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Abstract

The global deploymentof IP multicasthas beenslow
due to the dif�culties relatedto heterogeneity, scalability,
manageability, and lack of a robust inter-domainmulticast
routing protocol. Application-level multicast becomesa
promising alternative. Many overlay multicast systems
have beenproposedin recentyears. However, they are
insuf�cient in supportingapplicationsthat require large-
scaleany-source multicastwith highly varied hostcapac-
ities and highly dynamicmembership. In this paper, we
proposetwo capacity-aware multicast systemsthat focus
on host heterogeneity, dynamic membership, scalability,
and any source multicast. We extendChord and Koorde
to be capacity-aware. We then embedimplicit degree-
varying multicasttreeson top of the overlay networkand
develop multicast routines that automatically follow the
treesto disseminatemulticastmessages. Theimplicit trees
are well balancedwith workloadevenlyspreadacrossthe
network.Wealsoperformextensivesimulationsto evaluate
theproposedmulticastsystems.

1 Intr oduction

Multicast is an importantfunctionfor ef�cient informa-
tion exchangeamonga distributed,dynamicclusterof het-
erogeneousnodes.IP Multicast [1, 2] wasproposedasan
extensionof theInternetdatagramserviceto supportgroup-
orientedcommunicationor multi-point packet delivery at
thenetwork level. With IP Multicast, thedata�o w from a
sourcenodeisdeliveredef�ciently toall interestedreceivers
througha distribution tree. The global deployment of IP
multicasthasbeenslow due to the dif�culties relatedto
heterogeneity, scalability, manageability, lack of a robust
inter-domainmulticastroutingprotocol,andsoforth.

In recentyears,many researchpapers(e.g., [3, 4, 5, 6,
7, 8, 9]) pointed out the disadvantagesof implementing
multicast at the IP level, and argued for an application-
level overlay multicast service. More recentwork (e.g.,
[10, 11, 12, 13,14, 15, 16]) studiedoverlaymulticastfrom

differentaspects.
Therearefour importantdesignissuesto beaddressedin

anoverlaymulticastsystem.
² hostheterogeneity: Memberhostsmayvarywidely in

theircapacitiesin termsof CPUpower, memory, or network
bandwidth.Somemaybeableto supporta largenumberof
directchildren,but othersmayonly supportfew.

² dynamicmembership: Membersmay join andleave
atany time. Thesystemmustbeableto ef�ciently maintain
themulticasttreefor adynamicgroup.

² any source multicast: The systemshouldallow any
memberto senddatato othermembers.A multicasttree
thatis optimalfor onesourcemaybebadfor anothersource.
On theotherhand,onetreepermemberis toocostly.

² scalability: Thesystemmustbeableto scaleto avery
large Internetgroup. It shouldbe fully distributedwithout
singlepointof failure.

None of the existing systemsmeet the above four re-
quirements.

To handledynamicgroupsandensurescalability, novel
proposalswere made to implement multicast on top of
P2P overlay networks. For example, Bayeux [17] and
Borg [18] were implementedon top of Tapestry[19] and
Pastry[20] respectively, andCAN-basedMulticast[21] was
implementedbasedon CAN [22]. The schemeof overlay
multicastingcan be extendedto other structuredpeer-to-
peernetworks. El-Ansaryet al. studiedef�cient broadcast
in a Chordnetwork, andtheir approachcanbeadaptedfor
the purposeof multicast[23]. Castroet al. comparesthe
performanceof tree-basedand�ooding-basedmulticastin
CAN-styleversusPastry-styleoverlaynetworks[24].

Hostheterogeneityis notaddressedin theabovesystems
that assumeeachnodehave the samenumberof children.
While overlay multicast can be implementedon top of
overlayunicast,they alsohave very differentrequirements.
In overlay unicast, low-capacitynodesonly affect traf�c
passingthroughthemandthereforethey createbottlenecks
of limited impact. In overlaymulticast,all traf�c will pass
all nodesin thegroup.Themulticastthroughputis decided
by the nodeof the smallestthroughput,particularly in the
caseof reliabledelivery. Thestrategy of assigninganequal
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numberof children to eachintermediatenodeis far from
optimal. If thenumberof childrenis settoo high, the low-
capacitynodeswill be overloaded,which slows the entire
sessiondown. If the numberof children is set too low,
the high-capacitynodeswill be under-utilized. To support
ef�cient multicast,weshouldallow nodesin aP2Pnetwork
to have differentnumbersof neighbors.

Shi et al. provedthatconstructinga minimum-diameter
degree-limitedspanningtreeis NP-hard[25]. Centralized
heuristic algorithms were proposedto balancemulticast
traf�c amongmulticastservicenodes(MSNs)andto main-
tain low end-to-endlatency [25, 26]. The algorithmsdo
not addressthe dynamicmembershipproblem,i.e., MSN
join/departure. Overlay Multicast Network Infrastructure
(OMNI) [27] dynamicallyadaptsits multicasttreeto mini-
mizethelatenciesto theentireclientset.It is designedfor a
singlesourceandthereforenot suitablefor interactive mul-
ticastapplicationssuchasdistributedgames.Riabov et al.
proposedaconstant-factorapproximationalgorithmfor the
problemof constructingasingle-sourcedegree-constrained
minimum-delaymulticasttree[28]. It is not a distributed
algorithm,whichis thefocusof thispaper. Yamaguchietal.
describeda distributedalgorithmthat maintainsa degree-
constrainedmulticasttree for a dynamicgroup [29]. The
single-treeapproachleaves the capacitiesof the majority
nodes(leafs)unused,which affectsthe overall throughput
in multi-sourcemulticasting.In addition,a singletreemay
bepartitionedbeyondrepairfor ahighly dynamicgroup.

Given the above limitations, the existing multicastal-
gorithmsarenot suf�cient in supportingdistributedappli-
cationsthat require large-scaleany-sourcemulticastwith
highly variedhostcapacitiesandhighly dynamicmember-
ship. This paperproposestwo capacity-aware multicast
systemsthat satisfyall four requirementsdiscussedprevi-
ously. We modelthe capacityasthe maximumnumberof
direct children that a nodeis willing to forward multicast
messages.We extend Chord [30] and Koorde[31] to be
capacity-awareandthey arecalledCAM-ChordandCAM-
Koorde,respectively.1 A dedicatedCAM-Chordor CAM-
Koordeoverlay network is establishedfor eachmulticast
group. We then embedimplicit degree-varying multicast
treeson top of CAM-Chord or CAM-Koordeanddevelop
multicast routines that automaticallyfollow the implicit
multicasttreesto disseminatemulticastmessages.Dynamic
membershipmanagementandScalabilityareinheritedfea-
tures from Chord or Koorde. Host heterogeneityand
capacity-awaremulticastareaddedfeatures.

The rest of the paperis organizedas follows. Section
2 gives an overview of our proposedsystems. Section
3 and Section4 describeCAM-Chord and CAM-Koorde
in details, respectively. Section5 discussessomerelated
issues.Section6 presentsthethesimulationresults.Section

1CAM standsfor Capacity-AwareMulticast.

7 draws theconclusion.

2 Overview

Considera multicastgroup G of n nodes. Eachnode
x 2 G hasa capacitycx , specifyingthemaximumnumber
of direct child nodesto which x is willing to forward the
received multicastmessages.The value of cx shouldbe
maderoughlyproportionalto theuploadbandwidthof node
x. Intuitively, x is ableto supportmoredirect childrenin
a multicasttreewhenit hasmoreuploadbandwidth. In a
heterogenousenvironment,thecapacitiesof differentnodes
mayvaryin awiderange.Ourgoalis to constructaresilient
capacity-aware multicastservice,which meetsthe capac-
ity constraintsof all nodes,allows frequentmembership
changes,anddeliversmulticastmessagesfrom any source
to the group membersvia a dynamic,balancedmulticast
tree.No prior work possessesall thesefeatures.

Our basic idea is to build a multicast serviceon top
of a capacity-aware stucturedP2Pnetwork. We focuson
extendingChord[30] andKoorde[31] for sucha service.
The resultingsystemsare called CAM-Chord and CAM-
Koorde,respectively. Theprinciplesandtechniquesdevel-
oped in this papershouldbe easily applied to other P2P
networksaswell.

A CAM-Chord or CAM-Koorde overlay network is
establishedfor eachmulticastgroup. All membernodes
(i.e., hostsof the multicastgroup) are randomlymapped
by a hashfunction (suchasSHA-1) ontoan identi�er ring
[0; N ¡ 1], wherethe next identi�er after N ¡ 1 is zero.
N (= 2b) shouldbe large enoughsuchthat the probability
of mappingtwo nodesto the sameidenti�er is negligible.
Givenanidenti�er x 2 [0; N ¡ 1], wede�ne successor(x) as
thenodeclockwiseafterx on thering, andpredecessor(x)
the nodeclockwisebeforex on the ring. bx refersto the
nodewhoseidenti�er is x; if thereis not sucha node,then
it refersto successor(x). Nodebx is saidto beresponsiblefor
identi�er x. With a little abuseof notation,thenotations,x,
bx, successor(x), andpredecessor(x) mayrepresentanodeor
the identi�er that thenodeis mappedto, dependingon the
appropriatecontext wherethenotationsappear. Giventwo
arbitraryidenti�ers x andy, (x; y] is an identi�er segment
that starts from (x + 1), moves clockwise, and endsat
y. The size of (x; y] is denotedas (y ¡ x). Note that
(y ¡ x) is alwayspositive. It is the numberof identi�ers
in the segmentof (x; y]. The distancebetweenx andy is
jx ¡ yj = jy ¡ xj = minf (y ¡ x); (x ¡ y)g.

Before we overview the proposedCAMs, we brie�y
review Chord and Koorde. Each node x in Chord has
O(log2 n) neighbors,which areresponsiblefor identi�ers
(x + 2i ) modN , 8i 2 [1:: log2 N ]. It takesO(log2 n) hops
with high probability to �nd a node responsiblefor any
given identi�er. Koordeforms a de Brujin graphamongst
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the nodes. With k neighborsper node, it �nds a node
responsiblefor any givenidentifersin O(logk n) hopswith
highprobability. Readersarereferredto theoriginalpapers
for moredetails.

Our �rst systemis CAM-Chord. Differentfrom Chord,
the number of neighborsof a node in CAM-Chord is
relatedto thenode's capacity. Not all nodeshave thesame
numberof neighbors.In particular, eachnodex maintains
O(cx

log n
log cx

) neighborsthatareresponsiblefor thefollowing
identi�ers, (x + j £ ci

x ) modN , 8j 2 [1::cx ¡ 1], 8i 2
[0:: log N

log cx
¡ 1].2 Nodex selectscx neighborsas its direct

childrenin themulticasttreeandeachof thecx neighbors
handlesa subtreeof similar size. The robustnessof the
systemcomesfrom themaintenanceprotocolof Chord.

Thesecondsystemis CAM-Koorde,which differsfrom
Koordein boththenumberof neighborsandhow theneigh-
borsarecalculated.Thedifferenceis critical in constructing
balancedmulticast trees. Again, nodes have different
numbersof neighborsif their capacitiesaredifferent.Each
nodex hascx neighbors,and the neighboridenti�ers are
derived by shifting x one or more bits to the right and
then replacingthe highestbits with a certainnumber. In
comparison,Koordeshifts x onedigit (basek) to the left
andreplacesthe lowestdigit. This subtledifferencemakes
surethatCAM-Koordespreadsneighborsof a nodeevenly
on the identi�er ring while neighborsin Koorde tend to
clustertogether.

CAM-Chord maintainsa larger number of neighbors
thanCAM-Koorde(by a factorof O( log n

log cx
)), which means

larger maintenanceoverhead. On the other hand,CAM-
Chordis morerobustand�e xible becauseit offersbackup
pathsin its topology[32]. The two systemsachieve their
bestperformancesunderdifferentconditions.

² If node capacitiesare small, CAM-Koorde is not
resilientagainstfrequentmembershipchanges.Theoverlay
network may even be partitionedasnodesdepart. CAM-
Chordis a betterchoicein suchanenvironmentbecauseof
denserconnectivity. In addition,our simulationsin Section
6 show that CAM-Chord hasmuchshorterdelivery paths
thanCAM-Koordewhennodecapacitiesaresmall.

² If nodecapacitiesarelarge,themaintenanceoverhead
of CAM-Chord is signi�cant. Meanwhile the robustness
of CAM-Koordeis improvedwith an increasednumberof
neighbors. Furthermore,when the nodecapacitiesreach
certainlevel, the averagepathlengthsof CAM-Chord and
CAM-Koordebecomemore or less the same,as demon-
stratedby our simulations.Hence,CAM-Koordebecomes
abetterchoice.

2Thereis a disparitybetweenthenumberof neighbors,cx
log n
log cx

, and

thenumberof identi�ers, cx
log N
log cx

. That is becausesomeneighborswill
be responsiblefor morethanoneof thoseidenti�ers, similar to the same
disparityin theoriginalChord.

neighbor identifiers at the top level

neighbor identifiers at the second top level

x

segments of identifiers 

Figure 1. Neighbor identi�er s at the top two
levels

3 CAM-Chord Approach

CAM-Chord is an extension of Chord. It takes the
capacityof eachindividual node into consideration. We
�rst describeCAM-Chord as a regular P2Pnetwork that
supportsthelookuproutine,andthenpresentour multicast
algorithmon topof CAM-Chord.

Themembersof amulticastgroupusethelookuproutine
to join andleave theoverlay topology. CAM-Chord is not
designedfor datasharingamongpeersasmostotherP2P
networks (e.g.,Chord [30]) do. ThereareNO dataitems
associatedwith the identi�er space.Eachmulticastgroup
forms its own CAM-Chord network. The CAM-Chord
overlay provides the foundation for dynamic capacity-
awaremulticasting.

3.1 Neighbors

Insteadof maintaining O(log n) neighborsas Chord
does,eachnodex in CAM-Chord maintainsO(cx

log n
log cx

)
neighbors,which arenodesresponsiblefor the identi�ers
(x + j £ ci

x ) modN , denotedas x i;j , 8j 2 [1::cx ¡ 1],
8i 2 [0:: log N

log cx
¡ 1]. i and j arecalled the level andthe

sequencenumberof x i;j . The top two levels of neighbor
identi�ers are illustratedin Figure1. Thereare (cx ¡ 1)
neighboridenti�ers ateachlevel. Thehigherthelevel is, the
wider theneighboridenti�ers areseparated.Let x0;0 = x.

Figure 2 illustratesan 8-nodeexample of the CAM-
Chord network. The neighborsof nodex are shown by
arrows. The namespaceis [0::31], and the capacityof x
is 3. x0;1 = x + 1, x0;2 = x + 2, andx1;1 = x + 3. Node
x+ 4 areresponsiblefor theseidenti�ers. It meansthat dx0;1,
dx0;2, and dx1;1 referto thesamenodex + 4. Similarly, dx1;2

refersto nodex + 8, dx2;1 refersto nodex + 13, dx2;2 refers
to nodex + 18, anddx3;1 refersto nodex + 29.

Consideranarbitraryidenti�er k. Let

i = b
log(k ¡ x)

logcx
c (1)
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x

x

x+21

x+18

x+13

x+8

x+4

x+29

x+26

Figure 2. Neighbor s of x. N = [0::31]. cx = 3.

j = b
k ¡ x

ci
x

c (2)

It canbeeasilyveri�ed thatx i;j is theneighboridenti�er of
x that is counter-clockwiseclosestto k, which meansdx i;j

is theneighbornodeof x that is counter-clockwiseclosest
to nodebk.3 We call i the level andj thesequencenumber
of k with respectto x.

3.2 Lookup Routine

CAM-Chord requiresa lookup routine in order to sup-
port group managementfor a dynamicmulticastsession.
This routinereturnstheaddressof nodebk responsiblefor a
given identi�er k. x:f oo() denotesa procedurecall to be
executedat x. It is a local (or remote)procedurecall if x is
thelocal (or a remote)node.Thesetof identi�ers thatx is
responsiblefor is (predecessor(x); x]. Thesetof identi�ers
thatsuccessor(x) is responsiblefor is (x; successor(x)]. An
identi�er region (x; y] startsfrom x, movesclockwise,and
endsat y.

x.LOOKUP(k)
1. if k 2 (x; successor(x)] then
2. return theaddressof successor(x)
3. else
4. i Ã blog k ¡ x

log cx
c

5. j Ã bk ¡ x
ci

x
c

6. if k 2 (x; dx i;j ] then
7. return theaddressof dx i;j

8. else
/* forwardrequestto next hopx i;j */

9. return dx i;j :LOOKUP(k)

First the LOOKUP routine checksif k is betweenx
and successor(x). If so, LOOKUP returnsthe addressof
successor(x). Otherwise,it calculatesthe level i and the

3It is possiblethat dx i;j = bk if thereis not a nodebetweenx i;j andk
on thering.

sequencenumberj of k. If k fallsbetweenx anddx i;j , which
meansdx i;j is responsiblefor the identi�er k, LOOKUP
returns the addressof dx i;j . On the other hand, if dx i;j

precedesk, thenx contactsdx i;j to handletherequest,which
makes a greedyprogressto move the requestcloserto k
becausedx i;j is x's closestneighborprecedingk.

As an example,considerthe CAM-Chord ring in Fig-
ure 2. Supposenodex wants to �nd the addressof the
nodethatis responsiblefor identi�er x + 25. Thelevel and
the sequencenumberof identi�er x + 25 areboth 2 with
respectto x. Recall that dx2;2 refersto nodex + 18 andit
precedesx + 25. By Line 9, the requestis forwardedto
thenode(x + 18). Nodex + 18 repeatstheabove process
by executing(x + 18).LOOKUP(k). Supposethecapacity
of node(x + 18) is also 3. The level and the sequence
numberof identi�er x + 25 are 1 and 2 with respectto
x + 18. Because \(x + 18)1;2 refersto thenodex + 26 and
x + 25 2 (x + 18; x + 26], by Lines 6-7, the addressof
nodex + 26 is returned.

Due to space limitation, we omit the proof for all
theorems.

Theorem1 Letcx , for all nodesx, beindependentrandom
variablesof certain distribution. Theexpectedlengthof a
lookuppathin CAM-Chord is O(¡ ln n

ln E ( ln c x
c x

)
).

Theorem2 Supposethe nodecapacitycx follows a uni-
form distribution with E(cx ) = c. Theexpectedlengthof a
lookuppathin CAM-Chord is O( log n

log c ).

3.3 TopologyMaintenance

BecauseCAM-Chord is an extensionof Chord,we use
thesameChordprotocolsto handlememberjoin/departure
andto maintainthe correctsetof neighborsat eachnode.
The only differenceis that our LOOKUP routinereplaces
the Chord LOOKUP routine and the rest of the Chord
protocolsstay the same. The detailsof the protocolscan
befoundin [30].

3.4 Multicast Routine

Ontopof theCAM-Chordoverlay, wewantto implicitly
embeda dynamic,roughlybalancedmulticasttreefor each
sourcenode.Theoutdegreeof eachintermediatenodein a
treedoesnot exceedits capacity. It shouldbeemphasized
that no explicit tree is built. Given a multicastmessage,
thesourcex executesa MULTICAST routine,which sends
the messageto cx selectedneighbors. Upon receipt of
a multicastmessage,a nodewill also executesthe same
MULTICAST routine and the messageare propagatedto
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morenodes.Thecollective executionof theMULTICAST
routineat differentnodesmakessurethat themessagefol-
lowsacapacity-awaremulticasttreeto reacheverymember.

Let msg bea multicastmessageandk indicateaniden-
ti�er region (x; k]. The goal of x.MULTICAST(msg; k)
is to deliver msg to all nodesin (x; k]. The basicidea is
describedasfollows: x choosescx child neighborsthatsplit
(x; k] into cx subregionsasevenaspossible,asillustratedin
Figure1. Eachsubregion beginsfrom onechosenneighbor
andendswith thenext clockwisechosenneighbor. x sends
eachchosenneighbora controlmessage,which carriesthe
messageaswell asthesubregion assignedto this neighbor.
After the neighborreceives the message,it forwards the
messageusing the samemethodrecursively until the size
of the subregion is reducedto zero. The processdivides
(x; k] into non-overlappingsubregionsandhenceno node
will receive themessagetwice. Thekey is how to selectthe
child neighbors.

x.MULTICAST(msg,k)
1. if k = x then
2. return
3. else
4. i Ã blog k ¡ x

log cx
c

5. j Ã bk ¡ x
ci

x
c

/*selectchildrenfrom level-i neighbors
precedingk*/

6. k0 Ã k
7. for m = j down to 1
8. dx i;m :MULTICAST(msg; k0)
9. k0 Ã x i;m ¡ 1

/* select(cx ¡ j ¡ 1) childrenfrom
level-(i ¡ 1) neighbors*/

10. l Ã cx

11. for m = cx ¡ j ¡ 1 down to 1
12. l Ã l ¡ cx

cx ¡ j /* for evenseparation*/
13. \x i ¡ 1;dl e.MULTICAST(msg; k0)
14. k0 Ã x i ¡ 1;dl e ¡ 1

/* selectx's successor*/
15. dx0;1.MULTICAST(msg; k0)

To split (x; k] evenly, x �rst calculatesthelevel i andthe
sequencenumberj of k with respectto x (Line 4-5). Then
neighborsdx i;m (8m 2 [1::j ]) at the i th level precedingk
areselectedaschildrenof x in themulticasttree(Line 6-9).
Wealsoselectx'ssuccessor, which is dx0;1 (Line 15). Since
j + 1 maybelessthancx , in orderto fully usex'scapacity,
cx ¡ 1¡ j neighborsatthe(i ¡ 1)th levelarechosen;Line10-
14ensuresthattheselectionis evenlyspreadat the(i ¡ 1)th
level. Becausethe algorithmselectsneighborsthat divide
(x; k] asevenaspossible,it constructsa multicasttreethat
is roughly balanced.At Line 9, we optimize the codeby
using k Ã x i;m ¡ 1 insteadof k Ã dx i;m ¡ 1. That is

x

x+29
x+18x+4

x+8 x+26x+21x+13

Height=3

Height=2

Figure 3. Multicast Spanning Tree

becausethereis no nodein (x i;m ; dx i;m ) by the de�nition
of dx i;m .

ConsidertheCAM-Chordtopologyin Figure2. Accord-
ing to thealgorithmof MULTICAST, theimplicit multicast
tree rootedat x is shown in Figure 3. A sourcenodex
initiatesthedeliveryof amulticastmessagemsg by calling
x.MULTICAST(x ¡ 1; msg), whosedistributed,recursive
executionmakessurethatevery membernodewill receive
one and only one copy of the message. By Line 4-5,
the level and the sequencenumberof x ¡ 1 is 3 and 1
respectively. By Line 6-9, x forwardsmsg to dx3;1 (node
x + 29) with assignedsegment(x + 29; x + 31]. By Line
10-14,x forwardsmsg to dx2;2 (nodex + 18) with assigned
segment(x + 18; x + 26]. By Line 15,x forwardsmsg to
dx0;1 (nodex + 4) with assignedsegment(x + 4; x + 17].
After (x + 18) receives the message,the execution of
(x + 18).MULTICAST(x + 26; msg) will forward the
messageto nodes(x + 21) and(x + 26). Similarly, (x +
4).MULTICAST(x + 17; msg) will forwardthemessageto
nodes(x + 8) and(x + 13).

Becauseeach multicast group forms its own overlay
network, multicast is implementedas broadcast. The
broadcastin Chord has been studied in [23]. Given a
message,thesourcenodeforwardsit to all M = O(log n)
neighbors,andeachneighborx is responsiblefor delivering
themessageto theidenti�er segment(x; y), wherey is the
next neighborafter x. More speci�cally, x forwardsthe
messageonly to its neighborsin (x; y), andtheseneighbors
arethenresponsiblefor delivering the messageto smaller
segmentsin a similar way. This processrepeatsuntil all
nodesreceive a copy of the message.Becausethe nodal
degreeandthe treedepthareboth O(log n), the multicast
tree is not optimal. Considerthe �rst hop from the root
to its neighbors. Becausethe size of (x; y) rangesfrom
N=2 to N=2M , thedepthsof theroot's subtreesrangefrom
O(log n) to O(1). Therefore,the whole multicasttree is
not balanced.Moreover, any subtreeis not balanceddueto
thesamereasonthat thespacingbetweenChordneighbors
variesexponentially. At thehth level of themulticasttree,
thenumberof childrenpernoderangesfrom 1 to (M ¡ h)
[23], independentof thenode's capacity.

Our multicastalgorithm is similar to the algorithm of
[23] but hasdifferencesto make the multicasttreesbetter
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balancedandcapacity-aware.First of all, in a CAM-Chord
multicasttree,thenumberof childrenfor aninternalnodeis
alwaysequalto thenode'scapacityaslongasthenodeisnot
at thebottomlevelsof the treewheretherearenot enough
child nodesto �ll upthecapacitiesof parentnodes.Second,
if the capacitiesof all nodesare the same,our algorithm
still performsdifferently than[23]. It balancesthe treeby
makingsurethat thenumberof childrenpernodedoesnot
vary from subtreeto subtreeor from level to level aslong
asthenodeis not at thebottomlevelsof thetree. Thetree
depthis O( log n

log c ) if thenodeshavethesamecapacityc. This
propertyis dueto Lines6-14,which choosethechildrenof
a nodesuchthatthey areasevenly spacedaspossible.The
costfor capacityawarenessandbetterbalancedtreesis that
eachnodehasmoreneighborsthanChord.

Theorem3 Letcx , for all nodesx, beindependentrandom
variablesof certain distribution. Theexpectedlengthof a
multicastpathin CAM-Chord is O(¡ ln n

ln E ( ln c x
c x

)
).

Theorem4 Supposethe nodecapacitycx follows a uni-
form distribution andE(cx ) = c. Theexpectedlengthof a
multicastpathin CAM-Chord is O( ln n

ln c ).

4 CAM-K oordeApproach

This sectionproposesCAM-Koorde.For any nodex in
CAM-Koorde,its numberof neighborsis exactly equalto
its capacitycx . Themaintenanceoverheadof CAM-Koorde
is smallerthanthatof CAM-Chorddueto a smallernumbr
of neighbors.

Like Koorde,CAM-KoordeembedstheBruijn graphin
the identi�er ring. On the other hand, it has two major
differencesfrom Koorde,whicharecritical to ourcapacity-
awaremulticastservice.

² The �rst differenceis aboutneighborselection. The
neighboridenti�ers of a nodex in Koordearederived by
shifting x onedigit (basek) to the left andthenreplacing
the last digit with 0 throughk. The neighboridenti�ers
differ only at thelastdigit. Consequentlythey areclustered
andoftenrefer to thesamephysicalnode.For thepurpose
of multicast,we want the neighborsto spreadevenly on
the identi�er ring. The neighboridenti�ers of a nodex in
CAM-Koordeare derived by shifting x one or more bits
to the right and then replacingthe high-orderbits with 0
throughcertainnumber. The neighboridenti�ers differ at
thehigh-orderbits,andthereforethey areevenlydistributed
on theidenti�er ring.

² The seconddifferenceis aboutthe numberof neigh-
bors.Koorderequiresevery nodeto have thesamenumber
of neighbors.CAM-Koordeallows nodesto have different
numbersof neighbors.

36

41

57

25

9

4

12

37

18

50

Neighbors in 
the basic group

Neighbors in
 the third group

Neighbors in
the second group

35

Figure 4. CAM­Koor de topology with identi�er
space [0..63]

4.1 Neighbors

Let N = 2b. In CAM-Koorde, x has cx neighbors,
which arecategorizedinto threegroups.All computations
areassumedto bemoduloN .

² The basic group has four neighbors. Two are x's
predecessorand successor. The other two are the nodes
responsiblefor identi�ers (x=2) and2b¡ 1 + (x=2), respec-
tively.

² After the basic group, there are cx ¡ 4 remaining
neighbors.Let s = blog(cx ¡ 4)c. If s > 1, we shallshift
x by s bits to theright to derive theneighboridenti�ers.4 If
s > 1, thenlet t = 2s; otherwiselet t = 0. Theneighbors
in thesecondgrouparethenodesresponsiblefor identi�ers
(i £ 2b¡ s + x=2s), 8 i 2 [0::t ¡ 1].

² After thebasicandsecondgroups,therearet0 = cx ¡
4 ¡ t remainingneighbors.Let s0 = s + 1. Theneighbors
in the third grouparethe nodesresponsiblefor identi�ers
(i £ 2b¡ s0

+ x=2s0
),8i 2 [0::t0 ¡ 1].

It is requiredthatcx ¸ 4. Thebasicgroupis mandatory.
Theoptionalsecondandthird groupspick uptheremaining
neighbors.

An exampleis givenin Figure4, showing theneighbors
of node36 (100100)whosecapacityis 10. Thebinaryrep-
resentationof thenodeidenti�er is givenin theparentheses.
Thebasicgroupis

f 35 (100011); 37 (100101); 18 (010010); 50 (110010)g

Thesecondgroupis

f 9 (001001); 25 (011001); 41 (101001); 57 (111001)g

Thethird groupis

f 4 (000100); 12 (001100)g

4If s = 1, it meansto shift onebit. Thebasicgroupalreadydoesthat.
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4.2 Lookup Routine

De�nition 1 Giventwo b-bit identi�ers x andk, if an l-bit
pre�x of x matchesan l-bit suf�x of k, wesayx andk share
l ps-commonbits. x = k if thetwosharebps-commonbits.

Similar to CAM-Chord, a lookup routine is neededin
CAM-Koordefor memberjoin/departure.First consideran
N -nodenetwork with every identi�er having a correspond-
ing node. Given an identi�er k, supposenode x wants
to query for the addressof nodek. The lookup routine
forwards the lookup requestalong a chain of neighbors
whoseidenti�ers shareprogressively moreps-commonbits
with k. Startingfrom x, we identify a neighborthathasthe
longestpre�x matchingthe suf�x of k. More speci�cally,
if the third groupis not emptyanda third-groupneighbor
canbederivedby selectingthe(blog(cx ¡ 4)c+ 1) bitsof k
thatprecedesthecurrentps-commonbitsandshifting them
from theleft into x, thenthelookuprequestis forwardedto
this neighbor. Otherwise,if thesecondgroupis not empty
and a second-groupneighborcan be derived by selecting
the blog(cx ¡ 4)c bits of k that precedesthe currentps-
commonbitsandshiftingthemfrom theleft into x, thenthe
lookuprequestis forwardedto thisneighbor. Otherwise,we
forwardtherequestto a �rst-group neighborthat increases
thenumberof ps-commonbits by one. To determineeach
subsequentnodeon the forwardingpath,a similar process
repeatsby shifting morebits of k into the identi�er of the
next hop receiver. After at most b hops, the requestcan
reachnodek.

Now supposen ¿ N , which is normally thecase.We
still calculatethechainof neighboridenti�ers in theabove
way, which essentiallytransformsidenti�er x to identi�er
k in a seriesof steps,eachstepaddingone or more bits
from k. Oncethe next neighboridenti�er y on the chain
is calculated,the requestis forwardedto by, which in turn
calculatesits neighboridenti�er thatshouldbethenext on
theforwardingpathandthenforwardstherequest.

The pseudocode of the LOOKUP routine is shown
below. It usesthe high-orderbits of the node identi�er
to matchthe low-order bits of k, which is different from
Koorde's routineandis critical for our multicastroutine,to
bediscussedshortly.

x.LOOKUP(k)
1. if k 2 (predecessor(x); x] then
2. return theaddressof x
3. if k 2 (x; successor(x)] then
4. return theaddressof successor(x)
5. let m1 bethenumberof ps-commonbitsshared

by x andk
6. �nd theneighbory thatsharesthelargestnumber

m2 of ps-commonbitswith k
7. if m1 · m2 then

1

4

46

36

37 41 5735259

61

1812 50

21 30

Figure 5. Multicast Spanning Tree

8. return y.LOOKUP(k)
9. else
10. if jk ¡ predecessor(x)j < jk ¡ successor(x)j then
11. return predecessor(x).LOOKUP(k)
12. else
13. return successor(x).LOOKUP(k)

Koorde usesChord's protocolswith a new LOOKUP
routinefor nodejoin/departure,sodoesCAM-Koorde.

4.3 Multicast Routine

Whena nodereceivesa multicastmessage,it forwards
themessageto all neighborsexceptthosethathavereceived
orarereceiving themessage.Becauseneighborconnections
are bidirectional, it is easy for a node to perform the
checkingthrougha shortcontrol packet. The overheadis
negligible whenthemessageis large,e.g.,avideo�le. Note
thata nodedoesnot have to wait for theentiremessageto
arrive beforeforwardingit to neighbors.Theforwardingis
doneonperpacketbasis,but thecheckingisperformedonly
for the�rst packet of a message,whichcarriesthemessage
header. The pseudocodeof the MULTICAST routine is
shown below.

x.MULTICAST(msg)
1. for eachneighbory do
2. if y hasnot receivedor is not receiving msg then
3. y.MULTICAST(msg)

WegiveanexamplebasedontheCAM-Koordetopology
in Figure 4. For simplicity, assumethe node capacities
are all 10. An implicit multicasttree is shown in Figure
5, which is rooted at node 36. When the sourcenode
36 initiates the delivery of a multicast messagemsg by
calling MULTICAST(msg), it forwards the messageto
all its neighbors,nodes9,12,18,25,35,37,41,50,57,and 4.
The neighborsthenforward the received messageto their
neighborsthathave not received themessages,forming an
implicit multicasttree.

Theorem5 Letcx , for all nodesx, beindependentrandom
variablesof certain distribution. The expectedlength of
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a multicastpath in CAM-Koorde from a source nodeto a
membernodeis O(log n=E(log cx )) .

Theorem6 Supposethe nodecapacitycx follows a uni-
form distribution and E(cx ) = c. Theexpectedlengthof
a multicastpath in CAM-Koorde from a source nodeto a
membernodeis O(log n= logc)) .

5 Discussion

5.1 Treebuilding versus�ooding

To accomplish application-level multicast based on
structuredP2Pnetworks,therearetwo generalapproaches:
tree building and �ooding, categorized by [24]. In the
approachof tree building, nodesfrom different multicast
groupsparticipatein a single overlay network, and each
groupformsa multicasttreeon top of theoverlaynetwork
by using reverse path forwarding. In the approachof
�ooding, eachgroupformsits own overlaynetwork, which
transformsmulticastto broadcastwithin the overlay. We
call thesingleoverlaynetwork in thetree-building approach
as global overlay, in order to distinguishit from the per-
groupovelaysin the�ooding approach.

Castroetal. performedextensivesimulationsto evaluate
thetwoapproachesbyusingbothPastryandCAN [24]. The
paperconcludedthat building per-group overlays incurs
signi�cantly more overheadthan building per-group trees
on a global overlay. Therefore,the tree-building approach
is abetterchoicein general.

On the other hand, there also exist several common
situationswherethe �ooding approachis preferred.First,
aspointedout in [24], dueto administrative reasons,it may
beundesiredfor externalnodesto relaythemulticasttraf�c.
Furthermore,the tree-building approachneedsto maintain
the multicasttreenot only whena groupmemberchanges
but alsowhenanon-groupmemberthatis in thetreeleaves
theoverlay.

Second,theendusersmaynot alwaysstayin theglobal
overlayin anticipationfor possiblefuturemulticastcommu-
nication. The observationsin [33] showed that over 20%
of theconnectionslast1 minuteor lessand60%of the IP
addresseskeepactive in the FastTrack P2Psystemfor no
morethan10 minuteseachtime after they join thesystem.
If thecommonpatternof endusersis to launchanoverlay
multicastsoftware(possiblyvia a browser)beforejoining
a multicastgroup and quit the software when leaving the
group, then the overheadsaving by a global overlay may
bejeopardizedbecausead-hocusershave to join theglobal
overlayanywaybeforejoiningmulticasttreesandtheglobal
overlayhasamuchlargersizethantheper-groupoverlays.

Third, the �ooding approachdistributes forwarding
workloadmoreevenly over all groupmembers.In thetree-
building approach,there is one multicast tree per group.
The multicastmessagesfrom groupmemberstravel to the
root �rst and then disseminateto all other nodes. An
internalnodein the tree forwardsevery message,while a
leaf nodenever forwardsa message.Let k be the average
numberof childrenandM bethetotal sizeof all messages.
If k > 2, then the majority of nodeswill be leaves. The
averageforwardingloadof aninternalnodeis O(kM ); the
forwarding load of a leaf node is zero. In the �ooding
approach,thereis one implicit tree per node. Eachnode
servesasan internalnodein someimplicit treesanda leaf
in othertrees.Every nodein thegroupreceivesM traf�c.
Supposetherearen nodes.Thetotal volumeof forwarding
load is thereforenM , and this load is spreadamongall
nodes.If thetraf�c sourcesarewell distributed,mostnodes
are likely to have comparableforwarding load, which is
O(nM =n) = O(M ).

TheproposedCAMsfall in the�ooding category. Weare
currently investigating the capacity-aware multicastprob-
lemfollowing thetree-building approach.An observationis
that themulticasttreeis constrainedby thenodecapacities
but the global overlay is not. How to matchthe disparity
raisessomeinterestingdesignissues.

5.2 Latency and Geography

The overlay connectionsbetweenneighborsmay have
very differentdelays.Two neighborsmaybeseparatedby
transcontinentallinks, or they may be on the sameLAN.
Thereexist someapproachesto copewith geography, for
example, Proximity Neighbor Selectionand Geographic
Layout. With Proximity Neighbor Selection,nodesare
givensomefreedomin choosingneighborsbasedon other
criteria(i.e. latencies)in additionto thearithemicrelations
betweentheir identi�ers. With GeographicLayout, node
identi�ers arechosenin ageographicallyinformedmanner.
The main idea is to make geographicallyclosebynodes
form clustersin theoverlay. Readersarereferredto [34,32]
for details.

Extensionto theexistingP2Pnetworks,CAMs cannatu-
rally inheritmostof thosefeatureswithoutmuchadditional
effort. Take CAM-Chord as an example. Although the
setof neighborsis �x ed in our description,nodesactually
can have somefreedomin choosingtheir neighbors. A
nodex canchooseany nodewhoseidenti�er belongsto the
segment[x + j £ ci

x ; x + (j + 1)£ ci
x ) astheneighborx i;j .5

Given this freedom,someheuristics(e.g.,leastdelay�rst)
may be usedto chooseneighborsto promotegeograhpic
clustering.

5Thelookupandmulticastroutinesneedto bemodi�ed super�cially.
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Figure 6. Multicast thr oughput with respect to
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6 Simulation

Throughputandlatency arethe two majorperformance
metricsfor a multicastapplication. We evaluatethe per-
formanceof CAMs from thesetwo aspects.We simulate
multicastalgorithmson top of CAM-Chord,Chord,CAM-
Koorde,andKoorde,respectively. The identi�er spaceis
[0; 219). If not speci�ed otherwise,the default size of a
multicastgroup(andthusthe sizeof the overlay network)
is 100,000,andthe nodecapacitiesaretaken from [4::10]
with uniform probability. The uploadbandwidthof nodes
are randomlydistributed in a default rangeof [400,1000]
kbps. In our simulation,cx = bBx =pc, whereBx is the
node's uploadbandwidthand p is a systemparameterof
CAMs, specifying the desiredbandwidthper link in the
multicasttree. By varyingthevalueof p, we canconstruct
CAMs with differentaveragenodecapacity, which means
differentaveragenumberof childrenpernon-leafnodeand
consequentlydifferenttreedepth(latency).

6.1 Thr oughput

We comparethe sustainablethroughputof multicast
systemsbasedon CAM-Chord,Chord,CAM-Koorde,and
Koorde.Throughputis de�ned astherateatwhichdatacan
becontinuouslydeliveredfrom a sourceto all othernodes.
Due to limited buffer spaceat eachnode,the sustainable
multicastthroughputis decidedby the link with the least
allocatedbandwidthin themulticasttree.CAM-Chordand
CAM-Koordeproducemuch larger throughputbecausea
node's capacitycx (which is thenumberof childrenin the
multicast tree) is adjustablebasedon the node's upload
bandwidth. The primary advantageof CAMs over the
Chord/Koordeis their ability to adapttheoverlaytopology
accordingto hostheterogeneity.

Figure 6 comparesthe throughput of CAM-Chord,
Chord, CAM-Koorde, and Koorde with respect to the
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averagenumberof childrenper non-leafnodein the mul-
ticast tree. CAMs performmuchbetter. Their throughput
improvementover ChordandKoordeis 70-80%whenthe
nodes'uploadbandwidthsarechosenfrom a rathernarrow
rangeof [400, 1000] kbps. In general,let [a, b] be the
rangeof upload bandwidth. The upper bound b of the
rangeis shown on the horizontalaxis of Figure 7, while
the lower bounda is �x ed at 400 kbps. The �gure shows
thatthethroughputimprovementby CAMs increaseswhen
theupload-bandwidthrangeis larger, representingagreater
degree of host heterogeneity. The simulation data also
indicatethat the throughputratio of CAM-Chord (CAM-
Koorde) over Chord (Koorde) is roughly proportionalto
a+ b
2a (which can be regarded as a measurementfor the

degreeof bandwidthheterogeneity).

6.2 Thr oughput vs. Latency

We measuremulticastlatency by the averagelengthof
multicastpaths.Both throughputandlatency arefunctions
of averagenode capacity. With a larger averagenode
capacity(achievedby a smallervalueof p), thethroughput
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decreasesdueto morechildrenper non-leafnodeandthe
latency alsodecreasesdueto smallertreedepth.Therefore,
there exists a tradeoff betweenthroughputand latency,
which is depictedby Figure8. Higher throughputcanbe
achievedatthecostof largerlatency. Giventhesameupload
bandwidthdistribution, the system's performancecan be
tunedby adjustingp. The �gure alsoshows that, for rel-
atively small throughput(lessthan46kbpsin the�gure) —
namely, for largenodecapacities— CAM-Koordeslightly
outperformsCAM-Chord; for relatively large throughput
(greaterthan 46kbpsin the �gure) — namely, for small
nodecapacities— CAM-ChordoutperformsCAM-Koorde,
whichwill befurtherexplainedin Section6.4.
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6.3 Path Length Distrib ution

Figure9 andFigure10presentthestatisticaldistribution
of multicastpathlengths,i.e., thenumberof nodesthatcan
be reachedby a multicasttree in certainnumberof hops.
Each curve representsa simulation with node capacities
chosenfrom a different range. When the capacityrange
increase,thedistribution curve movesto theleft of theplot
due to shortermulticast paths. The improvementin the
distribution can be measuredby how much the curve is
shifted to the left. At the beginning, a small increasein
the capacityrangecausessigni�cant improvementin the
distribution. After thecapacityrangereachesacertainlevel
([4, 10] in our simulations),the improvementslows down
drastically. Eachcurve hasa singlepeak,andtheright side
of thepeakquickly decreasesto zero.It meansthatthevast
majority of nodesarereachedwithin a small rangeof path
lengths.Wedidn't observeany multicastpathwhoselength
wassigni�cantly largerthantheaveragepathlength.

6.4 AveragePath Length

Figure 11 shows the averagepath length with respect
to the averagenode capacity. We also plot an arti�cial
line, 1:5 log n

l ogc with n = 105, which upper-bounds the
averagepath lengthsof CAM-Chord and CAM-Koorde,
verifying Theorem4 and Theorem6. From the �gure,
whentheaveragenodecapacityis lessthan10, theaverage
path lengthof CAM-Chord is smallerthan that of CAM-
Koorde; when the averagenode capacityis greaterthan
12, the averagepath length of CAM-Koorde is smaller
than CAM-Chord. A smalleraveragepath length means
morebalancedmulticasttrees. Therefore,for small node
capacities,CAM-Chord multicasttreesaremorebalanced
than CAM-Koorde multicast trees,and vice versa. The
reasonsareexplainedasfollows. On theonehand,a non-
leaf CAM-Koordenodex may have lesschildrenthancx
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becausesome neighborsmay have already received the
multicast messagefrom a different path. This tends to
makethedepthof aCAM-Koordemulticasttreelargerthan
that of a CAM-Chord tree. On the other hand,a CAM-
Chord node x may split (x; k] into uneven subsegments
(i.e., subtrees)with a ratio up to cx (Lines6-15 in Section
3.2). This ratio of unevennessbecomessmall when the
nodecapacitiesare small. Combining thesetwo factors,
CAM-Chord createsbetterbalancedtreesfor small node
capacities;CAM-Koordecreatesbetterbalancedtreesfor
largenodecapacities.

7 Conclusion

This paper proposedtwo overlay multicast services,
calledCAM-ChordandCAM-Koorde,which arecapacity-
awareextensionsof ChordandKoorde,with multicastrou-
tinesthatfollow implicit, well-balancedtreesto disseminate
multicast messages. One attractive property is that the
numberof multicastchildrenof a nodeis boundedby its
capacity, which may vary widely among the nodes. It
ensuresthat the multicast throughputis not degradedby
overloadedlow-capacitynodes. With eachsourcenode
having a separate,implicit multicasttree,theoverall traf�c
is well balancedacrossthenetwork.

Basedonthesimulationresults,CAM-ChordandCAM-
Koordeachievetheirbestperformancesunderdifferentcon-
ditions, dependingon membershipchangefrequency and
nodecapacities.CAM-Chord works betterwith relatively
small frequency of membershipchangeand small node
capacities,while CAM-Koordeworksbetterwith relatively
large frequency of membershipchangeand large node
capacities.
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