subgroup.

Categoriesand Subject Descriptors
C.2 [Computer SystemsOrganization]: ComputerCommunica-
tion Networks

GeneralTerms
Performance

Keywords
Multicast,Subgroup, Topology-sensitive

1. INTRODUCTION
Dueto its bandwidthefficiency, IP Multicastis thepreferreddata

deliverymethodfor large-scaleinteractiveapplicationssuchasdis-
tributedinteractivesimulations(DIS),videoconferencingtoolsand
multi-player games. Although the membersin suchapplications�
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join a multicastsessionfor somecommongoal,abundantcontent,
datatype and heterogeneity in members’interestsnaturally lead
to preferenceheterogeneitywithin sessions[13], requiringfrequent
communicationwithin subgroupsof memberssharingcommonin-
terests/requirements.A multicastsessionsharedby all members
(referredto astheglobalmulticastsession)canbeusedto support
subgroup communication. However, this may leadto inefficiency,
i.e.,packetsaredeliveredto theentiretree,which resultsin wasted
bandwidthandCPU processingpower to transmitandhandleun-
necessarypackets. This is referredto astheexposureproblem.The
exposure problemcanbecompletelyeliminatedif datais only for-
wardedalonga treeinducedby themembersof eachsubgroup,as
required. This can be achieved by creatinga new multicastses-
sion for eachsubgroup. However, this requiresroutersto store
multicastforwarding stateinformation for eachsubgroup, which
cancausea significantscalabilityproblemasthe numberof sub-
groupsincreases[10, 12]. Thus,mechanismsto handlepreference
heterogeneity shouldconsiderthe both exposureproblemandthe
scalabilityof multicastforwardingstateproblem.Mostexistingap-
proaches to the preferenceheterogeneityproblemfocuson devel-
oping clusteringframeworks, i.e., given a limited numberof mul-
ticastsessions,determinehow to bestclustermultiple subgroups
into multicastsessionsbasedon a preferencematrix [13] or play-
ers’ positionsin a virtual cell [6].
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Figure1: An example of TSC forwarding structur e

In thispaper, weproposeatopology-sensitivesubgroup commu-
nication(TSC) mechanismto supportefficient subgroup commu-
nicationin large-scalemulticastapplications.OurTSCmechanism
allows membersin a subgroup to autonomously build a TSC for-
wardingstructureconsistingof multiple unicastandscoped mul-



ticastconnections.For example,considera distribution treefor a
multicast

�
session,G, in Figure1(a). All endnodes aremembers

of G and the black endnodesaremembersof a subgroup, S. In
our scheme,whena wishesto sendpackets to othermembersin
S, packets will be deliveredas follows: (1) a 	�
 b via unicast;
(2) b 	�
 c via unicast;and, (3) c 	�

� d � e� f � via multicasting
with a TTL scopeof 2 asshown in Figure1(a). We assumethat
the multicasttree for G is a bidirectionalsharedone.1 Note that
in the example,the useof unicastcansuppressthe exposure and
theuseof scopedmulticastcanreduceduplicatepackets traversing
the samelink. Our approachdoesnot requirethe creationof new
multicastsessions,which cancompletelyeliminateany additional
multicast forwarding stateexcept thoseof the global session. It
triesto minimizetheexposureby exploiting spatiallocality among
memberswithin agivensubgroup.

Thepaperis organizedasfollows. In Section2 we discusshow
to constructandmaintaina TSC forwardingstructure.In Section
3, we evaluateand comparethe proposedTSC mechanismwith
otherschemesin variousenvironments. Wediscussrelatedwork in
Section4 andconcludein Section5.

2. TSC FORWARDI NG STRUCTURE
GivenG andS ��� a � b � c � d � e� f � asshown in Figure1(a),Fig-

ure1(b) depictsanexampleof aTSCforwardingstructureexhibit-
ing anoverlaystructureamongmembersin subgroupS. Thesolid
and dashedlines representunicastand TTL scopedmulticastre-
spectively. Subgroup membersin a TSCschemeareclassifiedinto
two types: normal or headmembers.A normalmemberis asso-
ciatedwith a headmember. Headmembers,denoted by a setHS,
communicatewith eachothervia unicastconnectionsin aTSCfor-
wardingstructure. The role of the headmembersis two-fold: 1)
they participatein constructing a unicastoverlay structure,and2)
they performscopedmulticastforwardingto their associatednor-
mal members. We definean island as a set of nodesconsisting
of a headandits normalnodes. Notethatit is possibleto have one
memberislandwheretherearenonormalnodesassociatedwith the
headnode. For example,HS ��� a � b � c � and � a � , � b � , � c � d � e� f �
areislandsin Figure1(b).

Note that if thereare only one-memberislandsin a TSC for-
warding structure,this completelyeliminatesthe memberexpo-
sure problem. However, this will introduceperformance penal-
ties, i.e., duplicatepackets on the samephysical links. The use
of TTL scopedmulticastmayreducesuchbandwidth wastesin the
casewheresubgroupmembersareclusteredwith eachother. Thus,
our goal is to build a TSC forwardingstructurewhich minimizes
wastedbandwidthwhile limiting theexposureof non-subgroupmem-
bersgivenamulticastsessionG andsubgrouppreferencesfor each
memberin G. Building TSCstructuresinvolvestwo stages:con-
structingislandsandthenconnectingislands.

2.1 Constructing islands
1Our mechanism targetsmany-to-many large-scalemulticastap-
plications where eachmembercan be a senderand/or receiver.
For suchapplications,it is generallyagreedthat sharedmulticast
routing protocolsaremoreefficient thansourcebasedones.Even
though PIM-SM, widely deployed for sharedmulticast routing,
takesa unidirectionalforwardingmechanism,we arguethat bidi-
rectionalforwardingmechanismsaremoreefficient. Thelargerthe
multicastsessionandthe morethe demand for local communica-
tion, thelargertheoverhead incurredby usingaunidirectionaltree.
Reflectingtheseobservations, the long term inter-domainrouting
solution,BorderGateway MulticastProtocol(BGMP)[9] currently
under development,constructsbidirectionalsharedtrees.

Let thesetN � a � t � bethesetof neighborsof a, i.e.,nodeswithin
a TTL distanceof t of a nodea � G, excluding a itself. Note that
if a performsa scopedmulticastwith a TTL scopeof t, packets
will bedeliveredto all thenodesin N � a � t � . Let NS � a � t � denotethe
setof subgroup Smembersin N � a � t � , i.e., � n � n � S � N � a � t ��� . For
example,in Figure1, N � c � 2����� d � e� f � g � andNS � c � 2����� d � e� f � .
For a � S anda given t, the exposure ratio βS � a � t � , is definedas
follows:2

βS � a � t ���
�

1 � if �N � a � t ����� 0 ��
N � a � t  "! NS � a � t  ��

N � a � t  � � otherwise#
Beforeproceeding,webriefly describehow eachmembercancom-
putean exposureratio for a given TTL scope.Let La be a setof
subgroupswhich amembera wishesto join. Eachmember, a � G,
periodicallymulticastsasubgroup advertisement packetcontaining
La with a fixed TTL distancek. Theneachmembercanmaintain
a TTL-neighborprofile storingtuplesof all neighboring members
andtheir subgroup lists alongwith TTL distanceup to k. 3 Figure
2 shows an example of the TTL-neighborprofile of memberc in
Figure1 whenk is 5. With the TTL-neighborprofile, eachnode
caneasilyobtainexposureratiosup to TTL scopesof k. Notethat
thescopek valueshouldbelargeenough to createanefficient and
largeisland,but alsoshouldbesmallenoughnot to incur too much
traffic.
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Figure2: TTL-neighbor profile of c in Figure 1

NotethattheexposureratioβS � a � t � canindicatewhetherascoped
multicastperformedby a with a TTL scopeof t is efficient or not.
That is, when the exposureratio is low, scopedmulticastcanbe
consideredanefficientdelivery method.

Sincewe envisagethata headnodeforwardspacketsto its nor-
mal nodesvia a TTL scopedmulticastfor subgroup communica-
tion, an islandcanbe specifiedby a headnodeandan associated
TTL scope.Notethatconstructingislandsrequires(1) eachmem-
ber in S to decideits role betweenheadandnormal,(2) a normal
nodeto decideits headnode,and(3) aheadnode,h � HS, to decide
its TTL scope,called radius, rS � h� . Note that thereis an impor-
tanttrade-off in selectingtheradius.If it is too large,theremaybe
a high exposure, and if it is too small, we underutilize the useof
scopedmulticasts.To make a trade-off, we introduceanexposure
thresholdε to control thedegreeof exposure.Thus,thegoal is to
make theradiusaslargeaspossiblefor a givenallowableexposure
threshold.Sinceeachnode,a � S, initially considers itself to bea
headcandidate,eachnodecomputesits radiusasshown in Figure
3.

2A $ B representsA minusB, i.e.,elementsfrom A thatarenot in B.�A � denotesthecardinalityof a setA.
3Distance information between memberscan be obtained by
sendersinsertinginitial TTL value in packets. This enablesa re-
ceiver nodeto computeits TTL(path)distancefrom thesender by
simply subtractingthevaluein TTL field from initial TTL value.



1: Let T �%� t � βS � a � t �'& ε � 0 ( t ( k � where0 ( ε ( 1
2: if �T ��� 0 then
3: rS � a��� 0 andβS � a � 0��� 1
4: else
5: tm = max� t � t � T �
6: if there exists tn � T such that NS � a � tn 	 1�*)�

NS � a � tn �+� NS � a � tn , 1�-�.#-#-#'� NS � a � tm 	 1�-� NS � a � tm �
then

7: rS � a�/� tn
8: else
9: rS � a�/� tm

10: end if
11: end if

Figure3: Radiusselectionalgorithm

If therearenoTTL scopevalueswith exposureratiosthatareless
thanε for a nodea (line 2), a setsits radiusandexposureratio to 0
and1 respectively (line 3). Line 5 indicatesthateachnodechooses
as large a radiusaspossiblegiven an exposure threshold. Line 6
and7 try to reducethe radiusif thereareunnecessarybandwidth
wastes.For example,considertwo caseswherea nodec chooses
its radiusas2 or 4 respectively in Figure1 (a). Even thoughthe
exposure ratiosof both casesare the same,with the selectionof
a larger radiusi.e, 4, packetswill traversemorelinks thanwith a
radiusof 2. That is, thegoalof theradiusselectionalgorithmis to
minimizebandwidth wastewhile satisfyingtheexposurethreshold
constraint.Figure4 shows an exampleof the radiusdecisionrule
for nodec in Figure1 whereanexposurethreshold,ε, is 0.4. In this
example,tm andtn are4 and2 respectively.

A weight vectorof a, wS � a� , is definedasa 3-tuple including
the exposure ratio, radiusandnodeID, i.e., & βS � a � rS � a�-� , rS � a� ,
ID � a�10 . An IP addresscanbeusedasan ID of a node. Theele-
mentsof theweightvectorareorderedin alexicographicalmanner.
That is, a weight vectorfor a node a is lessthanthatof a nodeb,
wS � a�2& wS � b� , if
1) βS � a � rS � a�-�'& βS � b � rS � b�3� or
2) βS � a � rS � a�-��� βS � b � rS � b�3� andrS � a�'& rS � b� or
3) βS � a � rS � a�-�4� βS � b � rS � b�-� andrS � a�5� rS � b� andID � a��& ID � b� .
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Figure4: Radiusselectionof c in Figure1

Onceeachmember, a, hasa weightvector, thechoiceof a head
nodeis basedon the weight associatedwith eachnode: the lower
the weight of a node,the higher its priority to assumethe role of
head. This idea is similar to the algorithmfor organizingmobile
nodes into clustersproposedin [3]. Eachnode,a, advertisesits
weightvectoronly to N � a � rS � a�-� , i.e.,performsa scoped multicast
with scoperS � a� . After gatheringneighbors’ weightvectors,each
nodenominatestheonewith thelowestweightvectorto beits head
andnotifiesits headof its decision.Onceanode,a, is electedby at
leastonenormalmember, a becomesa headmember. Note thata

1: C �6� n � HS � d � n � r �7& d � h � r ��� whered � h � r � denotesTTL dis-
tancebetweenh andr.

2: if �C �8)� 0 then
3: D � argmin

n 9 C d � n � h�
4: p � h��� argmin

n 9 D
ID � n�

5: else
6: C̄ = � n � HS �d � n � r �/� d � h � r ��� .
7: p � h��� argmin

n 9 C̄ ID � n�
8: end if

Figure5: Parent headnodeselectionalgorithm

nodecannominateitself if thereis noothernodewith lowerweight
vector.4 Also note that this algorithm may generateoverlapping
islands.

2.2 Connecting islands
Onceeachmemberdecidesits role, the headmembers,HS, are

responsiblefor connectingislands,i.e., building an overlay struc-
ture consistingof unicastconnectionsamongheadnodes. This
problem is similar to recentresearchbeing conductedon appli-
cation level multicasting[2, 4, 7]. Our solution is to build filial
relationshipsamongheadmembersbasedon TTL distanceinfor-
mation. Eachheadmemberfinds its parentheadmember. If a
headnodenominatesitself asaparentnode,it becomesa roothead
nodefor thesubgroup,S. Thisstrategy, i.e.,finding its own parent,
guarantees thatevery headmemberparticipatesin constructingthe
overlaystructure.

Supposea referencenode,r � G, periodically sendsreference
packets to the entiresession.5 Whenreceiving referencepackets,
eachmembercanobtainthedistancebetweenitself andthenode r.
Thisdistanceinformationis usedto build parent-child relationships
amongheadmembersin the session.The parentnode, p � h� of a
nodeh � HS, is selectedbasedon the following rules: Choosethe
onewith thecloserdistanceto r thanthatof itself. If multiplenodes
satisfythis condition,thenchoosethenodewhich is theclosestto
itself. If thereareagainmultiple nodes, thenchoose the onewith
thelowestID. Figure5 and6 presentthedetailedalgorithmandan
exampleof the parentselectionprocessrespectively. In Figure6,
the numberin parenthesisis the ID of thenode. Note that nodec
wouldselectits parentin Step4 of Figure5 while nodesa � b would
selecttheir parentson Step7.

r

c(4)

d(10)

b(7)a(2)

Figure6: An exampleof parent selectionalgorithm

The only requiredinformation in the above algorithmareTTL
distancesamongheadmembers.Thus,eachheadmember, h � HS,

4This includesthe casewherea nodeis so far away from other
nodesthatothernodes’weightvectorsareunavailable.
5Notethatthereferencenodeis not dependenton any subgroup.



putstwo additionalpiecesof informationin its subgroup advertise-
mentpackets:1) d � h � r � and2) thefactthatit is aheadnode.How-
ever, in thecasewhereits parentheadnodemaybe further thank
(the scopeof subgroup advertisementpackets)hopsaway, an ex-
panding ring search[5] canbe usedto find the parentheadnode.
Onceeachnode,h, sendsa parent nominationpacket, thenits par-
entnode, p � h� , sendsbackaparentconfirmationpacket, whichsets
up a filial relationship.

2.3 Forwarding and maintenance of a TSC
mechanism

While eachnode, a � S, setsup a relationshipamongmembers
in S, it needsto build a routing table,TS � a� for subgroup S com-
munication. A normalnodesimply maintainsanentry for its head
node. A headnodestoresits radiusandentriesof nodeswhichhave
filial relationships,i.e.,oneparentandits children,if any. Thera-
diusentry in the routing tablerepresentsa scopedmulticastin the
G sessionwith the TTL scopeof the radius. Thenthe following
two rulessufficefor subgroup Scommunication:(1) if anode,a, is
a sourcenode, broadcast packets over entriesin TS � a� and(2) if a
nodeis a relaynode,broadcastpacketsover entriesin TS � a� except
theonefrom which packetsarereceived.

Notethatduring themulticastsession,the interestsof members
may changeandmembersmay leave or join the global multicast
session.Suchdynamicsarehandledby periodicsubgroup adver-
tisementpackets injectedby eachmember. A changeof interest
or membershipwill producedifferentTTL-neighborprofile, lead-
ing to a changein the weight vectors. If a normalnodewishesto
changeits headnode, it notifiesthepreviousheadnodeof its inten-
tion,sothattheheadwhichnolongerhasany normalmembers,can
become a normalmember. Whena headnodeleavesor becomesa
normalnode,it notifiesits parentandchildrenof theevent,sothat
they updatetheir routing tablesandfind otherparents. Consider
the casewherenodesabruptly fail or the network is partitioned,
whereinexplicit notification is impossible. In this case,periodic
subgroup advertisement packets indicatethe livenessof members,
thusour mechanismcandynamicallyadapt to thesituation.How-
ever, sincethereis ascopelimit to subgroupadvertisementpackets
(k in Section2.1),parentandchild nodeswhosedistanceis farther
thank, needto periodicallyexchangeacknowledgmentpackets.

3. EVALUATION
Weconduct simulationsto studyvariousissuesandtrade-offs in

applying the proposedTSC mechanismin multicastapplications.
Ourgoalis to investigatein which environmentsit is advantageous
to apply the proposedmechanism.For comparison, we examine
theperformanceof thefollowing schemesfor subgroup communi-
cation.:

Global Multicast: This represents a schemethatsimply usesthe
original globalmulticastgroupG for subgroup communications.:

Unicast-Only:Thisschemeconstructsunicastoverlaytreesamong
subgroup members. Though there have beennumerousoverlay
schemespresented, we useour methodsfor constructingoverlay
structures.That is, this schemecanbeconsideredasa TSCmech-
anismwith 0 exposure ratio.:

TSC-ε: This representsour proposedschemewith anε exposure
threshold.

3.1 PerformanceMetrics
To evaluateour TSCmechanism,we usethefollowing metrics.:

Costratio: Let us definethe costof a subgroup communication
usingschemef by Cf � S� , the total number of links traversedby
packets generatedto distribute a unit amount of data for S sub-

group communication.6 For example, in the casewhere a new
multicastsessionis created,the cost of subgroup S communica-
tion, denotedby Cnew � S� , is simply thenumber of links in thetree
inducedby subgroup members.SinceCnew � S� canbe considered
optimal,we definea costratio γ f astheratio of Cf � S� to Cnew � S� ,
i.e.,γ f � Cf � S�-; Cnew � S� . A valuecloseto 1 for thecostratiometric
representsanefficient useof bandwidth.:

Globalmemberexposure ratio: Let Ef � S� beasetof membersin
G exposed while applying aschemef for subgroupcommunication
amonga setof users. The global memberexposure ratio, βf , is

definedas
�
Ef � S <! S��
Ef � S � . Thehigherthevalueof β f , themoremembers

areexposed.

3.2 Methodologies
Wemeasurethetwo above metricsby varyingthefollowing ele-

ments.:
Topologies: Weuserealmulticasttreesgatheredin [1]. Notethat

unicastpacketswill follow thesamepathtakenby multicastpack-
ets in our simulationenvironment,which may not be the casein
realworld. However, asshown in [1] thereis a topologicalclose-
nessbetweenunicastpathsandmulticastpaths.Thus,we believe
thattheperformanceresultsarevalid.:

Subgroup density: We vary densityof subgroup membersfrom
sparse,to mid-range,to dense.:

Subgroupmembership distribution: Wefollow thesamemethod-
ology asproposedin [12] to modeltopologicalcorrelationwithin
a subgroup, i.e., aswith random,affinity/disaffinity or distributed
clusters.Affinity modeemulatessubgroupdistributionswith mem-
bersthattendto clustertogetherandthedisaffinity modeis for the
subgroup memberdistribution thattendsto bespreadout.

We createa subgroup S with m nodesfor affinity anddisaffin-
ity modesas follows: initially S hasno membersandwe choose
subgroup membersone by one from the global sessionG until�S�=� m. The first node is randomlyselected. For kth node se-
lection, we assigna probability pi � α

gθ
i

to eachnodeni � G $ S,

wheregi � min
nj 9 S

d � ni � n j � andα is calculatedsuchthat ∑
ni 9 G! Spi � 1.

Then,werandomlyselectasubgroupmemberamongC �6� ni � ni �
G $ S� pi > p � where p is a randomvalue from 0 to 1.7 We use
θ � 15 andθ �?	 15 for affinity anddisaffinity respectively.

In the distributed clustersmode, a few clustersare randomly
scatteredin the treeandeachclusteris modeledaccording to the
affinity mode. We modeleda numberof clustersthatwaslinearly
increasingasadensityof subgroup increases,i.e.,0 # 3 � density , 2.:

Scopeof subgroup advertisement packet: We vary scopeof sub-
groupadvertisementpacket to investigateits impacton theperfor-
manceof our TSCmechanism.

3.3 Results
Sinceour resultsfor the varioustopologies in [1] show similar

trends,we only presentresultsfor therealmulticasttreeshown in
Figure7. It consistsof 2359nodesand1487endnodes(members).

Thefollowing figuresshow thecostratio andmemberexposure
ratio resultsvarying subgroupdensitiesfor the variousnodedis-
tributions. We set7 astheTTL scopefor subgroup advertisement
packets. In eachfigure,we presentperformancemetricsfor global
multicast,unicast-only, TSC-0.2andTSC-0.6schemes.Eachpoint
in the figuresrepresentsan averageover 100 different subgroup

6For simplicity, we assumethat a link cost is symmetricandunit
cost.However, thecostcanbegeneralizedwith inclusionof asym-
metricandvariablelink costs.
7If �C �2� 0, thenchoosedifferentp value.



Figure7: A global multicast tr eetopology

distributionsfor givendistributionmodeanddensity. Wedonot in-
cludethememberexposure ratio of theunicast-onlyschemesince
it is always0.

Figure8 showstheresultsfor randomnodedistributions.Weob-
servethatthecostratioof globalmulticastschemeheavily depends
on the densityof subgroups: the larger the densityof a subgroup
is, the lower cost ratio of global multicastis; above 20% density
globalmulticastbeatall theotherschemesin termsof thecostratio.
However, the memberexposureratio of global multicastscheme
is higher thanotherschemesfor all densities.Also note that the
memberexposureratio of global multicastis constantregardless
of subgroup members’distributions. For low densityregimes,we
observe that unicast-onlyandTSC schemesshow similar results.
This is becausemembersarerandomly distributedandthedensity
is low, TSCgeneratesone-member islandsin mostcases.As sub-
group density increases,TSC outperformsunicast-onlyby using
scopedmulticast.TSC-0.6achievesbettercostratio thanTSC-0.2
asdensityincreasessinceTSC-0.6schemeaggressively formsnon-
onememberislands.However, bettercostratio performanceis at
the expenseof morememberexposure ratio asshown in Figure8
(b).

Figure9 showstheperformanceresultsfor subgroupswith nodes
placedbasedontheaffinity distribution. Notethatsincein theaffin-
ity mode,membersarespatiallyclusteredtogether, a globalmulti-
castschemecausesan excessive costratio, e.g.,γ= 23 at 5% den-
sity. The costratio of TSC mechanismis almosttwo timeslower
thanunicast-onlyschemefor the rangeof densities.TSC-0.2and
TSC-0.6have almostthesamecostratio resultssincemembersare
clusteredso that the exposure thresholdvalue is not a major fac-
tor for creatingislandsany more.Also notethatTSCmechanisms
achieve fairly low memberexposureratios.

Figure10depictstheresultsfor thedisaffinity distributionmode.
Both cost ratio and memberexposureratio resultsshow similar
trendsto thosefor the randomcaseexcept that in the mid-range
of densities,the cost ratio of TSC mechanismsis slightly higher
thanthat of theunicast-only scheme.This canbe explainedsince
membersarespreadout from eachotherin a disaffinity mode,the
effort to form islandsin a TSCmechanismleadsto morelink ex-
posureby scopedmulticasts.However, for high densities,thecost
ratio eventuallybenefitsTSCmechanisms.

Figure11shows theperformanceresultsfor thedistributedclus-
tersdistribution mode. We observe that the resultsaresimilar to
theaffinity mode.
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Figure8: Random mode

Figures12, 13, 14 and15 show theperformance resultsfor ran-
dom,affinity, diaffinity anddistributedclustersrespectively varying
thescope(k) of subgroupadvertisementpackets, i.e.,k � 2 � 4 � 7 � 10
with TSC-0.6scheme.Note that thescopek providesa hardlimit
for theradiusof islands,i.e.,theradiuscannot belargerthank. We
observed that all four distribution modesshow similar resultsfor
varyingscopesof subgroupadvertisement packet asfollows. First,
as the scopebecomes smaller, memberexposureratio decreases.
This is intuitive sincea smallerscopedoesnot allow largeislands,
which can reducememberexposure. At the extremecasewhere
k � 0, the memberexposure ratio is 0. Second,k � 4 is the best
choicefor thecostratio metric for all distribution modes.Though
smallerscopesgeneratesmallermemberexposureratio, it mayun-
derutilizescopedmulticastto reducethe cost ratio. Also, if TTL
scopesaretoo large,they generatehigh costratiosdueto large is-
lands. Thus,an intermediatescopevaluecanproduce the lowest
scopevalue,which is k � 4 for our simulationresults.Third, even
a smallscopecangenerate pretty low costratio for all distribution
modes.For example,k � 2 achievesslightly highercostratiocom-
paredto k � 4. This result demonstratesthat most benefitfrom
scopedmulticastcanbe achieved with even small scopes.This is
an encouragingresultsincethe overheadfor control messagesfor
TSC mechanismcan be significantly reducedby using subgroup
advertisementpacketswith smallscopes.

Throughthesimulationstudies,we observed thatdifferentsub-
groupmembershipdistributionsandvaryingsubgroupdensitiesheav-
ily influencetheperformanceof theschemesfor subgroup commu-
nication. As expected, the TSC mechanismbenefitsgreatly from
clustereddistributions(affinity anddistributedclustersmodes).The
TSCmechanismalsoachievesfairly stablecostratios(from 1.5 to
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Figure9: Affinit y mode

4) irrespective of variationsin densityor distribution modes.This
featuremaybehelpful in thesituationwheretheinformationabout
the densityanddistribution characteristicof subgroups is unavail-
able.Also notethatonecanmakeatrade-off betweenthecostratio
andmemberexposureratioby varyingexposurethresholds.

4. RELATED WORK
Thescalabilityof stateassociatedwith multicastforwardingby

routershasbeenoneof thesignificantissuesfor thewide deploy-
mentof IP multicast. Reductionof multicastforwarding stateat
routerscanbeachievedthroughaggregationor eliminationof non-
branching approaches. In [10], multiple multicastforwardingen-
triesareaggregatedif entrieshave adjacentgroupaddressprefixes
andmatchingincomingandoutgoinginterfaces.The goal of dy-
namictunnelmulticast[11] andREUNITE [8] is to reducemulti-
caststatesby eliminatingnon-branching point. That is, only fan-
out (branching) pointskeepstateinformation,which is mostlyben-
eficial in asparsedistribution of members.Theclusteringschemes
aim to efficiently clustermembersinto a limited numberof multi-
castsessionsbasedonapreferencematrix [13] or players’position
in a virtual cell [6]. Note that the first two approaches(aggrega-
tion andnon-branchingelimination)areat theroutinglevel, thatis,
trying to eliminatemulticastforwardingstateat eachrouter. How-
ever, the clusteringschemesareat the applicationlevel, i.e., aim
at reducing the numberof multicastgroupsusingapplicationspe-
cific information. Thus, the first two approachescan be applied
to any single multicastgroup and the clusteringschemesare for
large-scalemulticastapplicationsrequiringlots of subgroup com-
munication, which is our aim in thispaper.

Notethatour TSCschemecompletelyeliminatescreationof ad-

0 10 20 30 40 50 60 70 80
1

1.5

2

2.5

3

3.5

4

4.5

5

Density

C
os

t r
at

io

global multicast
unicast−only
tsc−0.2
tsc−0.6

(a) Costratio

0 10 20 30 40 50 60 70 80
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Density

M
em

be
r 

ex
po

su
re

 r
at

io

global multicast
tsc−0.2
tsc−0.6

(b) Memberexposureratio

Figure10: Disaffinity mode

ditional multicastgroupsandtakesa full end-to-endapproachfor
subgroup communication. Unlike existing clusteringframeworks,
it doesnot requirecorrelatedinformationamongsubgroups,which
eliminatestheneedfor acentralpointwheretheinformationis col-
lectedandgroupingdecisionsaremade.Our approachalsoshould
be contrastedwith a numberof recentapplication-level multicast
studies,e.g.,[2, 4, 7]. First, thegoalof application-level multicast
is the replacementof IP multicastdue to a numberof challenges
suchasinfrastructuremodification,reliability, flow andcongestion
control.However, weusetheend-to-endapproachfor reductionof
multicastforwardingstatein large-scalemulticastapplications.In
our view IP multicastandapplication-level multicastmay coexist
andIP multicastwill survive asan importantdelivery mechanism
to serve large-sizedgroups. Second,our TSC mechanismis not
a simple adaptationof unicastoverlay solution to the preference
heterogeneity problem.It usesscoped multicastby exploiting spa-
tial locality amongmembers.By varying the exposure threshold,
it canpositionitself in themiddleof two extremepoints: a global
multicastandunicastoverlaysolution.

5. CONCLUSIONS AND FUTURE WORK
In this paper, we designed and evaluated a topology-sensitive

subgroup communicationmechanismto handle thepreferencehet-
erogeneity problemin large-scalemulticastapplications.Our TSC
mechanismtakesacompleteend-to-end approachwhicheliminates
additionalcreationof multicastgroups. Dependingon the local
densityof subgroupmembers,membersin thesessionself-configure
into islandsandforwardingstructures.Within islands,scopedmul-
ticast is usedto derive benefitfrom clusteredmembershipdistri-
bution andbetweenislands,unicastis usedto reduceunnecessary
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Figure11: Distrib uted clustersmode

exposure. Throughout our simulations,we observe that our TSC
mechanismperformsin aconsistentwayoverdiversedensitiesand
distributionmodesof thesubgroup. As futurework,onemightcon-
sidera dynamic applicationof differentschemesprovided onehas
on-lineinformationon subgroup densityanddistribution mode. In
addition,other interestingtopicswould be finding a morerefined
headmemberselectionalgorithmto reducethe overlapamongis-
landsandissuesconcerningsignalingoverhead.
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