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Abstract

This paper presents a novel end host multicast protocol (DSM)
on top of the mesh overlays for P2P networks. Unlike the previous
schemes, the major feature of DSM is that it does not need a multi-
cast tree for routing the multicast messages. DSM can implement
the scalable and efficient multicast communications in a fully dis-
tributed way and consists of the following algorithms: 1. cluster
formation that forms the group into clusters and each cluster con-
sists of a small number of members; 2. cluster core selection that
selects a core for each cluster who has the minimum sum of over-
lay hops to all other cluster members; 3. multicast routing that
includes the balanced RA routing approach which enables a clus-
ter core to construct the connections with other cores dynami-
cally by using the rectangle area and the balanced forward flood-
ing scheme in each cluster which evenly distributes the data traf-
fic and link stress among the links in the multicast system. Simu-
lation results show that DSM is fully distributed, scalable and ef-
ficient as compared with some well-known end host multicast sys-
tems.

1. Introduction

Peer-to-peer (P2P) computing is the system of mutually ex-
changing information and services directly between a sender and
a receiver. It permits any two peers to communicate with each
other in such a way that either ought to be able to initiate the com-
munications. Therefore, typical P2P applications span the content
delivery, file-sharing, collaboration and user(s)-to-user(s) multi-
media communications. Multicast is a scalable way to support
these applications. End hosts in P2P networks construct the over-
lay networks that create the convenience of implementing multi-
cast in the application layers, which is called theend host mul-
ticastby many researchers. An end host multicast is such a data
structure that provides multicast functionality in the application
layer through unicast connections among group members in the
underlying layers. Compared to the network layer multicast, the
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major difference of end host multicast is that packets are repli-
cated and forwarded by end hosts instead of intermediate multi-
cast routers. This property makes the implementation of end host
multicast more practicable because the deployment of end host
multicast can be fully independent of real network architectures.

However, packet forwarding and replicating at the end hosts
may incur some performance penalty as compared with the net-
work layer multicast. The end host multicast is less scalable in
terms of group size than the network layer multicast because the
same underlying links (especially the underlying links between
the sources and their adjacent intermediate network components,
such as the hubs) are occupied by the identical packet copies more
than one time. It is calledlink stressby many researchers. Link
stress shows that the network resources (e.g., bandwidth) are ex-
cessively consumed and therefore the number of members that
can join in the multicast group is limited. Many end host multi-
cast protocols [5-14] have been proposed in recent years, and sev-
eral well-known end host multicast protocols [5,8] have been de-
voted to addressing this problem. However, in these protocols,
the underlying links used to connect the senders or packet for-
warders with their nearest intermediate network components are
apt to suffer from “bottleneck” as multiple sources coexist. “Bot-
tleneck” decreases the multicast ability to scale to a large group
size. A general way to improve the scalability is to decrease the
control traffic. It will reserve the network capability to enable
more new end hosts to join in the multicast system. S. Ratnasamy
et al. [10] adopts an improved flooding scheme — CAN-based
multicast to distribute the multicast packets. It has been proven in
[10] that such flooding scheme is an effective way to enable end
host multicast to scale to a very large group especially when mul-
tiple sources coexist. It is because the flooding method evenly dis-
tributes the link stress and data traffic among the overlay links in
the multicast system. However, the flooding scheme neglects the
end host heterogeneities in the output capacities and incurs the
inefficient communication in terms of multicast delay. In the end
host multicast, traffic is forwarded by the end hosts in the group. If
the multicast architecture is built up by assuming that all end hosts
have the same output capacities, those end hosts with smaller out-
put capacities are still apt to suffer from “bottleneck”. As for the
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 flooding
scheme. Most P2P applications (e.g., cooperative streaming me-
dia applications and queries in file-sharing applications) have re-
quirements for the efficient communications. Hence, the end host
heterogeneities and the efficiency should be taken into account in
designing the end host multicast for P2P networks.

Apart from scalability and efficiency, P2P computing brings
new challenges to the end host multicast. First, there is no “cen-
tral server”. Each peer in P2P networks plays the role of sender
and receiver at the same time. Thus, P2P networks are considered
to be completely distributed and therefore the end host multicast
for such networks should be fully distributed. Second, multiple
sources coexist during the communications. The end host multi-
cast should guarantee the “good” communication performances
(i.e., the scalability and efficiency) in facing of multiple sources.

Most current end host multicast protocols [5-11] have a sub-
set of the above properties. In this paper, our motivation is to de-
sign a novel distributed and scalable end host multicast protocol
on top of mesh overlays for P2P networks. We name our pro-
tocol as DSM in which the letters are the initials of the words:
distributed, scalable and multicast respectively. Unlike the previ-
ous schemes, the major feature of DSM is that it does not need a
multicast tree for routing and delivering the multicast messages.
DSM is a fully distributed protocol and consists of the following
algorithms: 1.cluster formationthat forms the group into clus-
ters and each cluster consists of a part number of group mem-
bers; 2.cluster core selectionthat selects a core for each clus-
ter who has theminimumsum ofoverlay hopsto all other clus-
ter members; 3.multicast routingthat includes thebalanced RA
routing approach which enables a cluster core to construct the
connections with other cores dynamically by using therectan-
gle areainstead of managing a multicast tree and thebalanced
forward floodingscheme within each cluster which evenly dis-
tributes the packets among all underlying links to enable the data
traffic and link stress to be independent of the group size. Both
the routing schemes arebalancedin 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.

2. Design Model

Let G be the multicast group withn end hosts such that
G = {v0, ..., vi, ..., vn−1} (i ∈ [0, n − 1]). Several studies [1-4]
proposed schemes to construct the overlay networks and the prob-
lem of constructing a topologically-aware overlay was addressed
in [12-14]. Our design supposes that the end hosts in the multi-
cast group have been mapped into am-D (m ≥ 2) topologically-
aware overlay CAN mesh which bears the relationship with the
“closeness” metric by utilizing some P2P scheme [12]. Am-D

mesh is generated by partitioning am-D Cartesian space among
all end hosts inG such that every end host “owns” its individual,
distinct zone within the overall space. Without loss of general-
ity, we suppose that an end host “owning” a zone is mapped onto
the central point of the zone. The location of end hostvi in the
mesh is identified bym coordinates: (Vi,0, ..., Vi,j , ..., Vi,(m−1))
(j ∈ [0,m− 1]). Several paths may exist between any two zones,
but only the shortest path is employed for setup of the connection
between these two zones. We use the number ofoverlay hopsto
measure the length of the shortest path between two zones. De-
note the number ofoverlay hopsbetween the two zones occu-
pied byvi andvi′ (i, i′ ∈ [0, n− 1], i 6= i′) ash(vi, vi′), then the
sum ofoverlay hopsfrom vi to all other group membersvi′ is de-
fined ash(vi) =

∑n−1
i′=0,vi′ 6=vi

h(vi, vi′). In terms of the number
of overlay hops, the lengths of the shortest paths between any two
adjacent zones are with a uniform unit of1. For instance, in Fig-
ure 1 (b), the numbers ofoverlay hopsfrom 5 to 1, 5 to 2, and5
to 4 are all1. It follows that the lengths of the shortest paths be-
tween any two zones in them-D mesh arek(k ∈ N). Our theo-
rems ofcluster core selectionin the paper are based on using the
number ofoverlay hopsto measure the shortest path length.

Apart from the shortest path, to construct thebalanced RA
routing, the rectangle area(RA) and the maximum number of
direct receiversnvi of each end hostvi play the critical roles.
We use a2-D mesh to describe theRA. For any two nodesvi

in (X0, Y0) and vi′ in (X1, Y1), let Xmin = min{X0, X1},
Xmax = max{X0, X1}, Ymin = min{Y0, Y1} and Ymax =
max{Y0, Y1}, then all nodes(x, y) such thatXmin ≤ x ≤ Xmax

andYmin ≤ y ≤ Ymax uniquely construct aRA [vi, vi′ ]. As for
nvi , considering a multicast flow with the rater, let vi’s avail-
able output capacity beOCi, then we havenvi = bOCi

r c.

3. DSM End Host Multicast Architecture

To construct DSM architecture, we assume the existence of
an agent setAS = {ag0, ..., agk−1}. SupposeAS has an as-
sociated DNS domain name. The DNS is resolved to the agent
(sayagl, l ∈ [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 withagl is maintained by the agent. After the members join
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)
gives the original network in which the end hosts are mapped
into the topologically-aware2-D overlay mesh in Figure 1 (b) by
some hashing function [12]. This overlay mesh is the lower layer
of DSM architecture called themember layer(ML). In ML, end
hosts are partitioned into different clusters as shown by the dot-
ted lines in Figure 1 (b). Some selected end hosts join in the up-
per layer in Figure 1 (c) called thecore layer(CL). More specif-
ically, we make the detailed description in the following subsec-
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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 themember selection dis-
tance unitD as the maximum number ofoverlay hopsbetween
theconstructor/sub-constructorand the members selected by it;
the cluster size boundS as the maximum number of end hosts
that a cluster may contain. For the brevity of description, the fol-
lowing definitions are give.

• Constructor. It is an end host randomly chosen by an agent
to initiate the current cluster construction. Each cluster has
one and only oneconstructor.

• Sub-constructor. It is an end host assigned by theconstruc-
tor to continue the current cluster construction only when
the number of cluster members is less than thecluster size
boundand theconstructorcannot find any member with the
overlay hopsnot greater than themember selection distance
unit. In such situation, the cluster must have at least onesub-
constructor.

• Unassigned end host. Define the end host that currently has
not been assigned into any cluster as theunassigned end
host.

We now sketchDSM cluster formation. One agentagl is ini-
tially selected through negotiating among the agents inAS. agl

selects oneunassigned end hostvi (i ∈ [0, n− 1]) at random
from its member list.vi becomes theconstructorof the cluster,
achieves the zone information of group members that are in the
member list ofagl, and then starts the cluster construction by se-
lecting theunassigned end hostsin G with the numbers ofover-
lay hopsnot greater thanD as its cluster members. Algorithm 1
gives the distributedcluster member selectionprocedure.

If vi finishes itscluster member selectiondue tovi finds a
membervj with h(vi, vj) > D, a cluster member selected byvi

(i.e., asub-constructor) will continue the current cluster construc-
tion by Algorithm 1.vi informsagl of this sub-constructor. agl

updates the information with other agents subsequently. The for-
mation of current cluster terminates till all of the cluster mem-
bers cannot find anyunassigned end hostwho is withinD over-

Algorithm 1 Distributed Cluster Member Selection
Input: The selected agentagl, the constructor/sub-constructorvi (i ∈
[0, n− 1]), the current cluster sizecur size in agl, S andD; // cur size
is 0 if vi is theconstructor
Output: Cluster member setCM = {};
1. agl informsvi of cur size;
2.If (vi is theconstructor) { agl putsvi into SCM ; vi setscur size =
1;}
3. For (j = 0 to (l − 1) & j 6= i) do{ // l members listed inagl

4. If (h(vi, vj) ≤ D & cur size < S) {
5. vi sendsInvitation(clusterid) to vj ;
6. If (vj is unassigned) { vj sendsResponse(clusterid) tovi; vi puts
vj into CM and setscur size = cur size + 1;}
7. Else{ vj sendsNegative(clusterid) to vi;}}}
8. If (vi detects h(vi, vj) ≤ D for all membersvj listed in
agl&cur size < S) { vi continues selecting cluster members in the
member list of the next closest agent tovi by the same way to selectvj ;}
9. Else{ vi finishes its member selection and sendscur size to agl.}

lay hopsor the number of selected cluster members equals toS.
Then, DSM initiates another cluster formation among theunas-
signed end hosts. When there is nounassigned end hostin G,
DSM cluster formationcompletes. We give the distributedclus-
ter formation algorithmas below

Algorithm 2 Distributed Cluster Formation
Input: Unassigned end host setUEH = {v0, ..., vi, ..., vn−1};
Output: Cluster setCS={};
1. While (UEH 6= φ) do{
2. An agentagl is selected through negotiating among the agents in
AS; agl randomly chooses anunassigned end hostvi in its member list,
sendsConstructor(cluster id) to vi, removesvi from UEH and up-
dates the information with other agents;
3. Upon receivingConstructor(cluster id), vi selectsp clus-
ter members by Algorithm 1, puts them intoSCM , and asksagl to re-
move them fromUEH; agl updates such change with other agents;
4. If (vi finishes its member selection& cur size < S) { vi se-
lects asub-constructorfrom thep cluster members and informsagl of
the sub-constructor; The sub-constructorcontinues the cluster mem-
ber selection by Algorithm 1;}
5. If (cur size == S || any member in the cluster cannot find an out-
side group member who is within theoverlay hops of D){ vi

sendsComplete(cluster id) to agl and puts the constructed clus-
ter intoCS; agl updates the information with other agents.}}

DSM adopts a distributed way to construct the clusters. Al-
though eachconstructor/sub-constructorneeds to calculate sev-
eral numbers ofoverlay hopsand compares these results withD
to decide the member selection, such calculation is a linear calcu-
lation, and only the numbers ofoverlay hopsto a subset of group
members are calculated. Ifvi detects that its number ofoverlay
hopsto a cluster member inagl’s member list exceedsD, it will
not conduct thecluster member selectionwith those group mem-
bers listed in an agent that is farther away fromvi thanagl. The
value ofD guarantees that only close end hosts can be assigned
into the same cluster.



3.1.2. DSM Cluster Core SelectionIn DSM, each cluster has a
cluster core that constructs the CL of DSM architecture. The cri-
teria used to select the cluster core is:the cluster core has the min-
imum sum of overlay hops to all other cluster members. The fol-
lowing theorem gives thesufficient and necessarycondition for
seeking such a core in a2-D mesh.

Theorem 1 Suppose end hostu occupies the zone(X, Y ) in
the topologically-aware 2-D CAN mesh and letn>X , n<X and
n=X (n>Y , n<Y and n=Y ) be the numbers of members whose
corresponding coordinates are larger than, less than and equal
to X(Y ) respectively. End hostu is a core if and only if the fol-
lowing two inequalities hold simultaneously:

|n>X − n<X | ≤ n=X , |n>Y − n<Y | ≤ n=Y (1)

Proof (Sufficient condition): CAN employs a uniform way to par-
tition and merge the mesh zones, and such partition and merging
is done by assuming along a certain dimension order. Hence, there
is no large difference in the split among all mesh zones. We now
prove thesufficient condition. Suppose end hostu in the zone
(X,Y ) is a core, then for any other end hostu(1) in the mesh,
there existsh(u) ≤ h(u(1)). To achieve the first inequality in (1),
we first consider an end hostu(1) in (X1, Y1) and its sum ofover-
lay hopsto all other cluster membersh(u(1)). Let u(1) be in the
closest adjacent zone ofu atu’s right side (i.e.,u(1) has the min-
imum x coordinate among all the members in the zones atu’s
right side). Given any memberui in (Xi, Yi), three cases are con-
sidered: (a) ifX < Xi, the hops fromui to u are equal to or one
unit larger than the hops fromui to u(1); (b) if X > Xi, the hops
from ui to u are one unit less than the hops fromui to u(1); (c)
if X = Xi, the hops fromui to u are one unit less than the hops
from ui to u(1).

Because there exist (n<X + n=X ) members whosex coordi-
nate values are less than or equal toX, andn>X members whose
x coordinate values are larger thanX, we have

0 ≤ h(u(1))− h(u) =
n′−1∑

i=0,ui 6=u(1) 6=u

[h(u(1), ui)− h(u, ui)]

= n<X + n=X − n>X ⇒ n>X − n<X ≤ n=X

wheren′ is the number of cluster members.
Letu(2) be in the closest adjacent zone(X2, Y2) of u atu’s left

side (i.e.,u(2) has the maximumx coordinate among all the mem-
bers in the zones atu’s left side),u(3) be in (X3, Y3) that is the
closest adjacent zone aboveu (i.e.,u(3) has the minimumy coor-
dinate among all the members in the zones aboveu), andu(4) be
in (X4, Y4) that is the closest adjacent zone belowu (i.e.,u(4) has
the maximumy coordinate among all the members in the zones
below u). By comparingh(u(2)) with h(u) in the same way as
above, we can achieve the first inequality in (1). By comparing
h(u(3)), h(u(4)) with h(u) separately, we can achieve the sec-
ond inequality in (1) similarly.

(Necessary condition): It is easy to demonstrate that if one of
the inequalities in (1) is violated, end hostu in (X, Y ) cannot be

the core. Assumen>X−n<X > n=X , thenn>X > n<X +n=X .
It means that the number of end hosts with thex coordinates
greater thanX is more than the other two cases. Thus theover-
lay hopsfrom u to these end hosts are larger than some other end
hosts, a desired contradiction. Q.E.D.

Now we extend Theorem 1 to am-D CAN mesh network.
Theorem 2Let (U0, U1, ..., U(m−1)) represents any zone in am-
D CAN mesh network that is occupied by end hostu andn>Uj

,
n<Uj andn=Uj be the numbers of members with thej-th coor-
dinates larger than, less than and equal toUj respectively. Then
end hostu is the core if and only if the followingm inequali-
ties hold simultaneously:

|n>Uj
− n<Uj

| ≤ n=Uj
, j = 0, 1, ..., m− 1 (2)

The proof of Theorem 2 is similar as the one of Theo-
rem 1 and thus is omitted here. We now sketchDSM clus-
ter core selection. In DSM cluster formation, the construc-
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 hasn′ members. We denote the coordi-
nates of cluster memberui as (Ui,0, ..., Ui,j , ..., Ui,(m−1)), i ∈
[0, n′ − 1], j ∈ [0,m− 1] and the coordinates of cluster coreu∗

as(U∗
0 , ..., U∗

j , ..., U∗
(m−1)), whereU∗

j ∈ [(Uj)min, ..., (Uj)max]
and (Uj)min = min{U0,j , U1,j , ..., U(n′−1),j}, (Uj)max =
max{U0,j , U1,j , ..., U(n′−1),j}, Algorithm 3 gives the clus-
ter core selection algorithm.

In Algorithm 3, steps 1-4 can be executed in timeO(n′). Steps
5-8 is a simple linear procedure. It is also executed in timeO(n′).
We can improve steps 5-8 by using the binary searching algo-
rithm that yields anO(ln(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) are5, 10,
17 and23 respectively.

3.1.3. Group MaintenanceSimilar 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
also update their state information periodically with their neigh-
bors in CL. Table 1 gives the comparison of the worst control
overheads generated by one end host in NARADA, NICE with
the cluster size ofs, CAN-based multicast and DSM in them-D
regular mesh overlay when there aren members in the multicast
group. Generally,m < 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
Input: Cluster member setCM = {u0, ..., ui, ..., un′−1}, theconstruc-
tor v andv’s closest agentagl;
Output: Cluster coreu∗ = (U∗0 , ..., U∗j , ..., U∗(m−1));
1. agl informs v of the sub-constructors; v sends
Req Member(cluster id) to each sub-constructorwho then re-
sponses with the zone information of cluster members selected by it
throughAck Member(cluster id);
2. v initializes{a(Uj)

min
, ..., a(Uj)

t
, ..., a(Uj)

max
} = {0, ..., 0, ..., 0};

// a(Uj)
t

records the number of cluster members whosej-th coordi-
nates equal to(Uj)t, wheret ∈ N
3. For (i = 0 to n′ − 1) v do{
4. If (ui’s j-th coordinateUi,j == (Uj)t) {a(Uj)

t
= a(Uj)

t
+ 1;}}

5. For (i = 0 to n′ − 1) v do{
6. For (j = 0 to m− 1) v do{
7. If (|[∑(Ui,j)

l=(Uj)min
(al)−a(Ui,j)]− [

∑(Uj)
max

l=(Ui,j) (al)−a(Ui,j)]| ≤
a(Ui,j)) {(U∗j ) = (Ui,j); j = j + 1;}
8. Else{j = m− 1; i = i + 1;}}}

NARADA NICE CAN-based multicast DSM

Control O(n) O(s) O(m) O(m)

Overhead

Table 1. Control overhead comparison.

dynamic group managementis employed to restore the normal
multicast communications. We present the details of DSMdy-
namic group managementin [18].

4. DSM Dynamic Multicast Routing

DSM adopts different data routing schemes in ML and CL. For
the short delay multicast communications, packets are transmitted
in parallel in these two layers. Denotẽnv as the number of clus-
ter neighbors (i.e., the cluster members in the zones with 1over-
lay hopto v) of any cluster memberv. In ML, if the cluster core
c satisfiesñc < nc, it forwards the outside packets to all its clus-
ter neighbors; otherwise, it only forwards the packets to the clos-
est(nc − 1) neighbors for reserving the capacity to send pack-
ets to1 direct receivers in the upper layer. Those(ñc − nc + 1)
neighbors may receive the packets from their other neighbors.
The neighbors received packets fromc continue forwarding the
packets to their neighbors who haven’t received the packets be-
fore by the same way above. Such packet forwarding scheme is
called thebalanced forward flooding. The arrow lines in Figure
1 (b) depict the multicast routing paths in each cluster by assum-
ing that each end hostv is with nv ≥ 4. As for the source clus-
ter, the sources not only sends the packets to its̃ns neighbors if
ns > ñs or (ns−1) neighbors ifns ≤ ñs but also sends the pack-
ets to the cluster core directly to speed up the message transmis-
sion to other clusters. For example, in Figure 1 (b), suppose end

host4 is the source. It forwards the packets to its cluster neigh-
bors (i.e., end hosts2 and3) and the cluster core (i.e., end host
5) simultaneously as illustrated by the arrow lines. The proce-
dure goes on until all the cluster members receive the packets.
Thebalanced forward floodingscheme distributes the data traffic
evenly over all links and the maximum out-degree of each clus-
ter member is a constant. The potential “bottleneck” when mul-
tiple sources coexist is released. Moreover, such flooding is ef-
ficient in terms of packet forwarding times because the cluster
core has theminimumsum ofoverlay hopsto other cluster mem-
bers. Therefore, the communication efficiency is improved as an-
alyzed in [14].

To construct the delivery paths in CL, we design thebalanced
Rectangle Area (RA) routing algorithm. We first define thefor-
warder andsuccessor. If a cluster coreci receives packets from
another cluster coreci′(i, i′ ∈ [0, n′′ − 1], i′ 6= i), ci′ is thefor-
warderof ci andci is thesuccessorof ci′ . To avoid the same pack-
ets being transmitted to the same end host more than one time,
each cluster core only has oneforwarder. Recall each cluster
core declares its existence with its closest agent. Thebalanced RA
routing algorithmis described as follows. The source cluster (i.e.,
the cluster that the source belongs to) corecs(s ∈ [0, n′′ − 1])
achieves the cluster core list from its closest agentagl and se-
lects the cluster corecf (f ∈ [0, n′′ − 1], f 6= s) with the maxi-
mum number ofoverlay hopsto cs. If there is more than one such
cluster cores,cs randomly chooses one of them. Therectangle
area [cs, cf ] betweencs andcf is constructed.[cs, cf ] may cover
the mesh zones that several cluster cores locate in. If so, there ex-
ists a cluster corecf ′(f ′ ∈ [0, n′′ − 1], f ′ 6= s, f ′ 6= f) in [cs, cf ]
who has the maximum number ofoverlay hopsto cs. cf ′ forms
[cs, cf ′ ] which is called theinner RAof [cs, cf ] that can be de-
noted as[cs, cf ′ ]{cf}. An inner RAof [cs, cf ] is defined as theRA
that is constructed by the source cluster core and one cluster core
covered by[cs, cf ]. An inner RAof [cs, cf ′ ] is also aninner RA
of [cs, cf ] if [cs, cf ′ ]{cf} exists. Let the current number ofsucces-
sorsof cf ′ be ˆncf′ . If ˆncf′ + ˜ncf′ < ncf′ , cf ′ becomes thefor-
warderof cf ; otherwise, the path(cf ′ → cf ) will not be set up.cs

continues constructing theinner RAof [cs, cf ′ ] in the same way.
The membercf ′′ used to construct the firstinner RAof [cs, cf ′ ]
is theforwarderof cf ′ if ˆncf′′ + ˜ncf′′ < ncf′′ . When aRAonly
contains two items:cs and a cluster core, the delivery path from
cs to this cluster core is constructed if̂ncs + ñcs < ncs . Af-
ter that,cs continues constructingRAs with those members who
have not been covered by the generatedRAs. When all the cluster
cores have been covered by at least oneRA, oneforwarder search-
ing procedurecompletes. There may several cluster cores called
theunassigned cluster coreswho haven’t found theirforwarders
in this procedure. Thebalanced RA routingbegins anotherfor-
warder searching procedureto construct thebalanced RApaths
among them. In the new procedure,cs is still the source cluster
core ifn̂cs +ñcs < ncs ; otherwise,agl assignscs′ who is the clos-
estunassigned cluster coreto cs to act as the source cluster core.
cs′ receives packets fromcs′′ who is cs′ ’s closest core that sat-



isfies ˆncs′′ + ˜ncs′′ < ncs′′ . Thebalanced RAdelivery path con-
struction completes till all the cluster cores find theirforwarders.
Algorithm 4 gives thebalanced RA routing algorithm.

Algorithm 4 Balanced Rectangle Area Routing
Input: Cluster core setCC = {c0, c1, ..., cn′′}, source cluster
core cs, and cs’s closest agentagl; //n′′ is the number of clus-
ters inG
Output: Delivery path setP = {};
1. While (CC! = Φ) {
2. If (n̂cs + ñcs ≥ ncs ) { agl selectscs′ who is cs’s closest clus-
ter core and with ˆncs′ + ˜ncs′ < ncs′ ; cs = cs′ ; }
3. cs achieves the cluster core list from its closest agent and con-
structs[cs, cf ] with the cluster corecf who has the maximum num-
ber ofoverlay hopsto cs; Cluster cores not covered by[cs, cf ] form the
setC([cs, cf ]);
4. While ([C([cs, cf ])] > 2) do { // [C([cs, cf ])] records the num-
ber of cluster cores inC([cs, cf ])
5. cs constructs[cs, cf ′ ] with the cluster corecf ′ who has the maxi-
mum number ofoverlay hopsto cs; Cluster cores in[cs, cf ] but not cov-
ered by[cs, cf ′ ] form C([cs, cf ′ ]);
6. If (cf is unassigned& ˆncf′ + ˜ncf′ < ncf′ ) {Put (cf ′ → cf )

into P ; C([cs, cf ]) = C([cs, cf ′ ]); f = f ′;}}
7. If (n̂cs + ñcs < ncs ) {Put (cs → cf ) into P ; Removecf from CC;
Construct the delivery paths among the cluster cores inC([cs, cf ′ ]) by
the same way to build the paths in[cs, cf ] if C([cs, cf ′ ]) 6= φ;}
8. If (C([cs, cf ])) 6= φ) { Constructs the delivery paths among
the cluster cores inC([cs, cf ]) by the same way to build the paths in
[cs, cf ].} }

Thebalanced RA routingeliminates the protocol cost to man-
age a multicast tree and achieves the similar routing efficiency as
the tree routing. The algorithm enables a cluster core to construct
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 theRAdelivery 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-
ter core has the output capacity to serve 5 direct receivers andA is
the source cluster core. The coordinates ofA, B, 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 step3, A selectsF with the max-
imum number ofoverlay hopsto construct[A,F ] that only cov-
ersE as shown in Figure 2 (a). The dotted lines in Fig. 2 (a)
mean thatC andD are not covered by[A,F ] and therefore are
put into the setC([A, F ]). Then the algorithm goes to steps5 and
6 whereE is selected to beF ’s forwarderand constructs[A,E].
After that, the algorithm goes to step7 due to only two items in
C([A,E]). The delivery path (A → E) is constructed. Then, in
step 8, the algorithm builds the delivery paths amongA, B, C and
D as shown in Figure 2 (b) and Figure 2 (c) by the same way to

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

(a) (b) (c)

Figure 2. An example of constructing the RAdeliv-
ery paths.

5. Experimental Evaluations

5.1. Experimental Model and Evaluation Criteria

We usens-2 [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-
cast protocols: NARADA, NICE and CAN-based multicast along
the following criteria.

Figure 3. The experimental backbone network.

• Average Link Stress (ALS): Link stress is defined as the
number of identical packet copies traversing over the same
underlying physical links. SupposeL underlying links are
used in the multicast communication and the number of
identical packet copies traversing thei-th link is pi, ALS is
calculated by:

ALS =
∑L

i=1 pi

L
(3)

• Average Multicast Delay (AMD): Define the multicast de-
lay d(s, vi) from the sources to the group membervi as the



end-to-end delay between them. Then, the average multicast
delay froms to all the group members is

AMD =

∑n−1
i=0,vi 6=s d(s, vi)

n− 1
, vi ∈ G (4)

• Total Number of Links Used (TNLU): It refers to the sum of
links that are used during the multicast communication.

• Control Overhead (CO): It refers to the traffic generated by
the group members during the membership management.

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
than other three protocols as illustrated by the results in Table 1
and the simulation results in Figure 6, we evaluate the scalability
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Figure 4. Performance comparison of link proper-
ties.

and efficiency of other three protocols in the first two simulations.
The first simulation observes the protocol performances when

there is one source and the number of group members varies from
70 to 1015. Figure 4 (a) plots theaverage link stressALS curves
of the three protocols. The diagram shows that NICE has the
worstALS performance as compared with other two protocols.
It is because that the cluster leaders in NICE forward the pack-
ets to all the members of the clusters that they belong to. The
links near to the cluster leaders have to carry the identical packets
more than several times. DSM has a betterALS than CAN-based
multicast. It is because that the group members in DSM are parti-
tioned into several clusters that enables the group members in the
zones at the cluster edges to have less cluster neighbors. The rea-
son for the decline trends of the three curves is thatALS is the ra-
tio of the total link stress to the total used links and the increment
of total link stress is less than the increment of total used links
in this simulation. Figure 4 (b) gives the results oftotal number
of links usedTNLU . CAN-based multicast consumes the most
physical links in order to complete the multicast communication.
Although DSM adopts the similar scheme as CAN-based multi-
cast in each cluster, the cluster formation and thebalanced RA
routingdecrease the usage of links greatly.
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Figure 5. Average multicast delay performance
comparison.

NICE CAN-based multicast DSM

ALS 3.7786 1.4982 1.1428

TNLU 1130 1175 1072

Table 2. Comparison of link properties.

Figure 5 (a) shows theAMD curves of the three protocols. It
can be seen that DSM has shorterAMDs than CAN-based mul-
ticast. Such trend becomes more obvious when the group size in-
creases. The AMD of DSM is half of the one of CAN-base mul-
ticast when the number of group members is 910. It is mainly
because theRA 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 theminimumsum ofoverlay hopsto other cluster mem-
bers. TheAMD decline trends in DSM and CAN-based multi-
cast when the number of group members is larger than805 is be-
cause the increment of the sum of multicast delay is less than the
increment of the group members in this simulation. The figure
also shows that NICE has the shortest AMDs in the three proto-
cols. However, as shown in Figure 5 (b), when multiple sources
coexist, NICE has longer AMDs than DSM.

The second simulation observes the protocol performances
when there are 490 group members and the number of sources in-
creases from5 to 50. Figure 5 (b) plots theAMD curves. It can
be seen that the flooding scheme in CAN-based multicast incurs
much longerAMDs than the other two protocols. Under the sit-
uation of multiple sources, DSM achieves shorterAMDs than
NICE, especially when a large number of sources coexist. Ta-
ble 2 gives the link property comparison of the three protocols in
this simulation. Data in the table show that DSM is more scal-
able than NICE and CAN-based multicast.

The last simulation compares the control overheads of the four
protocols. There are 490 group members and 5 sending sources.
The simulation period is100 seconds and two different phases: a
join phase and a leave phase are simulated. In the join phase,72
new hosts join the group uniformly at random between the sim-
ulated time30 and 48 seconds. Starting at the time of60 sec-
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Figure 6. Control overhead comparison.

onds,180 members leave the group uniformly. The leave pro-
cedure lasts18 seconds. Figure 6 (a) gives theCO curve of
NARADA. Compared with the results in Figure 6 (b), NARADA
generates much greater control traffic than the other three pro-
tocols. The large control traffic compromises its scalability. Fig-
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 betterCO performances than CAN-based multicast be-
cause it decreases the control traffic used to maintain the mem-
bership of the members in different clusters.

6. Conclusion

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 theagent set, all
these operations are fully distributed. DSM adopts a two-layer ar-
chitecture. In the lower layer, group members are assigned into
different clusters by thecluster formation, and then thebalanced
forward floodingis employed to distribute packets within each
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-
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 theminimumsum ofoverlay
hops. For the connections of different clusters, thebalanced RA
delivery paths based on the end host output capacities are con-
structed. Such paths release the potential bottleneck and speed up
the packet transmission to the remote end hosts. Our simulation
results match our theoretic analysis. In our future research, we are
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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