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Abstract major difference of end host multicast is that packets are repli-

cated and forwarded by end hosts instead of intermediate multi-

This paper presents a novel end host multicast protocol (DSM)cast routers. This property makes the implementation of end host
on top of the mesh overlays for P2P networks. Unlike the previousmulticast more practicable because the deployment of end host

schemes, the major feature of DSMis that it does not need a multimulticast can be fully independent of real network architectures.
cast tree for routing the multicast messages. DSM can implement

the scalable and efficient multicast communications in a fully dis- However, packet forwarding and replicating at the end hosts
tributed way and consists of the following algorithms: 1. cluster may incur some performance penalty as compared with the net-
formation that forms the group into clusters and each cluster con-work layer multicast. The end host multicast is less scalable in
sists of a small number of members; 2. cluster core selection thaterms of group size than the network layer multicast because the
selects a core for each cluster who has the minimum sum of oversame underlying links (especially the underlying links between
lay hops to all other cluster members; 3. multicast routing that the sources and their adjacent intermediate network components,
includes the balanced RA routing approach which enables a clus-such as the hubs) are occupied by the identical packet copies more
ter core to construct the connections with other cores dynami-than one time. It is calletink stressby many researchers. Link
cally by using the rectangle area and the balanced forward flood- stress shows that the network resources (e.g., bandwidth) are ex-
ing scheme in each cluster which evenly distributes the data traf-cessively consumed and therefore the number of members that
fic and link stress among the links in the multicast system. Simu<an join in the multicast group is limited. Many end host multi-
lation results show that DSM is fully distributed, scalable and ef- cast protocols [5-14] have been proposed in recent years, and sev-
ficient as compared with some well-known end host multicast syseral well-known end host multicast protocols [5,8] have been de-

tems. voted to addressing this problem. However, in these protocols,
the underlying links used to connect the senders or packet for-
1. Introduction warders with their nearest intermediate network components are

apt to suffer from “bottleneck” as multiple sources coexist. “Bot-

Peer-to-peer (P2P) computing is the system of mutually ex-tleneck” decreases the multicast ability to scale to a large group
changing information and services directly between a sender an§2€- A general way to improve the scalability is to decrease the
a receiver. It permits any two peers to communicate with eachcontrol traffic. It will reserve the network capability to enable
other in such a way that either ought to be able to initiate the com-T0re new end hosts to join in the multicast system. S. Ratnasamy
munications. Therefore, typical P2P applications span the conten€! @l [10] adopts an improved flooding scheme — CAN-based
delivery, file-sharing, collaboration and user(s)-to-user(s) multi- multicast to dlstrlbuFe the mult|c§st packets_. It has been proven in
media communications. Multicast is a scalable way to support/10] that such flooding scheme is an effective way to enable end
these applications. End hosts in P2P networks construct the over10St multicast to scale to a very large group especially when mul-
lay networks that create the convenience of implementing multi- tiPle sources coexist. Itis because the flooding method evenly dis-
cast in the application layers, which is called #red host mul- tributes the link stress and data traffic among the overlay links in
ticastby many researchers. An end host multicast is such a datd"® multicast system. However, the flooding scheme neglects the
structure that provides multicast functionality in the application €nd host heterogeneities in the output capacities and incurs the
layer through unicast connections among group members in thénefflmem communllcgUon in terms of multicast delgy. In the end
underlying layers. Compared to the network layer multicast, the NOst multicast, traffic is forwarded by the end hosts in the group. If
the multicast architecture is built up by assuming that all end hosts
+  Theworkis partially supported by Research grant council (RGC) Hong Kong, Nave the same output capacities, those end hosts with smaller out-

SAR China under grant Nos CityU 1055/00E (9040687) and CityU 1039/02E put capacities are still apt to suffer from “bottleneck”. As for the

(9040596). multicast delay, it takes quite a long time to transmit the packets




to the end hosts that are far away from the source by the floodingnesh is generated by partitioningraD Cartesian space among
scheme. Most P2P applications (e.g., cooperative streaming meall end hosts irG such that every end host “owns” its individual,
dia applications and queries in file-sharing applications) have re-distinct zone within the overall space. Without loss of general-
quirements for the efficient communications. Hence, the end hosity, we suppose that an end host “owning” a zone is mapped onto
heterogeneities and the efficiency should be taken into account ithe central point of the zone. The location of end hgsn the
designing the end host multicast for P2P networks. mesh is identified byn coordinates: i o, ..., Vi j, .., Vi (m—-1))

Apart from scalability and efficiency, P2P computing brings (j € [0, m — 1]). Several paths may exist between any two zones,
new challenges to the end host multicast. First, there is no “cen-but only the shortest path is employed for setup of the connection
tral server”. Each peer in P2P networks plays the role of sendeibetween these two zones. We use the numbeweflay hopdo
and receiver at the same time. Thus, P2P networks are consideredeasure the length of the shortest path between two zones. De-
to be completely distributed and therefore the end host multicasinote the number obverlay hopsbetween the two zones occu-
for such networks should be fully distributed. Second, multiple pied byv; andv;, (i,i’ € [0,n — 1],4 # ') ash(v;, v ), then the
sources coexist during the communications. The end host multisum ofoverlay hopgrom v; to all other group membets is de-
cast should guarantee the “good” communication performancedined ash(v;) = Z;ﬁ;;vl#w h(v;,vir). In terms of the number
(i.e., the scalability and efficiency) in facing of multiple sources. of overlay hopsthe lengths of the shortest paths between any two

Most current end host multicast protocols [5-11] have a sub-adjacent zones are with a uniform unitiofFor instance, in Fig-
set of the above properties. In this paper, our motivation is to de-ure 1 (b), the numbers aiverlay hopsrom 5to 1, 5 to 2, and5
sign a novel distributed and scalable end host multicast protocoko 4 are all1. It follows that the lengths of the shortest paths be-
on top of mesh overlays for P2P networks. We name our pro-tween any two zones in the-D mesh areé:(k € N). Our theo-
tocol as DSM in which the letters are the initials of the words: rems ofcluster core selectioin the paper are based on using the
distributed, scalable and multicast respectively. Unlike the previ-number ofoverlay hopso measure the shortest path length.
ous schemes, the major feature of DSM is that it does not need a Apart from the shortest path, to construct thalanced RA
multicast tree for routing and delivering the multicast messages.routing, the rectangle area(RA) and the maximum number of
DSM is a fully distributed protocol and consists of the following direct receivers:,, of each end host; play the critical roles.
algorithms: 1.cluster formationthat forms the group into clus- We use a2-D mesh to describe thBA For any two node®;
ters and each cluster consists of a part number of group memin (Xo,Yy) and vy in (X1,Y7), let X, = min{Xo, X1},
bers; 2.cluster core selectiothat selects a core for each clus- X,,.., = maz{Xo, X1}, Yinin = min{Yy, Y1} andV,,0. =
ter who has theninimumsum ofoverlay hopdo all other clus-  maxz{Yp, Y1}, then all nodes$z, y) such thatX,,;, <z < X4
ter members; 3multicast routingthat includes théalanced RA  andY,,;, < y < Yi.q. UNiquely construct &A [v;, v;]. As for
routing approach which enables a cluster core to construct then,,,, considering a multicast flow with the rate let v;'s avail-
connections with other cores dynamically by using taetan- able output capacity b@C;, then we have:,, = L%J.
gle areainstead of managing a multicast tree and ltfa¢anced
forward floodingscheme within each cluster which evenly dis- . .
tributes the pac?(ets among all underlying links to enable t>rl1e data3' DSM End Host Multicast Architecture
traffic and link stress to be independent of the group size. Both
the routing schemes abalancedn terms of end host output ca-
pacities and therefore the potential communication “bottleneck
is released.

The rest of the paper is organized as follows: Section 2 gives
the design model. Section 3 details the design of DSM architec-
ture. DSMmulticast routingis discussed in Section 4. Section 5
evaluates the performances of DSM through the simulation ob-
servations. Section 6 concludes the paper.

To construct DSM architecture, we assume the existence of
»anagent setAS = {ago,...,agr—1}. SupposeAS has an as-
sociated DNS domain name. The DNS is resolved to the agent
(sayag,! € [0,k — 1]) that is the closest one to the issued end
host by some anycast routing scheme [16] (in this paper, the clos-
est agent is in terms of unicast distance). The function of each
agent is to register the multicast group for the end hosts that send
requests to it. A member list of the end hosts that have regis-
tered withag; is maintained by the agent. After the members join
2. Design Model in the group, DSM organizes the end hosts into a two-layer ar-
chitecture as shown in the example of Figure 1. Figure 1 (a)
Let G be the multicast group witm end hosts such that gives the original network in which the end hosts are mapped
G = {vg, ..., Vs, ...,vn_1} (i € [0,n — 1]). Several studies [1-4] into the topologically-awar@-D overlay mesh in Figure 1 (b) by
proposed schemes to construct the overlay networks and the prolsome hashing function [12]. This overlay mesh is the lower layer
lem of constructing a topologically-aware overlay was addressedof DSM architecture called theember laye(ML). In ML, end
in [12-14]. Our design supposes that the end hosts in the multi-hosts are partitioned into different clusters as shown by the dot-
cast group have been mapped intme (m > 2) topologically- ted lines in Figure 1 (b). Some selected end hosts join in the up-
aware overlay CAN mesh which bears the relationship with the per layer in Figure 1 (c) called theore layer(CL). More specif-
“closeness” metric by utilizing some P2P scheme [12}nAD ically, we make the detailed description in the following subsec-



(b)

Figure 1. An example of DSM architecture.

tions.

3.1. DSM Architecture Construction

3.1.1. DSM Cluster Formation DSM employs thecluster for-

mationto assign the end hosts in ML into several clusters. To se-

lect the cluster members, DSM defines thember selection dis-
tance unitD as the maximum number @iverlay hopshetween
the constructofsub-constructoand the members selected by it;
the cluster size bound' as the maximum number of end hosts
that a cluster may contain. For the brevity of description, the fol-
lowing definitions are give.

e Constructor It is an end host randomly chosen by an agent

to initiate the current cluster construction. Each cluster has

one and only oneonstructor

Sub-constructarlt is an end host assigned by tbenstruc-
tor to continue the current cluster construction only when
the number of cluster members is less thandluster size
boundand theconstructorcannot find any member with the
overlay hopsot greater than theember selection distance
unit. In such situation, the cluster must have at leastaute
constructor

Unassigned end hadbefine the end host that currently has
not been assigned into any cluster as timassigned end
host

We now sketctDSM cluster formationOne agentyg; is ini-
tially selected through negotiating among the agentd.$h ag;
selects onainassigned end host (i € [0,n — 1]) at random
from its member listv; becomes theonstructorof the cluster,

Algorithm 1 Distributed Cluster Member Selection

Input: The selected ageny;, the constructofsub-constructomw; (i €
[0,n — 1]), the current cluster siz&ur_size in ag;, S andD; Il cur_size
is 0 if v, is theconstructor

Output: Cluster member sétM = {};

1. ag; informsw; of cur_size;

2.If (v; is theconstructo) { ag; putsv; into SCM; v; setscur_size =
1;}

3.For(j =0to (Il —1) & j # ¢) do{ /[ Il members listed img;

4. If (h(vi,v5) < D & cur_size < S) {
5. v; senddnvitation(clusterid) to v;;
6. If (v; is unassignell{ v; sendResponse(clustad) to v;; v; puts

v; into CM and setsur_size = cur_size + 1;}

7. Else{ v; sendsNegative(clusteid) to v;;} } }

8. If (v; detectsh(vi,v;) < D for all membersv; listed in
agi&cur_size < S) { v; continues selecting cluster members in the
member list of the next closest agentidy the same way to select;}

9. Else{ v; finishes its member selection and sends_size to ag;.}

lay hopsor the number of selected cluster members equafs to
Then, DSM initiates another cluster formation among thas-
signed end hostdNhen there is nanassigned end ho#t G,
DSM cluster formationcompletes. We give the distributetls-
ter formation algorithrmas below

Algorithm 2 Distributed Cluster Formation
Input: Unassigned end host 6 H = {vo, ...
Output: Cluster sef’S={};

1. While UEH # ¢)do{

2. An agentag; is selected through negotiating among the agents in
AS; ag; randomly chooses amassigned end host in its member list,
sendConstructor(cluster_id) to v;, removesy; from U EH and up-
dates the information with other agents;

3. Upon receivingConstructor(cluster_id), v; selectsp clus-

ter members by Algorithm 1, puts them in$&' M, and asksg; to re-
move them fronU EH; ag; updates such change with other agents;

4. If (v; finishes its member selectio cur_size < S) { v; se-
lects asub-constructofrom the p cluster members and informsy,; of

the sub-constructar The sub-constructorcontinues the cluster mem-
ber selection by Algorithm %;

5. If (cur_size == S || any member in the cluster cannot find an out-
side group member who is within theverlay hopsof D){ wv;
sendsComplete(cluster_id) to ag; and puts the constructed clus-
ter intoC'S; ag; updates the information with other agens.

, Vi, .,.,vn,1};

achieves the zone information of group members that are in the

member list ofag;, and then starts the cluster construction by se-
lecting theunassigned end hosits G with the numbers obver-

lay hopsnot greater tharD as its cluster members. Algorithm 1
gives the distributedluster member selectigirocedure.

If v; finishes itscluster member selectiodue tov; finds a
memberv; with h(v;,v;) > D, a cluster member selected by
(i.e., asub-constructdrwill continue the current cluster construc-
tion by Algorithm 1.v; informsag; of this sub-constructarag;

DSM adopts a distributed way to construct the clusters. Al-
though eaclconstructofsub-constructoneeds to calculate sev-
eral numbers obverlay hopsand compares these results with
to decide the member selection, such calculation is a linear calcu-
lation, and only the numbers of/erlay hopdo a subset of group
members are calculated. 4f detects that its number aiverlay
hopsto a cluster member ing;'s member list exceedp, it will
not conduct theluster member selectiomith those group mem-

updates the information with other agents subsequently. The forbers listed in an agent that is farther away fropthanag;. The

mation of current cluster terminates till all of the cluster mem-
bers cannot find anynassigned end hostho is within D over-

value of D guarantees that only close end hosts can be assigned
into the same cluster.



3.1.2. DSM Cluster Core Selectionln DSM, each cluster has a

the core. Assumes x —n.x > n—x,thenn-x > nox+n_x.

cluster core that constructs the CL of DSM architecture. The cri- It means that the number of end hosts with theoordinates

teria used to select the cluster corélige cluster core has the min-
imum sum of overlay hops to all other cluster membé&e fol-
lowing theorem gives theufficient and necessapondition for
seeking such a core in2aD mesh.

Theorem 1 Suppose end host occupies the zoneX,Y) in
the topologically-aware 2-D CAN mesh and 1et x, n. x and

greater thanX is more than the other two cases. Thus dher-
lay hopsfrom w to these end hosts are larger than some other end
hosts, a desired contradiction. Q.E.D.

Now we extend Theorem 1 tora-D CAN mesh network.
Theorem 2Let(Uy, Uy, ..., U, —1)) represents any zone ina-
D CAN mesh network that is occupied by end hoahdn.y,,

n=x (n>y, n<y andn-y) be the numbers of members whose n_y;, andn—_y, be the numbers of members with theéh coor-
corresponding coordinates are larger than, less than and equaldinates larger than, less than and equallfp respectively. Then

to X (V') respectively. End host is a core if and only if the fol-
lowing two inequalities hold simultaneously:

)

Proof (Sufficient condition CAN employs a uniform way to par-

Insx —nex| < nex,|nsy —ney| <noy

tition and merge the mesh zones, and such partition and merging
is done by assuming along a certain dimension order. Hence, ther
is no large difference in the split among all mesh zones. We now

prove thesufficient condition Suppose end host in the zone
(X,Y) is a core, then for any other end hasgt) in the mesh,
there exists:(u) < h(u1). To achieve the first inequality in (1),
we first consider an end host) in (X1,Y7) and its sum obver-
lay hopsto all other cluster members(u(1)). Let u(") be in the
closest adjacent zone afat’s right side (i.e.u(!) has the min-
imum z coordinate among all the members in the zones’st
right side). Given any member, in (X;,Y;), three cases are con-
sidered: (a) ifX < X;, the hops fromu; to u are equal to or one
unit larger than the hops from, to u(); (b) if X > X;, the hops
from w; to u are one unit less than the hops framto «(V); (c)
if X = X;, the hops fromu; to u are one unit less than the hops
from u; to ).

Because there exist.( x + n—x) members whose coordi-
nate values are less than or equakipandn-. x members whose
2 coordinate values are larger thah we have

’
n'—

>

i=0,u; #u1) #u
=Nex +N=x —N>x = N>x —Nex < N=X

0 < h(u®™) = h(u) = [h(u™  ug) — h(u, u;)]

wheren’ is the number of cluster members.

Letu(® be in the closest adjacent zofi,, Y>) of v atu’s left
side (i.e.u(? has the maximum coordinate among all the mem-
bers in the zones at's left side),u®) be in (X3, Y3) that is the
closest adjacent zone abawéi.e., u® has the minimuny coor-
dinate among all the members in the zones abgdyandu(* be
in (X4,Y,) that is the closest adjacent zone belog.e.,«(*) has

end hostu is the core if and only if the following: inequali-
ties hold simultaneously:

)

The proof of Theorem 2 is similar as the one of Theo-
Eem 1 and thus is omitted here. We now skef@BM clus-
ter core selectionIn DSM cluster formation the construc-

Insu, —neu,| <ney,,j=0,1,...,m—1

tor and sub-constructorsachieve the zone information of
the cluster members selected by them respectively from the
agents. Theconstructor collects the members’ zone informa-
tion in the sub-constructorsand then selects the cluster core
according to the theorems. If there is more than one mem-
ber who meets the theorem conditions, a random one is se-
lected as the cluster core. Others become the backup clus-
ter cores in case the leave/failure of current cluster core. The
cluster core informs the closest agent of its state informa-
tion. The agent set will update the information consistently.
Suppose the cluster has members. We denote the coordi-
nates of cluster member; as (Ui, ..., Ui j, ..., Ui (m—1)),i €
[0,n" —1],j € [0,m — 1] and the coordinates of cluster caré
as(UO*,...,U;,...,U(*mfl)), whereU? € [(Uj)min, - (Uj)maz]
and (Uj)’rrzi’n, = min{UO,ﬁUl,jy-"aU(n’fl),j}a (Uj)maw =
max{Uo j, U j,...,Uqn 1)}, Algorithm 3 gives theclus-
ter core selection algorithm

In Algorithm 3, steps 1-4 can be executed in timg:'). Steps
5-8 is a simple linear procedure. Itis also executed in inie’).
We can improve steps 5-8 by using the binary searching algo-
rithm that yields arO(In(n’)) complexity. But for brevity of dis-
cussion, we keep the linear search algorithm here. According to
the algorithm, the cores of the clusters in Figure 1 (b)),
17 and23 respectively.

3.1.3. Group Maintenance Similar to other protocols [4-9,14],

DSM employs the periodic refresh messages to follow the mem-
bership alterations. End hosts periodically exchange the refresh
messages with their cluster neighbors in ML, and cluster cores

the maximumy coordinate among all the members in the zones also update their state information periodically with their neigh-

below u). By comparingh(u(?) with h(u) in the same way as

bors in CL. Table 1 gives the comparison of the worst control

above, we can achieve the first inequality in (1). By comparing overheads generated by one end host in NARADA, NICE with

h(u®)), h(u™®) with h(u) separately, we can achieve the sec-

ond inequality in (1) similarly.
(Necessary conditignlt is easy to demonstrate that if one of
the inequalities in (1) is violated, end hasin (X, Y") cannot be

the cluster size of, CAN-based multicast and DSM in the-D
regular mesh overlay when there arenembers in the multicast
group. Generallyn < s andm < n for a large group. When the
membership alterations (e.g., join/departure/failure) occur, DSM



Algorithm 3 Cluster Core Selection inm-D Mesh Networks host4 is the source. It forwards the packets to its cluster neigh-
Input: Cluster member s€tM = {uo, ..., ui, ..., u,y—1 }, theconstruc-  pors (i.e., end hostd and3) and the cluster core (i.e., end host
tor v andv’s closest agentg;; 5) simultaneously as illustrated by the arrow lines. The proce-
Output: Cluster core™ = (Ug, ..., Uy, ..., Ul _1)); dure goes on until all the cluster members receive the packets.
1. ag informs v of the sub-constuctors v Sends gy jaianced forward floodingcheme distributes the data traffic

Req-Member(cluster-id) to each sub-constructorwho then re- evenly over all links and the maximum out-degree of each clus-
sponses with the zone information of cluster members selected by it y 9

throughAck_Member (cluster id); ter member is a constant. The potential “bottleneck” When mul-
2. v initializes {a(y,) LAy, 4wy} = {0, 0k tiple sources coexist is released. Moreover, such flooding is ef-
Il a,), records the number of' cluster members Wh@gh coordl- ficient in terms of packet forwarding times because the cluster
nates equal t0U; )t, wheret € N core has theninimumsum ofoverlay hopgo other cluster mem-
3.For¢=0ton’ —1)vdo{ bers. Therefore, the communication efficiency is improved as an-
4. If (u;'s j-th coordinateUL-,j == (Uj)t) {a(Uj)t = awy), + 1;}} alyzed in [14]

5.For¢=0ton’ —1)vdo{ . . .

6. For(j=0tom—1)vdo{ To construct the del|ver_y paths in CL, we de3|gn tladanced

7 '”HZ;U?é))mm (@) — o, )] - [ZE Zr)ffj)m —aw, )l < Rectangle Area (RA) routing algorithridVe first define thdor

warder andsuccessaorlf a cluster core:; receives packets from

another cluster core; (i, € [0,n” —1],i’ # i), ¢;s is thefor-

warderof ¢; andc; is thesuccessoof ¢;.. To avoid the same pack-

ets being transmitted to the same end host more than one time,

each cluster core only has off@warder. Recall each cluster

core declares its existence with its closest agent bEtenced RA

routing algorithmis described as follows. The source cluster (i.e.,

the cluster that the source belongs to) coses € [0,n” — 1))

achieves the cluster core list from its closest agentand se-

lects the cluster core;(f € [0,n” — 1], f # s) with the maxi-

mum number obverlay hopgo c¢;. If there is more than one such

cluster cores¢, randomly chooses one of them. Thectangle

area|c,, cs] between, andc; is constructedic,, c¢] may cover

the mesh zones that several cluster cores locate in. If so, there ex-

ists a cluster corey (f' € [0,n" — 1], f' # s, f' # f)in[cs, cf]

who has the maximum number oYerlay hopdo c,. ¢y forms

[cs, ¢y/] which is called thenner RAOf [c,, ¢f] that can be de-

4. DSM Dynamic Multicast Routing noted agcs, cf/](c,}- Aninner RAof [c,, cf] is defined as thRA

that is constructed by the source cluster core and one cluster core

DSM adopts different data routing schemes in ML and CL. For covered byc,, cf]. An inner RAOf [c;, ¢s/] is also aninner RA

the short delay multicast communications, packets are transmittedf [c,, ;] if [cs, cs/](c,y exXists. Let the current number sdicces-

in parallel in these two layers. Denoté, as the number of clus-  sorsof cy ben;f,. If ngf, + ngf, < Mgy Cpr becomes théor-

ter neighbors (i.e., the cluster members in the zones withet- warderof cs; otherwise, the patfry — c;) will not be set upc;

lay hopto v) of any cluster member. In ML, if the cluster core  continues constructing thiener RAof [c,, ¢//] in the same way.

c satisfiesi, < n., it forwards the outside packets to all its clus- The member; used to construct the firgtner RAof [c,, c//]

ter neighbors; otherwise, it only forwards the packets to the clos-is theforwarderof ¢/ if ngf,, + e, < Neg,. When aRAonly

est(n. — 1) neighbors for reserving the capacity to send pack- contains two itemse, and a cluster core, the delivery path from

ets tol direct receivers in the upper layer. Thasg — n. + 1) ¢s to this cluster core is constructednf., + n., < n,. Af-

neighbors may receive the packets from their other neighborster that,c; continues constructin®As with those members who

The neighbors received packets francontinue forwarding the  have not been covered by the gener&éd. When all the cluster

packets to their neighbors who haven't received the packets beeores have been covered by at leastRAeoneforwarder search-

fore by the same way above. Such packet forwarding scheme isng procedurecompletes. There may several cluster cores called

called thebalanced forward floodingThe arrow lines in Figure theunassigned cluster coregho haven't found theiforwarders

1 (b) depict the multicast routing paths in each cluster by assum-n this procedure. Théalanced RA routindegins anothefor-

ing that each end hostis with n,, > 4. As for the source clus-  warder searching procedurn® construct théalanced RApaths

ter, the source not only sends the packets to ifs neighbors if among them. In the new procedurg,is still the source cluster

ng > 1, or (ny—1) neighbors ifns < 175 but also sends the pack- coreifn;, +n;, < n.,; otherwiseag; assigns;;» who is the clos-

ets to the cluster core directly to speed up the message transmigstunassigned cluster cote c, to act as the source cluster core.

sion to other clusters. For example, in Figure 1 (b), suppose end, receives packets from,» who isc,’'s closest core that sat-

a(Ui,j)) {(U )_( LJ) J —j""lv}
8. Else{j=m—-1;i=:¢+1;}}}

| NARADA | NICE | CAN-based multicas{ DSM |
Control O(n) O(s) o(m) O(m)
Overhead

Table 1. Control overhead comparison.

dynamic group managemeist employed to restore the normal
multicast communications. We present the details of D&M
namic group managemeint [18].



isfiesn;,, +nc, < nc,. Thebalanced RAdelivery path con-
struction completes till all the cluster cores find tHemwarders
Algorithm 4 gives thébalanced RA routing algorithm

Algorithm 4 Balanced Rectangle Area Routing

Input: Cluster core setC'C {co,c1,...,cnr}, source cluster
core cs, and c;'s closest agentag;; //n” is the number of clus-
tersinG

Output: Delivery path seP = {};

1. While CC! = @) {

2. If(ne, +nz, > ne,) { agi selectseys who isc,’s closest clus-
ter core and witto; , +n:, <nc_,;cs = co; }

3. ¢, achieves the cluster core list from its closest agent and con-
structs|cs, cy] with the cluster corezy who has the maximum num-
ber ofoverlay hopdo c,; Cluster cores not covered ., c¢] form the
setC([cs, cf]);

4. While ([C([cs, cy])] > 2) do{ Il [C([cs, cy])] records the num-
ber of cluster cores it([cs, cf])

5. ¢s constructgce,, cs/] with the cluster corey who has the maxi-
mum number obverlay hopdo cs; Cluster cores irics, cf] but not cov-
ered by[cs, ¢s/] form C([cs, cy/]);

6. If (cy is unassigned nc , + nc,, < ne,) {Put(cy — cy)
into P; C([es, ¢]) = C[es, cp)s f = £33}

7. If(nz, +nz, < ne,){Puts — cy)into P; Removecy from CC;
Construct the delivery paths among the cluster coreS(ife,, c;/]) by
the same way to build the pathsiin, ¢;] if C([cs,cs]) # ¢;}

8. If (C([es,cy])) # ¢) { Constructs the delivery paths among
the cluster cores i ([cs, cf]) by the same way to build the paths in

[es,erl 3}

Thebalanced RA routingliminates the protocol cost to man-

construct the paths amonty E andF'. The completedRAdeliv-
ery paths are illustrated in Figure 2 (c).

z ’ C D 2 : ’ C=HED Z ’T C=%D
1 ’T 1 H—?ij 1 Lrl\*
\i F ll_ —=F ll; —= F
(@) (b) (©)
Figure 2. An example of constructing the ~ RAdeliv-
ery paths.

5. Experimental Evaluations
5.1. Experimental Model and Evaluation Criteria

We usens2 [15] to run the simulations on a group of SUN
SOLARIS workstations. The simulation backbone network is the
combination of two MCI ISP backbones, which is shown in Fig-
ure 3. End hosts in the multicast group are connected to the
routers in the backbone network directly or through some inter-
mediate network components (e.g., the hubs). The link bandwidth
in the backbone network and the local area network is 1000Mbps
and 100Mbps respectively, and the propagation delays of links in
the backbone network and the local area network are 2ms and 1ms
respectively. The simulation traffic is the 1.5Mbps MPEG-1 video
streams. We evaluate DSM and three well-known end host multi-

age a multicast tree and achieves the similar routing efficiency agast protocols: NARADA, NICE and CAN-based multicast along
the tree routing. The algorithm enables a cluster core to constructhe following criteria.

the connections with other cluster cores dynamically through a

set of shortest overlay links among the cluster cores and based
on the end host output capacities that releases the potential “bot-
tleneck”. The short multicast delay and scalable communications
are therefore guaranteed. Figure 2 shows an example of con-
structing theRA delivery paths. The number of arrow lines indi-

cates the packet forwarding times from the source cluster core to
the current cluster core. In this example, we suppose each clus-

Figure 3. The experimental backbone network.

ter core has the output capacity to serve 5 direct receivergasnd
the source cluster core. The coordinatesiof3, C, D, E andF
are(0.5,1.25), (0.5, 1.75), (1.25, 1.5), (1.75, 1.5), (0.5,0.5) and
(1.5,0.5) respectively. Based on st8pA selects” with the max-
imum number oPbverlay hopgo construct A, F'] that only cov-
ers E as shown in Figure 2 (a). The dotted lines in Fig. 2 (a)
mean that” and D are not covered byA, F] and therefore are
put into the seC([A, F]). Then the algorithm goes to stepand

6 whereE is selected to bé"s forwarderand constructf4, E.
After that, the algorithm goes to st&pdue to only two items in
C([A4, E]). The delivery path4 — FE) is constructed. Then, in
step 8, the algorithm builds the delivery paths amdnds, C' and

D as shown in Figure 2 (b) and Figure 2 (c) by the same way to

e Average Link Stress (ALS): Link stress is defined as the
number of identical packet copies traversing over the same
underlying physical links. Suppose underlying links are
used in the multicast communication and the number of
identical packet copies traversing th¢h link is p;, ALSis

calculated by:
L

ALS = Z:Tlp 3)

e Average Multicast Delay (AMD): Define the multicast de-
lay d(s, v;) from the source to the group member; as the



end-to-end delay between them. Then, the average multicast

delay froms to all the group members is S ST N et muticast
®© —4— CAN-based multicast T'e0l | psm
8 60| —»— DSM 8 s
n—1 + 50
S e (5, 02) : 7
=0,v; 7 s g
AMD = &i=0vis 10 Y e G (4) £ fa
n—1 = 20 S35
(5] (3]
. 21d g
e Total Number of Links Used (TNLU): It refers to the sum of B g ]

[
0 175 280 385 490 595 700 805 910 1015 zz[}s 10 15 20 25 30 35 40 45 50

links that are used during the multicast communication. Number of Group Members Number of Sources

e Control Overhead (CO): It refers to the traffic generated by ~ Figure 5. Average multicast delay performance
the group members during the membership management. comparison.

5.2. Simulation Results and Observations

Three simulations have been done to evaluate different proto-

cols. Because NARADA is less scalable in terms of group size ] | NICE | CAN-based multicas{ DSM |
than other three protocols as illustrated by the results in Table 1 y ALS \ 3,7786\ 1.4982 \ 1,1428\
and the simulation results in Figure 6, we evaluate the scalability ’ TNLU ‘ 1130 ‘ 1175 ‘ 1072 ‘
B Table 2. Comparison of link properties.
B ast | X Yinbased muticast azzig 7 Chnbased mulicast
%3: —— DSM iégzg —— DSM
§ §1§§§ Figure 5 (a) shows thd M D curves of the three protocols. It
5 \\_\/\A £ can be seen that DSM has shortel/ Ds than CAN-based mul-
< 1:/\\-—-—\_.‘__, g2 ticast. Such trend becomes more obvious when the group size in-
* Number of Group Members " Number of Group Members creases. The AMD of DSM is half of the one of CAN-base mul-
(@) (b) ticast when the number of group members is 910. It is mainly

because th&®A delivery paths in CL of DSM enable the pack-
ets to be transmitted to the remote end hosts within a short delay,
and the packet flooding initiator in each cluster is the cluster core
who has thaninimumsum ofoverlay hopdo other cluster mem-
bers. TheAM D decline trends in DSM and CAN-based multi-
and efficiency of other three protocols in the first two simulations. €ast when the number of group members is larger #téns be-

The first simulation observes the protocol performances whencause the increment of the sum of multicast delay is less than the
there is one source and the number of group members varies frorficrement of the group members in this simulation. The figure
70 to 1015. Figure 4 (a) plots tlawverage link stressl LS curves also shows that NICE has the shortest AMDs in the three proto-
of the three protocols. The diagram shows that NICE has theCols. However, as shown in Figure 5 (b), when multiple sources
worst ALS performance as compared with other two protocols. coexist, NICE has longer AMDs than DSM.

It is because that the cluster leaders in NICE forward the pack- The second simulation observes the protocol performances
ets to all the members of the clusters that they belong to. Thewhen there are 490 group members and the number of sources in-
links near to the cluster leaders have to carry the identical packet§reases frons to 50. Figure 5 (b) plots thel M D curves. It can
more than several times. DSM has a bettérS than CAN-based  be seen that the flooding scheme in CAN-based multicast incurs
multicast. It is because that the group members in DSM are parti-much longerA M Ds than the other two protocols. Under the sit-
tioned into several clusters that enables the group members in thgation of multiple sources, DSM achieves shotgV/ Ds than
zones at the cluster edges to have less cluster neighbors. The reB{CE, especially when a large number of sources coexist. Ta-
son for the decline trends of the three curves is thaf isthera-  ble 2 gives the link property comparison of the three protocols in
tio of the total link stress to the total used links and the incrementthis simulation. Data in the table show that DSM is more scal-
of total link stress is less than the increment of total used links able than NICE and CAN-based multicast.

in this simulation. Figure 4 (b) gives the resultstofal number The last simulation compares the control overheads of the four
of links usedl’ NV LU. CAN-based multicast consumes the most protocols. There are 490 group members and 5 sending sources.
physical links in order to complete the multicast communication. The simulation period i$00 seconds and two different phases: a
Although DSM adopts the similar scheme as CAN-based multi- join phase and a leave phase are simulated. In the join pfise,
cast in each cluster, the cluster formation andliatanced RA  new hosts join the group uniformly at random between the sim-
routing decrease the usage of links greatly. ulated time30 and 48 seconds. Starting at the time 66 sec-

Figure 4. Performance comparison of link proper-
ties.
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Figure 6. Control overhead comparison.
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onds, 180 members leave the group uniformly. The leave pro-

cedure lastd8 seconds. Figure 6 (a) gives tlieO curve of

NARADA. Compared with the results in Figure 6 (b), NARADA

[2

—_—

(3]

(4]

(5]

(6]

generates much greater control traffic than the other three pro-

tocols. The large control traffic compromises its scalability. Fig-

(7]

ure 6 (b) shows that NICE has larger control overheads than the
other two protocols. Each cluster member needs to exchange the

refresh messages with all other cluster members in NICE, while

the group members only need to update their state information

with their neighbors in other two protocols. Furthermore, DSM
achieves bettef'O performances than CAN-based multicast be-

(8]

cause it decreases the control traffic used to maintain the mem-

bership of the members in different clusters.

6. Conclusion

(9]

(10]

This paper presented a scalable and efficient data structure —

DSM end host multicast protocol for P2P networks by making

full use of the properties of mesh overlays. With #gent setall

these operations are fully distributed. DSM adopts a two-layer ar-[11]
chitecture. In the lower layer, group members are assigned into

different clusters by theluster formationand then théalanced

forward floodingis employed to distribute packets within each

(12]

cluster. These designs evenly distribute the link stress and data

traffic among all the links in the multicast system. Therefore, the

ability of DSM to scale to a large group size even when multi- [13]
ple sources coexist is improved. The upper layer is formed by the
cluster cores of the lower layer. Each cluster core floods the pack-

ets to all its cluster members with tileinimumsum of overlay
hops For the connections of different clusters, theanced RA

(14]

delivery paths based on the end host output capacities are con-
structed. Such paths release the potential bottleneck and speed L[|H3]

the packet transmission to the remote end hosts. Our simulatio
results match our theoretic analysis. In our future research, we ar

16]

going to study and evaluate DSM in the area of robustness (e.g.,

failure recovery) by comparing it with some well-known multi-

cast schemes, such as [17].
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