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Abstract

The global deploymentof IP multicasthas beenslow
dueto the dif culties relatedto hetepgeneity scalability,
manayeability, and lack of a robustinter-domainmulticast
routing protocol. Application-lesel multicastbecomesa
promising alternative Many overlay multicast systems
have beenproposedin recentyeais. However, they are
insufcient in supportingapplicationsthat require large-
scaleany-souce multicastwith highly varied host capac-
ities and highly dynamicmembeship. In this paper we
proposetwo capacity-awae multicast systemghat focus
on host hetepgeneity dynamic membeship, scalability,
and any souice multicast. We extend Chord and Koorde
to be capacity-awae. We then embedimplicit degree-
varying multicasttreeson top of the overlay networkand
develop multicast routines that automatically follow the
treesto disseminatenulticastmessges. Theimplicit trees
are well balancedwith workload evenly spreadacrossthe
network.We alsoperformextensivesimulationgo evaluate
the proposednulticastsystems.

1 Intr oduction

Multicastis animportantfunctionfor ef cient informa-
tion exchangeamonga distributed,dynamicclusterof het-
erogeneousiodes. P Multicast[1, 2] wasproposedasan
extensionof theInternetdatagranserviceto supportgroup-
orientedcommunicationor multi-point paclet delivery at
the network level. With IP Multicast, the data o w from a
sourcenodeis deliveredef ciently toall interestedecevers
througha distribution tree. The global deploymentof IP
multicasthas beenslow due to the dif culties relatedto
heterogeneityscalability manageabilitylack of a robust
interdomainmulticastrouting protocol,andsoforth.

In recentyears,mary researctpapers(e.g.,[3, 4, 5, 6,
7, 8, 9]) pointed out the disadwantagesof 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]) studiedoverlay multicastfrom

differentaspects.

Therearefourimportantdesignissuego beaddresseah
anoverlay multicastsystem.

2 hosthetepgeneity: Memberhostsmayvarywidely in
theircapacitiesn termsof CPUpower, memory or network
bandwidth.Somemaybeableto supportalarge numberof
directchildren,but othersmayonly supportfew.

2 dynamicmembeship: Membersmay join andleave
atary time. Thesystenmustbeableto ef ciently maintain
themulticasttreefor a dynamicgroup.

2 any souice multicast: The systemshouldallow ary
memberto senddatato othermembers. A multicasttree
thatis optimalfor onesourcemaybebadfor anothersource.
Ontheotherhand,onetreepermembelis too costly.

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

None of the existing systemsmeetthe above four re-
guirements.

To handledynamicgroupsandensurescalability novel
proposalswere madeto implementmulticast on top of
P2P overlay networks. For example, Bayeux [17] and
Borg [18] wereimplementedon top of Tapestry[19] and
Pastry[20] respectiely, andCAN-basedVulticast[21] was
implementedbasedon CAN [22]. The schemeof overlay
multicastingcan be extendedto other structuredpeetto-
peernetworks. El-Ansaryetal. studiedef cient broadcast
in a Chordnetwork, andtheir approactcanbe adaptedor
the purposeof multicast[23]. Castroet al. compareghe
performanceof tree-base@nd ooding-basedmulticastin
CAN-styleversusPastry-styleoverlay networks[24].

Hostheterogeneitys notaddresseth theabove systems
that assumesachnodehave the samenumberof children.
While overlay multicast can be implementedon top of
overlay unicastthey alsohave very differentrequirements.
In overlay unicast,low-capacity nodesonly affect trafc
passinghroughthemandthereforethey createbottlenecks
of limited impact. In overlay multicast,all trafc will pass
all nodesin thegroup. The multicastthroughputis decided
by the nodeof the smallestthroughput particularlyin the
caseof reliabledelivery. The stratgy of assigninganequal



numberof childrento eachintermediatenodeis far from

optimal. If the numberof childrenis settoo high, the low-

capacitynodeswill be overloadedwhich slows the entire
sessiondown. If the numberof childrenis settoo low,

the high-capacitynodeswill be underutilized. To support
ef cient multicast,we shouldallow nodesn a P2Pnetwork

to have differentnumbersof neighbors.

Shietal. provedthatconstructinga minimum-diameter
degree-limitedspanningtreeis NP-hard[25]. Centralized
heuristic algorithms were proposedto balancemulticast
traf c amongmulticastservicenodegMSNs)andto main-
tain low end-to-endateng [25, 26]. The algorithmsdo
not addresghe dynamicmembershigoroblem,i.e., MSN
join/departure. Overlay Multicast Network Infrastructure
(OMNI) [27] dynamicallyadaptgts multicasttreeto mini-
mizethelatenciego theentireclientset. It is designedor a
singlesourceandthereforenot suitablefor interactve mul-
ticastapplicationssuchasdistributedgames.Riabor et al.
proposed constant-ictorapproximatioralgorithmfor the
problemof constructinga single-sourcelegree-constrained
minimum-delaymulticasttree [28]. It is not a distributed
algorithm,whichis thefocusof this paper Yamaguchetal.
describeda distributed algorithmthat maintainsa degree-
constrainednulticasttree for a dynamicgroup[29]. The
single-treeapproachleaves the capacitiesof the majority
nodes(leafs) unusedwhich affectsthe overall throughput
in multi-sourcemulticasting.In addition,a singletreemay
be partitionedbeyondrepairfor a highly dynamicgroup.

Given the above limitations, the existing multicastal-
gorithmsare not sufcient in supportingdistributed appli-
cationsthat require large-scalearny-sourcemulticastwith
highly variedhostcapacitiesandhighly dynamicmember
ship. This paperproposestwo capacity-avare multicast
systemghat satisfy all four requirementsliscussedrevi-
ously We modelthe capacityasthe maximumnumberof
direct childrenthat a nodeis willing to forward multicast
messages.We extend Chord [30] and Koorde[31] to be
capacity-avareandthey arecalledCAM-ChordandCAM-
Koorde,respectiely.! A dedicatedCAM-Chord or CAM-
Koorde overlay network is establishedor eachmulticast
group. We then embedimplicit degree-\arying multicast
treeson top of CAM-Chord or CAM-Koordeanddevelop
multicast routines that automaticallyfollow the implicit
multicasttireesto disseminatenulticastmessageDynamic
membershipnanagemendndScalabilityareinheritedfea-
tures from Chord or Koorde. Host heterogeneityand
capacity-avaremulticastareaddedeatures.

The restof the paperis organizedasfollows. Section
2 gives an overview of our proposedsystems. Section
3 and Section4 describeCAM-Chord and CAM-Koorde
in details, respectrely. Section5 discussesomerelated
issues Section6 presentshethesimulationresults.Section

1CAM standdor Capacity-AvareMulticast.

7 draws the conclusion.

2 Overview

Considera multicastgroup G of n nodes. Eachnode
X 2 G hasa capacityc,, specifyingthe maximumnumber
of direct child nodesto which x is willing to forward the
receved multicastmessages.The value of ¢, shouldbe
maderoughlyproportionato theuploadbandwidthof node
X. Intuitively, x is ableto supportmoredirect childrenin
a multicasttreewhenit hasmore uploadbandwidth. In a
heterogenousrvironment the capacitieof differentnodes
mayvaryin awiderange.Ourgoalis to constructresilient
capacity-avare multicastservice,which meetsthe capac-
ity constraintsof all nodes,allows frequentmembership
changesanddelivers multicastmessagefrom ary source
to the group membersvia a dynamic, balancedmulticast
tree.No prior work possessesll thesefeatures.

Our basicideais to build a multicast serviceon top
of a capacity-awae stucturedP2P network. We focuson
extendingChord[30] andKoorde[31] for sucha service.
The resulting systemsare called CAM-Chord and CAM-
Koorde,respectiely. The principlesandtechniquesievel-
opedin this papershould be easily appliedto other P2P
networksaswell.

A CAM-Chord or CAM-Koorde overlay network is
establishedor eachmulticastgroup. All membernodes
(i.e., hostsof the multicastgroup) are randomly mapped
by a hashfunction (suchasSHA-1) onto anidenti er ring
[O;N j 1], wherethe next identi er afterN j 1 is zero.
N (= 2°) shouldbe large enoughsuchthat the probability
of mappingtwo nodesto the sameidenti er is nggligible.
Givenanidenti er x 2 [0; N j 1], wede ne successoK) as
the nodeclockwiseafterx onthering, andpredecessox(
the nodeclockwisebeforex on thering. k refersto the
nodewhoseidenti er is x; if thereis not sucha node,then
it refersto successox). Nodek is saidto beresponsibldor
identi er x. With alittle abuseof notation,thenotationsx,
B, successoK), andpredecessox) mayrepresenanodeor
theidenti er thatthe nodeis mappedo, dependingn the
appropriatecontext wherethe notationsappear Giventwo
arbitraryidenti ers x andy, (x; y] is anidenti er segment
that startsfrom (x + 1), moves clockwise, and endsat
y. The size of (x;y] is denotedas(y i Xx). Note that
(y i X) is alwayspositive. It is the numberof identi ers
in the sggmentof (X; y]. Thedistancebetweenx andy is
Xiyi=lyi xj=minf(yj x);(xi y)g.

Before we overview the proposedCAMs, we brie y
review Chord and Koorde. Eachnodex in Chord has
O(log, n) neighborswhich areresponsibleor identi ers
(x+ 2) modN, 8i 2 [1::log, N]. It takesO(log, n) hops
with high probability to nd a noderesponsiblefor ary
givenidenti er. Koordeforms a de Brujin graphamongst



the nodes. With k neighborsper node, it nds a node
responsibldor ary givenidentifersin O(log, n) hopswith
high probability Readersrereferredto theoriginal papers
for moredetails.

Our rst systemis CAM-Chord. Differentfrom Chord,
the number of neighborsof a node in CAM-Chord is
relatedto the nodes capacity Not all nodeshave the same
numberof neighbors.In particular eachnodex maintains
O(c, |:§’ggc"x ) neighborghatareresponsiblédor thefollowing
identiers, (x + j £ ¢.) modN, 8 2 [liccj 1], 8i 2
[O::I'gg—c'\‘x i 1] Nodex selectsc, neighborsasits direct
childrenin the multicasttree andeachof the ¢, neighbors
handlesa subtreeof similar size. The robustnessof the
systemcomesfrom the maintenance@rotocolof Chord.

The secondsystemis CAM-K oorde,which differsfrom
Koordein boththenumberof neighborsandhow theneigh-
borsarecalculated Thedifferencds critical in constructing
balancedmulticast trees. Again, nodes have different
numbersof neighborsf their capacitiesaaredifferent. Each
nodex hascy neighbors,andthe neighboridenti ers are
derived by shifting x one or more bits to the right and
thenreplacingthe highestbits with a certainnumber In
comparisonKoordeshifts x onedigit (basek) to the left
andreplaceghe lowestdigit. This subtledifferencemakes
surethat CAM-K oordespreadsieighborsof a nodeevenly
on the identi er ring while neighborsin Koordetend to
clustertogether

CAM-Chord maintainsa larger number of neighbors
thanCAM-Koorde(by afactorof O(,'Og 1)), which means
larger maintenanceverhead. On the other hand, CAM-
Chordis morerobustand e xible becausét offers backup
pathsin its topology[32]. Thetwo systemsachieve their
bestperformancesinderdifferentconditions.

2 If node capacitiesare small, CAM-Koorde is not
resilientagainstfrequentmembershigghangesTheoverlay
network may even be partitionedas nodesdepart. CAM-
Chordis a betterchoicein suchanernvironmentbecausef
denseiconnectvity. In addition,our simulationsin Section
6 shav that CAM-Chord hasmuch shorterdelivery paths
thanCAM-Koordewhennodecapacitiesaresmall.

2 If nodecapacitiesarelarge,the maintenanceverhead
of CAM-Chord is signi cant. Meanwhilethe robustness
of CAM-Koordeis improved with anincreasechumberof
neighbors. Furthermore when the node capacitiesreach
certainlevel, the averagepathlengthsof CAM-Chord and
CAM-Koorde becomemore or lessthe same,as demon-
stratedby our simulations.Hence,CAM-K oordebecomes
abetterchoice.

log n
log cx

the numberof identi ers, cx ¢ . Thatis becausesomeneighborswill
be responsibléor morethan oneof thoseidenti ers, similar to the same
disparityin the original Chord.

2Thereis a disparitybetweerthe numberof neighbors cx , and

log N N

neighbor identifiers at the top level

X
Mﬂghbor identifiers at the second top level

egments of identifiers

Figure 1. Neighbor identier s at the top two
levels

3 CAM-Chord Approach

CAM-Chord is an extensionof Chord. It takes the
capacityof eachindividual nodeinto consideration. We
rst describeCAM-Chord as a regular P2P network that
supportghe lookup routine,andthenpresenour multicast
algorithmontop of CAM-Chord.

Themember®f amulticastgroupusethelookuproutine
to join andleave the overlaytopology CAM-Chordis not
designedor datasharingamongpeersas mostother P2P
networks (e.g.,Chord[30]) do. Thereare NO dataitems
associatedvith the identi er space.Eachmulticastgroup
forms its own CAM-Chord network. The CAM-Chord
overlay provides the foundation for dynamic capacity-
aware multicasting.

3.1 Neighbors

Instead of maintaining O(log n) neighborsas Chord
does,eachnodex in CAM-Chord maintainsO(cy ,'Ogg n)
neighbors,which are nodesresponsiblefor the identi ers
(x + j £ d) modN, denotedasxij , 8 2 [Licc i 1],
8i 2 [O: l'ggg' i 1]. i andj arecalledthe level andthe
sequencenumberof Xij . Thetop two levels of neighbor
identi ers areillustratedin Figurel. Thereare(ck j 1)
neighboridenti ers ateachevel. Thehigherthelevelis, the
wider theneighboridenti ers areseparatedLet Xg.0 = X.

Figure 2 illustratesan 8-node example of the CAM-
Chord network. The neighborsof nodex are shovn by
arronvs. The namespaceis [0::31], andthe capacityof x
i$3.X01 = X+ 1, X2 = X+ 2,andx;.; = X + 3. Node
x+ 4 areresponsibldor thesadenti ers. It meanghatxly.;,
xb.2, andxh.; referto thesamenodex + 4. Similarly, x; .,
refersto nodex + 8, xh.; refersto nodex + 13, xb., refers
tonodex + 18, andxls.; refersto nodex + 29

Consideranarbitraryidenti er k. Let

log(k j x)

=b
log cx

@)



x+18

x+13

x+8

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

c (2)

It canbeeasilyveri ed thatx;; istheneighboridenti er of
x thatis countefclockwiseclosestto k, which meansd;;
is the neighbornodeof x thatis counterclockwiseclosest
to nodeR.3 We call i thelevel andj the sequence&wumber
of k with respecto x.

3.2 Lookup Routine

CAM-Chord requiresa lookup routinein orderto sup-

port group managementfor a dynamic multicastsession.

This routinereturnsthe addres®f nodeR responsibldor a
givenidenti er k. x:f oo() denotesa procedurecall to be
executedatx. It is alocal (or remote)procedurecall if x is
thelocal (or aremote)node. The setof identi ers thatx is
responsibldor is (predecess@x); x]. Thesetof identi ers
thatsuccessdK) isresponsibldor is (x; successdi)]. An
identi er region (x; y] startsfrom x, movesclockwise,and
endsaty.

X.LOOKUPK)
1. if k 2 (x; successo(x)] then
return theaddres®f successolx)
else
X log Kj
i A plakixe

2
3
4
5 jA bkXc
6
7
8

Cx
if k2 (x; ®;]then
return theaddres®f ®;;
else
* forwardrequesto next hopx;; */
9. return gi; :LOOKUP(k)

First the LOOKUP routine checksif k is betweenx
andsuccessoK). If so, LOOKUP returnsthe addressof
successoK). Otherwise,it calculatesthe level i andthe

S1tis possiblethatxl;; = R if thereis notanodebetweerx;; andk
onthering.

sequencaumberj ofk. If k fallsbetweerx ands;; , which
meansH;; is responsiblefor the identi er k, LOOKUP
returnsthe addressof ®;j . On the other hand, if H;;

precedeg, thenx contactsd;; to handletherequestyhich
males a greedyprogressto move the requestcloserto k
becausda;; is x's closesineighborpreceding.

As an example, considerthe CAM-Chord ring in Fig-
ure 2. Supposenodex wantsto nd the addressof the
nodethatis responsibldor identi er x + 25. Thelevel and
the sequenceaumberof identi er x + 25 are both 2 with
respecto x. Recallthatxh., refersto nodex + 18 andit
precedex + 25. By Line 9, the requestis forwardedto
thenode(x + 18). Nodex + 18repeatthe above process
by executing(x + 18).LOOKUPK). Supposehe capacity
of node(x + 18) is also3. The level andthe sequence
numberof identier x + 25 are1 and 2 with respectto

X + 18 Because® + 18),., refersto thenodex + 26 and
X+ 252 (x + 18; x + 26], by Lines 6-7, the addresof
nodex + 26is returned.

Due to spacelimitation, we omit the proof for all
theorems.

Theorem 1 Letc, for all nodesx, beindependentandom
variablesof certain distribution. The expectedengthof a
lookuppathin CAM-Chod is O(j mE'“in).

(Bex)

Theorem 2 Supposehe node capacityc, follows a uni-
form distribution with E (c,) = c¢. Theexpectedengthof a
lookuppathin CAM-Chod is O('%4.0).

log c

3.3 TopologyMaintenance

BecauseCAM-Chord s an extensionof Chord,we use
the sameChordprotocolsto handlememberoin/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

Ontop of the CAM-Chordoverlay, we wantto implicitly
embeda dynamic,roughly balancednulticasttreefor each
sourcenode. The outdgreeof eachintermediatenodein a
treedoesnot exceedits capacity It shouldbe emphasized
that no explicit treeis built. Given a multicastmessage,
the sourcex executesa MULTICAST routine,which sends
the messagedo ¢, selectedneighbors. Upon receipt of
a multicastmessagea nodewill also executesthe same
MULTICAST routine and the messagere propagtedto



morenodes.The collective executionof the MULTICAST
routineat differentnodesmakes surethatthe messagéol-
lows acapacity-avaremulticasttreeto reachevery member

Let msg bea multicastmessagandk indicateaniden-
tier region (x; k]. The goal of x.MULTICAST(msg; k)
is to deliver msg to all nodesin (x; k]. The basicideais
describedsfollows: x chooses, child neighborghatsplit
(x; k] into ¢, subrgionsasevenaspossibleasillustratedin
Figurel. Eachsubrgion beginsfrom onechosemeighbor
andendswith the next clockwisechosemeighbor x sends
eachchosemeighbora control messagewhich carriesthe
messagaswell asthe subregion assignedo this neighbor
After the neighborreceves the messageijt forwardsthe
messageusing the samemethodrecursvely until the size
of the subrgjion is reducedto zero. The processdivides
(x; k] into non-overlappingsubrgionsand henceno node
will receive themessagéwice. Thekey is how to selectthe
child neighbors.

X.MULTICAST(msg,k)

1. if k = x then

2. return

3. else

4. i A b9giixc

5 j A bkixc
/*selectchildrenfrom level- neighbors
precedingk*/

6. K°A k

7. form=j downtol

8. x:m :MULTICAST(msg; k%

0. KA Xim i 1

/* select(ck j j i 1) childrenfrom
level-(i j 1) neighbors®/

10. | A ¢

11. form=cj ji ldowntol

12. I A 1 cCT /* for evenseparatiort/
13. % 1.01e.MULTICAST(msg; k9

14. kOA Xii l;dlei 1

/* selectx's successot/
15.  Xb.1.MULTICAST(msg; k9

To split (x; k] evenly, x rst calculategheleveli andthe
sequencaumberj of k with respecto x (Line 4-5). Then
neighborsd.,, (8m 2 [1:j]) attheith level precedingk
areselectedschildrenof x in themulticasttree(Line 6-9).
We alsoselectx's successowhichis xb.1 (Line 15). Since
j + I maybelessthancy, in orderto fully usex'scapacity
ci 1li j neighborsatthe(ij 1)thlevelarechosenline 10-
14 ensureshattheselectionis evenly spreachtthe(ij 1)th
level. Becausehe algorithmselectsneighborsthat divide
(x; K] asevenaspossiblejt constructs multicasttreethat
is roughly balanced.At Line 9, we optimize the codeby
usingk A Xim i 1insteadof k A X, i 1. Thatis

Height=3
x+29
Height=2 X+4 x+18

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

Figure 3. Multicast Spanning Tree

becausehereis no nodein (Xim ; X:m ) by the de nition
of Xdm .

Considetthe CAM-Chordtopologyin Figure2. Accord-
ing to thealgorithmof MULTICAST, theimplicit multicast
tree rootedat x is shawvn in Figure3. A sourcenodex
initiatesthe delivery of amulticastmessagensg by calling
X.MULTICAST(x j 1;msg), whosedistributed,recursve
executionmakessurethat every membemodewill receve
one and only one copy of the message. By Line 4-5,
the level and the sequencenumberof x | 1is 3 and1
respectiely. By Line 6-9, x forwardsmsg to xl;.; (hode
X + 29) with assignegeggment(x + 29; x + 31]. By Line
10-14,x forwardsmsg to xk.» (nodex + 18) with assigned
segment(x + 18, x + 26]. By Line 15, x forwardsmsg to
xb.1 (nodex + 4) with assignedsegmentx + 4; x + 17].
After (x + 18) receies the messagethe execution of
(x + 18).MULTICAST(x + 26, msg) will forward the
messageo nodes(x + 21) and(x + 26). Similarly, (x +
4).MULTICAST(x + 17; msg) will forwardthemessagto
nodes(x + 8) and(x + 13).

Becauseeach multicast group forms its own overlay
network, multicast is implementedas broadcast. The
broadcastin Chord has beenstudiedin [23]. Given a
messagethe sourcenodeforwardsit to all M = O(log n)
neighborsandeachneighborx is responsibldor delivering
themessageo theidenti er sggment(x; y), wherey is the
next neighborafter x. More speci cally, x forwardsthe
messagenly to its neighborsn (Xx; y), andtheseneighbors
arethenresponsibleor delivering the messageo smaller
segmentsin a similar way. This processrepeatsuntil all
nodesreceve a copy of the message.Becausethe nodal
degreeandthe tree depthare both O(log n), the multicast
treeis not optimal. Considerthe rst hop from the root
to its neighbors. Becausethe size of (x;y) rangesfrom
N=2to N=2", the depthsof theroot's subtreesangefrom
O(logn) to O(1). Therefore,the whole multicasttreeis
not balancedMoreover, ary subtreds not balancedlueto
the samereasorthatthe spacingbetweenChordneighbors
variesexponentially At the hth level of the multicasttree,
the numberof childrenpernoderangesrom1to (M j h)
[23], independendf the nodes capacity

Our multicastalgorithm is similar to the algorithm of
[23] but hasdifferenceso make the multicasttreesbetter



balancedandcapacity-avare. First of all, in a CAM-Chord
multicasttree thenumberof childrenfor aninternalnodeis

alwaysequalto thenodes capacityaslongasthenodeis not
at the bottomlevels of the treewheretherearenot enough
child nodego Il upthecapacitieof parentnodes.Second,
if the capacitiesof all nodesare the same,our algorithm
still performsdifferently than[23]. It balanceghe treeby

makingsurethatthe numberof childrenpernodedoesnot

vary from subtreeto subtreeor from level to level aslong

asthe nodeis not at the bottomlevels of thetree. Thetree
depthis O(%’TZ) if thenodeshavethesamecapacityc. This

propertyis dueto Lines6-14,which choosehe childrenof

anodesuchthatthey areasevenly spacedaspossible.The

costfor capacityawarenessndbetterbalancedreesis that
eachnodehasmoreneighborghanChord.

Theorem 3 Letcy, for all nodesx, beindependentandom
variablesof certain distribution. The expectedengthof a
multicastpathin CAM-Chod is O(i —"#s~)-

(hex)

Theorem4 Supposehe node capacityc, follows a uni-
form distributionandE (cs) = c. Theexpectedengthof a
multicastpathin CAM-Chod is O(!2-1).

In

4 CAM-K oorde Approach

This sectionpropose<CAM-Koorde. For any nodex in
CAM-Koorde,its numberof neighborsis exactly equalto
its capacityc, . Themaintenanceverheadf CAM-Koorde
is smallerthanthatof CAM-Chord dueto a smallernumbr
of neighbors.

Like Koorde,CAM-K oordeembedghe Bruijn graphin
the identi er ring. On the other hand, it hastwo major
differencegrom Koorde which arecritical to our capacity-
awaremulticastservice.

2 The rst differenceis aboutneighborselection. The
neighboridenti ers of a nodex in Koordeare derived by
shifting x onedigit (basek) to the left andthenreplacing
the last digit with 0 throughk. The neighboridenti ers
differ only atthelastdigit. Consequentlyhey areclustered
andoftenreferto the samephysical node. For the purpose
of multicast, we want the neighborsto spreadevenly on
theidenti er ring. The neighboridenti ers of a nodex in
CAM-Koorde are 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-ordemits, andthereforethey areevenly distributed
ontheidenti er ring.

2 The seconddifferenceis aboutthe numberof neigh-
bors. Koorderequiresevery nodeto have the samenumber
of neighbors.CAM-Koordeallows nodesto have different
numberwf neighbors.

O Neighbors in
the basic group

A Neighbors in
the second group

> Neighbors in
the third group

Figure 4. CAM-Koorde topology with identi er
space [0..63]

4.1 Neighbors

Let N = 2° In CAM-Koorde,x hasc, neighbors,
which arecateyorizedinto threegroups. All computations
areassumedo be moduloN .

2 The basic group has four neighbors. Two are x's
predecessoand successor The other two are the nodes
responsibldor identi ers (x=2) and2” ! + (x=2), respec-
tively.

2 After the basic group, thereare c, i 4 remaining
neighbors.Lets = blog(ck i 4)c. If s> 1, we shallshift
X by s bitsto theright to derive the neighboridenti ers.* If
s > 1, thenlett = 25; otherwiselett = 0. Theneighbors
in thesecondyrouparethenodesresponsibldor identi ers
(i £ 20 s+ x=2%),8i2[0:t; 1].

2 After the basicandsecondgroupstherearet®= ¢, j
4 tremainingneighborsLets®= s+ 1. Theneighbors
in the third group arethe nodesresponsibldor identi ers
(i £ 20 s° + x=2) 8i 2 [0:t0) 1].

It isrequiredthatc, , 4. Thebasicgroupis mandatory
Theoptionalsecondandthird groupspick up theremaining
neighbors.

An exampleis givenin Figure4, shaving the neighbors
of node36 (100100)whosecapacityis 10. Thebinaryrep-
resentatiorof thenodeidenti er is givenin the parentheses.
Thebasicgroupis

f35(100011) 37(100101) 18(010010) 50 (110010)
Thesecondyroupis

£9(001001) 25(011001)41(101001)57 (111001)y
Thethird groupis

f 4 (000100) 12 (001100)

4If s = 1, it meando shift onebit. The basicgroupalreadydoesthat.



4.2 Lookup Routine

De nition 1 Giventwo b-bit identi ers x andk, if an|-bit
pre x of x matdesan|-bit sufx ofk, wesayx andk shae
| ps-commotits. x = k if thetwo share b ps-commorbits.

Similar to CAM-Chord, a lookup routine is neededin
CAM-Koordefor membeiloin/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 shareprogressiely moreps-commorbits
with k. Startingfrom x, we identify a neighborthathasthe
longestpre x matchingthe sufx of k. More speci cally,
if thethird groupis not emptyanda third-groupneighbor
canbederivedby selectinghe(blog(ck i 4)c+ 1) bitsof k
thatprecedeshe currentps-commorbits andshifting them
from theleft into x, thenthelookuprequests forwardedto
this neighbor Otherwise|f the secondgroupis not empty
and a second-groumeighborcan be derived by selecting
the blog(ck i 4)c bits of k that precedeghe currentps-
commonbits andshiftingthemfrom theleft into x, thenthe
lookuprequests forwardedto this neighbor Otherwisewe
forwardtherequesto a rst-group neighborthatincreases
the numberof ps-commorbits by one. To determineeach
subsequentodeon the forwarding path,a similar process
repeatsy shifting morebits of k into the identi er of the
next hop recever. After at mostb hops,the requestcan
reachnodek.

Now supposen ¢ N, whichis normallythe case.We
still calculatethe chainof 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 calculatedthe requestis forwardedto ¥, which in turn
calculatedts neighboridenti er thatshouldbethe next on
theforwardingpathandthenforwardstherequest.

The pseudocode of the LOOKUP routine is shavn
below. It usesthe high-orderbits of the nodeidenti er
to matchthe low-order bits of k, which is differentfrom
Koordes routineandis critical for our multicastroutine,to
bediscussedhortly.

X.LOOKUP()

1. if k 2 (predecess@x); x] then

2 return theaddres®f x

3. if k 2 (x; successdx)] then

4 return theaddresof successgi)

5. letm; bethenumberof ps-commorbits shared
by x andk

nd theneighbory thatshareghelargestnumber
m, of ps-commorbits with k

7. ifmy - msthen

IS

o O O
1 21 61 30 46

Figure 5. Multicast Spanning Tree

8. return y.LOOKUPK)

9. else

10. if jk i predecess@x)j < jkj successdk)jthen
11. return predecess@x).LOOKUP k)

12. else

13. return successdi).LOOKUPK)

Koorde usesChord's protocolswith a nev LOOKUP
routinefor nodejoin/departuresodoesCAM-Koorde.

4.3 Multicast Routine

Whena noderecevesa multicastmessageit forwards
themessagéo all neighborsexceptthosethathave receved
orarereceving themessageBecausaeighborconnections
are bidirectional, it is easyfor a node to perform the
checkingthrougha shortcontrol paclet. The overheadis
neggligible whenthemessageés large,e.g.,avideo le. Note
thata nodedoesnot have to wait for the entiremessagé¢o
arrive beforeforwardingit to neighbors.Theforwardingis
doneonperpacletbasisbutthecheckings performecdbnly
for the rst paclet of amessageyhich carriesthe message
header The pseudocode of the MULTICAST routineis
shavn below.

X.MULTICAST(msg)

1. for eachneighbory do

2. if y hasnotrecevedor is notrecevving msg then
3. y.MULTICAST(msg)

We give anexamplebasednthe CAM-K oordetopology
in Figure 4. For simplicity, assumethe node capacities
areall 10. An implicit multicasttreeis shavn in Figure
5, which is rooted at node 36. When the sourcenode
36 initiates the delivery of a multicast messagensg by
calling MULTICAST(msg), it forwards the messageo
all its neighbors,nodes9,12,18,25,35,37,41,50,5and 4.
The neighborsthen forward the receved messagedo their
neighborgthat have not receved the messagedprming an
implicit multicasttree.

Theorem5 Letc, for all nodesx, beindependentandom
variables of certain distribution. The expectedlength of



a multicastpath in CAM-Koorde from a souice nodeto a
membemnodeis O(log n=E (log ¢)) .

Theorem6 Supposehe node capacityc, follows a uni-
form distribution and E (¢cx) = c¢. Theexpectedengthof
a multicastpath in CAM-Koorde from a souice nodeto a
membemnodeis O(log n=logc)).

5 Discussion

5.1 Treebuilding versus ooding

To accomplish application-l@el multicast based on

structured®2Pnetworks, 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 the overlay network

by using reverse path forwarding. In the approachof

ooding, eachgroupformsits own overlay network, which

transformsmulticastto broadcaswithin the overlay We

callthesingleoverlaynetwork in thetree-tuilding approach
asglobal overlay, in orderto distinguishit from the per-

groupovelaysin the ooding approach.

Castroetal. performedextensve simulationgo evaluate
thetwo approacheby usingbothPastryandCAN [24]. The
paper concludedthat building pergroup overlays incurs
signi cantly more overheadthan building pergroup trees
on a global overlay Therefore the tree-tuilding approach
is abetterchoicein general.

On the other hand, there also exist several common
situationswherethe ooding approachs preferred. First,
aspointedoutin [24], dueto administratve reasonsit may
beundesiredor externalnodedo relaythemulticasttraf c.
Furthermorethe tree-hiilding approacmeedsto maintain
the multicasttree not only whena groupmemberchanges
but alsowhenanon-groupmembetthatis in thetreeleaves
theoverlay.

Secondthe endusersmay not alwaysstayin the global
overlayin anticipationfor possibldfuturemulticastcommu-
nication. The obserationsin [33] shaved that over 20%
of the connectiondast 1 minuteor lessand60% of the IP
addressekeepactive in the FastTrack P2P systemfor no
morethan 10 minuteseachtime afterthey join the system.
If the commonpatternof endusersis to launchan overlay
multicastsoftware (possiblyvia a browser) beforejoining
a multicastgroup and quit the software when leaving the
group, thenthe overheadsaving by a global overlay may
bejeopardizedecausad-hocusershave to join theglobal
overlayanyway beforejoining multicasttreesandtheglobal
overlayhasa muchlargersizethanthe pergroupoverlays.

Third, the ooding approachdistributes forwarding
workloadmoreevenly over all groupmembersin thetree-
building approach thereis one multicasttree per group.
The multicastmessagefrom groupmemberdravel to the
root rst and then disseminateto all other nodes. An
internalnodein the tree forwardsevery messagewhile a
leaf nodenever forwardsa messagelet k be the average
numberof childrenandM bethetotal sizeof all messages.
If k > 2, thenthe majority of nodeswill beleaves. The
averageforwardingload of aninternalnodeis O(kM ); the
forwarding load of a leaf nodeis zero. In the ooding
approachthereis oneimplicit tree per node. Eachnode
senesasaninternalnodein someimplicit treesanda leaf
in othertrees. Every nodein the grouprecevesM traf c.
Supposeherearen nodes.Thetotal volumeof forwarding
load is thereforenM , and this load is spreadamongall
nodes.f thetraf c sourcearewell distributed,mostnodes
are likely to have comparableforwarding load, which is
O(nM=n) = O(M).

TheproposedCAMs fall in the ooding cateyory. Weare
currently investigating the capacity-avare multicast prob-
lemfollowing thetree-liilding approachAn obsenationis
thatthe multicasttreeis constrainedy the nodecapacities
but the global overlay is not. How to matchthe disparity
raisessomeinterestingdesignissues.

5.2 Latency and Geography

The overlay connectionshetweenneighborsmay have
very differentdelays. Two neighborsmay be separatedy
transcontinentalinks, or they may be on the sameLAN.
Thereexist someapproacheso copewith geograpls, for
example, Proximity Neighbor Selectionand Gegyraphic
Layout With Proximity Neighbor Selection,nodesare
given somefreedomin choosingneighborshasedon other
criteria(i.e. latencies)n additionto the arithemicrelations
betweentheir identi ers. With GeographicLayout, node
identi ers arechosenn ageographicallynformedmanner
The main ideais to make geographicallyclosebynodes
form clusterdn theoverlay Readersrereferredto [34, 32
for details.

Extensiorto theexisting P2Pnetworks, CAMs cannatu-
rally inheritmostof thosefeatureswithoutmuchadditional
effort. Take CAM-Chord as an example. Although the
setof neighborss x edin our description,nodesactually
can have somefreedomin choosingtheir neighbors. A
nodex canchooseary nodewhoseidenti er belonggo the
sgmentx +j £ c;x+ (j + 1)£ ) astheneighborx;; .5
Giventhis freedom,someheuristics(e.g.,leastdelay rst)
may be usedto chooseneighborsto promotegeograhpic
clustering.

5Thelookupandmulticastroutinesneedto be modi ed super cially.
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Figure 6. Multicast throughput with respect to
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6 Simulation

Throughputandlateny arethe two major performance
metricsfor a multicastapplication. We evaluatethe per
formanceof CAMs from thesetwo aspects.We simulate
multicastalgorithmson top of CAM-Chord, Chord, CAM-
Koorde,and Koorde,respectiely. The identi er spaceis
[0; 219). If not speci ed otherwise,the default size of a
multicastgroup (andthusthe size of the overlay network)
is 100,000,andthe nodecapacitiesare taken from [4::10]
with uniform probability The uploadbandwidthof nodes
arerandomlydistributed in a default rangeof [400,1000]
kbps. In our simulation,c, = bBy=pc, whereB is the
nodes uploadbandwidthand p is a systemparameterof
CAMs, specifyingthe desiredbandwidthper link in the
multicasttree. By varyingthe valueof p, we canconstruct
CAMs with differentaveragenodecapacity which means
differentaveragenumberof childrenpernon-leafnodeand
consequentlylifferenttreedepth(lateng).

6.1 Throughput

We comparethe sustainablethroughputof multicast
systemshasedon CAM-Chord, Chord, CAM-Koorde,and
Koorde.Throughpuis de ned astherateatwhich datacan
be continuouslydeliveredfrom a sourceto all othernodes.
Due to limited buffer spaceat eachnode, the sustainable
multicastthroughputis decidedby the link with the least
allocatedbandwidthin the multicasttree. CAM-Chordand
CAM-Koorde producemuch larger throughputbecausea
nodes capacityc, (which is the numberof childrenin the
multicast tree) is adjustablebasedon the nodes upload
bandwidth. The primary advantageof CAMs over the
Chord/Koordeis their ability to adaptthe overlaytopology
accordingto hostheterogeneity

Figure 6 comparesthe throughput of CAM-Chord,
Chord, CAM-Koorde, and Koorde with respectto the

Throughput Ratio

CAM-Chord over Chord——
CAM-Koorde over Koorde-——-—

1.2 - -
800 900 1000 1100 1200 1300 1400 1500 1600
Upload Bandwidth Range

Figure 7. Throughput improvement ratio with
respect to upload bandwidth range
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Figure 8. Throughput vs. average path length

averagenumberof children per non-leafnodein the mul-
ticasttree. CAMs performmuchbetter Their throughput
improvementover ChordandKoordeis 70-80%whenthe
nodes'uploadbandwidthsarechoserfrom arathernarrov
rangeof [400, 1000] kbps. In general,let [a, b] be the
range of upload bandwidth. The upperboundb of the
rangeis shovn on the horizontal axis of Figure 7, while
the lower bounda is x ed at 400 kbps. The gure shavs
thatthethroughpuimprovementby CAMs increasesvhen
theupload-bandwidthangeis larger, representing greater
degree of host heterogeneity The simulation data also
indicate that the throughputratio of CAM-Chord (CAM-
Koorde) over Chord (Koorde)is roughly proportionalto
atb which can be regarded as a measuremenfor the

2
d(%reeof bandwidthheterogeneity).

6.2 Throughputvs. Latency

We measuraenulticastlateny by the averagelength of
multicastpaths.Both throughputandlateny arefunctions
of averagenode capacity With a larger averagenode
capacity(achieved by a smallervalueof p), thethroughput
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decreaseslueto more children per non-leafnodeandthe
lateny alsodecreasedueto smallertreedepth.Therefore,
there exists a tradeof betweenthroughputand lateng,

which is depictedby Figure 8. Higherthroughputcanbe
achivedatthecostof largerlateng. Giventhesameupload
bandwidthdistribution, the system$ performancecan be
tunedby adjustingp. The gure alsoshaows that, for rel-

atively smallthroughput(lessthan46kbpsin the gure) —

namely for large nodecapacities— 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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Figure 11. Average path length with respect
to average node capacity

6.3 Path Length Distrib ution

Figure9 andFigure10 presenthestatisticaldistribution
of multicastpathlengths,.e., thenumberof nodesthatcan
be reachedby a multicasttreein certainnumberof hops.
Each curve representsa simulation with node capacities
chosenfrom a differentrange. When the capacityrange
increasethe distribution curve movesto theleft of the plot
due to shortermulticast paths. The improvementin the
distribution can be measuredoy how much the cunwe is
shifted to the left. At the beginning, a small increasein
the capacityrangecausessigni cant improvementin the
distribution. After thecapacityrangereaches certainlevel
([4, 10] in our simulations),the improvementslows down
drastically Eachcurve hasa singlepeak,andtheright side
of the peakquickly decrease® zero.It meanghatthevast
majority of nodesarereachedwithin a smallrangeof path
lengths.We didn't obsene ary multicastpathwhoselength
wassigni cantly largerthanthe averagepathlength.

6.4 AveragePath Length

Figure 11 shows the averagepath length with respect
to the averagenode capacity We also plot an arti cial
line, 554" with n 10°, which upperboundsthe
average path lengths of CAM-Chord and CAM-Koorde,
verifying Theorem4 and Theorem6. From the gure,
whenthe averagenodecapacityis lessthan10, theaverage
pathlength of CAM-Chord is smallerthanthat of CAM-
Koorde; when the averagenode capacityis greaterthan
12, the average path length of CAM-Koorde is smaller
than CAM-Chord. A smalleraveragepath length means
more balancedmulticasttrees. Therefore,for small node
capacitiesCAM-Chord multicasttreesare more balanced
than CAM-Koorde multicasttrees, and vice versa. The
reasonsareexplainedasfollows. Onthe onehand,a non-
leaf CAM-Koordenodex may have lesschildrenthan c,




becausesome neighborsmay have alreadyreceved the
multicast messagdrom a different path. This tendsto
male the depthof a CAM-K oordemulticasttreelargerthan
that of a CAM-Chord tree. On the otherhand,a CAM-

Chord node x may split (x; k] into uneven subsgments
(i.e., subtreesywith aratioupto ¢, (Lines6-15in Section
3.2). This ratio of unevennessbecomessmall when the
node capacitiesare small. Combiningthesetwo factors,
CAM-Chord createsbetterbalancedtreesfor small node
capacities;,CAM-Koorde createshetterbalancedreesfor

large nodecapacities.

7 Conclusion

This paper proposedtwo overlay multicast services,
calledCAM-Chordand CAM-K oorde,which are capacity-
awareextensionof ChordandKoorde,with multicastrou-
tinesthatfollow implicit, well-balancedreeso disseminate
multicast messages. One attractve property is that the
numberof multicastchildren of a nodeis boundedby its
capacity which may vary widely amongthe nodes. It
ensureshat the multicastthroughputis not degradedby
overloadedlow-capacity nodes. With eachsourcenode
having a separateimplicit multicasttree,the overall trafc
is well balancedacrosghe network.

Basedonthesimulationresults CAM-ChordandCAM-
Koordeachiere theirbestperformancesnderdifferentcon-
ditions, dependingon membershipchangefrequeng and
nodecapacities. CAM-Chord works betterwith relatively
small frequeny of membershipchangeand small node
capacitiesyhile CAM-K oordeworks betterwith relatively
large frequeny of membershipchangeand large node
capacities.
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