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On Bandwidth-Efficient Overlay Multicast
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Abstract—In this paper, we propose a new multicast delivery mechanism for bandwidth-demanding applications in IP networks. Our
mechanism, referred to as Multiple-destination Overlay Multicast (MOM), combines the advantages of IP multicast and overlay
multicast. We formulate the MOM routing problem as an optimization problem. We then design an algorithm based on Lagrangian
relaxation on our formulation and propose a distributed protocol based on the algorithm. For network operators, MOM consumes less
network bandwidth than both IP multicast and overlay multicast. For users, MOM uses less interface bandwidth than overlay multicast.

Index Terms—Application-layer multicast, overlay multicast.

1 INTRODUCTION

MULTICAST is an efficient way of one-to-many and many-
to-many communications [1]. Each multicast group
consists of a set of members, and each member can be a sender
or receiver of the group. The sender of a multicast group
delivers data over a multicast tree to reach all receivers of the
group. For simplicity and robustness, current IP multicast
routing protocols [2], [3], [4], [5] rely on shortest path unicast
routing protocols to construct a multicast tree in the IP
network. Therefore, an IP multicast tree is a shortest-path
tree, which is a union of the shortest path from each member
to the root of the tree. Although finding a shortest-path tree is
not difficult, the bandwidth used in a shortest-path tree is not
optimal for multicast communications because the routing of
a shortest-path tree is inflexible. The path from the root to
each member is fixed in a shortest-path tree, regardless of the
identities and locations of other members. Consider Fig. 1, for
example, where Fig. 1a is an IP network topology, node 1 is
the root, and nodes 6, 11, and 13 are group members. With the
shortest-path tree (Fig. 1b), it takes 10 packet hops for
transmission, where a packet hop corresponds to sending a
packet over one hop. The path from node 1 to node 11 is
independent of the path from node 1 to node 13, even though
nodes 11 and 13 are quite close. The total bandwidth
consumption can be reduced by first sharing a common path
fromnode 1 tonode 12 and then connecting nodes 11 and 13 to
node 12, but these paths are not the shortest paths in the IP
network. Therefore, the above example shows that a shortest-
path tree may induce higher bandwidth consumption.

Due to the slow deployment of IP multicast, an overlay
multicast, that is, application-layer multicast, is proposed to
construct a multicast tree in an overlay network. The
routing of an overlay multicast tree is more flexible than the
routing of an IP multicast tree because the path from the
root to each member is not constrained to be the shortest
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path in the IP network. The path from the root to each
member in an overlay multicast tree can include other
members to relay data.

The bandwidth used in an overlay multicast tree
corresponds to the total bandwidth consumption of all
edges in the tree of the overlay network, where the
bandwidth consumption of an edge connecting two
members in the overlay network is the total bandwidth
consumption of the shortest path connecting the two
members in the IP network. Therefore, the overlay multicast
tree using the least amount of bandwidth is the minimum
spanning tree in the overlay network. Although the routing
for an overlay multicast tree is more flexible than the
routing for an IP multicast tree, each link in the IP network
needs to deliver an identical packet multiple times if the
link is located in the shortest paths from a member to more
than one other member. For example, in Fig. 1c, there are
eight packet hops in the overlay multicast tree. The links
from node 6 to node 12 deliver an identical packet twice
because node 6 sends the packet to nodes 11 and 13
individually. However, each link in an IP multicast tree
delivers each packet exactly once. Thus, an overlay multi-
cast tree is not guaranteed to use less bandwidth than an IP
multicast tree. In addition, each member in overlay multi-
cast uses more interface bandwidth if the member is
required to send an identical packet multiple times to other
members. Here, interface bandwidth refers to the band-
width for a member to send data to the Internet.

Given a set of the members for a multicast group, the
Steiner tree is the multicast tree using the least amount of
bandwidth in the IP network. A Steiner tree outperforms an
IP multicast tree because the path from the root to each
member in the Steiner tree is not constrained to be the
shortest path in the IP network. A Steiner tree also
outperforms an overlay multicast tree because each link in
a Steiner tree delivers each packet exactly once. Unfortu-
nately, the Steiner tree is not currently adopted for multicast
communications due to its extremely high computational
overhead. In addition, deploying Steiner trees in the
Internet requires each router to update and implement a
standardized Steiner tree algorithm, which would lead to
very high deployment cost and slow deployment for ISPs.

In this paper, we propose a bandwidth-efficient multi-
cast delivery mechanism MOM that adopts the routing
flexibility of overlay multicast but alleviates the stress
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(@) (b)

Fig. 1. An example comparing the bandwidth consumption in a shortest-path tree (10 packets), an overlay multicast tree (eight packets), and a
Multiple-destination Overlay Multicast (MOM) tree (six packets). (a) Network topology. (b) Shortest-path tree. (c) Overlay multicast tree. (d) MOM

tree.

problem by including multiple destination addresses in
each IP header [6], [7], [8]. With MOM, a router uses the
existing unicast routing protocol to find the neighbor
routers for packet delivery. A packet is duplicated only
when it must be delivered to more than one neighbor
router. Including multiple addresses in a packet has many
advantages, as have been demonstrated in the literature (for
example, [9], [10], [11], [12]).

MOM combines the advantages of overlay multicast and
IP multicast. The path from the root to each member is not
constrained to be the shortest path in the IP network, and each
link in MOM sends much fewer packets. Consider Fig. 1d, for
example, where there are six packet hops sent in an MOM
tree. Node 6 sends one packet with the addresses of nodes 11
and 13. The packet follows the shortest paths tonodes 11 and
13 and is duplicated at node 12. Each link sends exactly one
packet. This example shows that MOM has the following
advantages. For network operators, MOM consumes less
network bandwidth than both IP multicast and overlay
multicast. MOM uses less network bandwidth, thanks to the
flexibility of routing in overlay multicast and much fewer
packets sent on each link. For users, MOM consumes less
interface bandwidth than overlay multicast, thanks to multi-
ple addresses being included in each packet. As a result, each
member can send data to other members with much fewer
packets. In the next section, we prove that IP multicast and
overlay multicast are two special cases of MOM.

In this paper, we model the MOM routing problem as an
optimization problem. The problem is to minimize the total
number of packet hops sent in an MOM tree. We use Integer
Linear Programming (ILP) to formulate the MOM routing
problem, which is NP-hard with the reduction from Vertex
Cover [29]. We design an algorithm based on Lagrangian
relaxation on our formulation. We adopt the Lagrangian
relaxation instead of other optimization techniques due to
the following reasons. First, our algorithm decomposes the
original problem into multiple subproblems such that each
subproblem can be solved by each member independently.
In other words, the algorithm can be implemented in a
distributed manner. Second, the algorithm adapts to the
change to group membership and network topology. The
algorithm iteratively reduces the cost of a multicast tree
according to the current group membership and the IP
network topology. Third, the algorithm can find the lower
bound on the total number of packets sent in the optimal
MOM tree (MOM-OPT). Since using the ILP formulation to
find the MOM-OPT with a large number of members in the
large IP network is computationally infeasible, the lower
bound obtained by our algorithm provides the benchmark
to compare with other algorithms for the problem.

Compared with the algorithms that find the Steiner trees in
the IP network, our algorithm can support a large number of
multicast groups because the members collaboratively find
the multicast trees. We believe that members are more suited
than routers to find a multicast tree because each member
tends to participate in much fewer multicast groups than
routers, allowing each of them to contribute computation
power to find the tree for each participating group. In
addition, MOM does not require any new routing algorithm,
and ISPs only need to enable the multidestination delivery in
routers. We also design a protocol based on the proposed
algorithm, and the protocol can be implemented as a client
middleware for overlay multicast services.

MOM is applied to applications different from IP multicast
and overlay multicast. Its design goal is to minimize the
bandwidth consumption, whereas the IP multicast is to
support a large number of members. Previous research
results for overlay multicast focus mainly on scalability [13],
[14], [15], [16], [17] or on real-time applications to minimize
end-to-end delay [18], [19], [20], [21]. The approaches that
improve the scalability are typically based on hierarchical
network structures or Delaunay triangulation overlays. For
real-time applications, approximation and heuristic algo-
rithms are used to find the overlay networks with bandwidth
and delay constraints. However, this paper focuses on
bandwidth-demanding applications such as the distribution
of large files between corporate servers or long-term
applications with medium data rate.

The rest of this paper is summarized as follows: Section 2
addresses the problem description and our proposed ILP
formulation. Section 3 explains our algorithm based on the
Lagrangian relaxation on our ILP formulation. Section 4
presents the simulation results. Finally, this paper is
concluded in Section 5.

2 PROBLEM DESCRIPTION

In this paper, we focus on one-to-many multicast commu-
nications. The root of a multicast tree is the sender of the
group, and other members are the receivers of the group.
We formulate the MOM routing problem as an optimization
problem. The problem is to find the MOM tree such that the
total number of packets sent in the tree in the IP network is
minimized. The sender in the MOM tree delivers data to
some other members. Some members may need to relay
data to other members such that each member can receive
the data from the sender. Each packet can include the
addresses of multiple receivers. Since the forwarding delay
of a packet in the router is proportional to the number of
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TABLE 1
Input Parameters of the MOM Routing Problem

Symbol Description

K the sender of the multicast group

R the set of receivers in the multicast group
the set of members in the multicast group;

M M={s}UR

G the directed graph modeling the IP network

v, A the set of nodes and arcs in the IP network G
the complete graph corresponding to the overlay

Ge
network of M

Ve, A. the set of nodes and arcs in the overlay network G.

T, the shortest-path tree in G rooted at member p;
each leaf node ¢ in 7, is another member in A4, and
only the root and the leaf nodes in 7, can be the
members in M

Vs Ap the set of nodes and arcs in 7, V,cV., 4,c4,
VpeM

L, the set of leafnodes in 7, L, c M , Vpe M

c’ the set of child nodes of u in 7, C/cV,,
VpeM, Vue Vp

Py the set of arcs in the shortest path from « to v in G,
b,cA [, > Yu,velV

1 the maximum number of addresses that can be

included in each packet

addresses in the header [7], we have a constraint that each
packet contains at most 6 addresses to limit the packet
forwarding delay, where ¢ is a positive integer. Therefore, a
member is required to send more than one packet to a
neighbor router if the router needs to send data to more
than 6 members. Network operators can adjust § to find the
best trade-off between the packet forwarding delay and the
bandwidth consumption according to the forwarding speed
of a router.

We list the input parameters and decision variables of
the MOM routing problem in Tables 1 and 2. Let ¢spr, ¢st,
doms and ¢% oy (6) denote the number of packets sent in the
shortest-path tree, Steiner tree, optimal overlay multicast
tree (minimum spanning tree), and MOM-OPT, with at
most 6 addresses in each packet, respectively. We first
prove that IP multicast and overlay multicast are two
special cases of MOM.

Lemma 1. If 6; is no less than 65, then the following inequality
holds:

dxom(01) < Pxonm(82)-

Proof. The above inequality holds because any MOM tree
with at most ¢, addresses in each packet is a feasible
solution to the MOM routing problem with at most
61 addresses in each packet. ]

Theorem 1. The following inequalities hold:

dspr = dxom(IR]), dom = dxom(6),
and  ¢xon(6) > ¢st, where 6> 1.

Proof. The routing of an MOM tree is identical to the
shortest-path tree if the sender directly sends the data
to all receivers. Besides that, each arc in the MOM tree
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TABLE 2
Decision Variables of the MOM Routing Problem

Symbol Description

x, a binary variable that represents if arc (p,q) in G,
is in the MOM tree and in the path from s to
member m, VmeR , V(p,q) € A,

. an integer variable that represents the number of

“r leaf nodes in 7, with the addresses in the packets
sentin arc (u,v) of 7,, VpeM, V(u,v)e 4,
P an integer variable that represents the number of
o packets delivered in arc (u,v) of T,, VpeM ,
V(u,v)€ 4,

D?, the set of leaf nodes in 7, with the addresses in the
packets sent in arc (u,v) of T, , VpeM ,
V(u,v) € 4, , namely, |D | =17,

K’ a subset of D such that each leaf node in K/

belongs to the packet sent in arc (#,v) with &
addresses, Vpe M, Y(u,v)€ 4,
ur a subset of D?

uy uy

such that each leaf node in U,
belongs to the packet sent in arc (u,v) with fewer
than & addresses; namely, U? =D} —K/,

delivers exactly one packet if 6 is |R|. Therefore, the
shortest-path tree is a feasible solution to the MOM
routing problem, with ¢ being |R|, and ¢spr is no less
than ¢4y (|R|). The optimal overlay multicast tree is
the minimum spanning tree, which is also the optimal
solution to the MOM routing problem, with ¢ being 1.
In other words, ¢, is identical to ¢, (1). Therefore,
dop 18 no less than ¢%y(6) according to Lemma 1,
6> 1. Since any MOM tree, with § being |R|, is a
feasible solution to the Steiner tree problem, ¢%y(|R])
is no less than ¢gr. Therefore, ¢ (6) is no less than
¢st according to Lemma 1, 6 > 1. O

We formulate the MOM routing problem as an ILP
problem. The formulation has the following objective
function:

mlnE: E: uv

PEM (uw)eA,

The above objective function minimizes the number of
packets sent in an MOM tree in the IP network. The
formulation has the following constraints:

Yo X

Z Xgp =0, Vm € R,Vq € R—{m},

p:(p.9)€Ac (g.p)€Ac
(1)
Y X~ X Xmp=LVmeR (2
pi(pm)eAc p:(m.,p)eAc
Yo X4~ D Xph=1LVYmeR, (3)
a:(s,9)€Ac ¢:(g:5)€Ac

Xpg < Thys V(p,q) € Ac,Vm € RY(u,q) € Ay, (4)

u,q°
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ng =70, Yp € M,Y(u,v) € Ap,v & Ly, (5)
zeCy

T, <oxab | ¥pe M,V(u,v) € A, (6)

u,v?

Constraints (1), (2), and (3) obtain the identities of
relaying members in the path from the sender s to each
member m in the MOM tree. For each relaying member,
constraint (1) finds the two adjacent members in the path.
Constraints (2) and (3) decide the adjacent relaying member
for member m and sender s in the path. Therefore, for each
member p, we can obtain the set of other members to which
p must relay data with the three constraints. Note that
member p must send data to other members Via T,. For each
arc (u,v) in T, constraints (4) and (5) find 7%, which is the
number of downstream members served by arc (u,v). If
member q is relayed by p, then constraint (4) enforces that

m, is 1 for the 1nc1dent arc (u,q). For each arc (u,v) in T},
constraint (5) obtains 77, according to 77, of each incident
arc of v. Therefore, we can obtain the addresses in the
packets sent in each arc (u,v) with the above two
constraints, and constraint (6) can therefore find the number
of packets required to be sent in (u,v). In addition to the six
constraints above, there are the constraints that enforce that
Xy Thy and 7 - are all binary variables. We regard an
MOM tree that obeys the above constraints as a feasible
solution of the MOM routing problem.

3 ALGORITHM BASED ON LAGRANGIAN
RELAXATION

In this section, we design an algorithm based on Lagrangian
relaxation on our formulation. The algorithm finds both a
feasible MOM tree and the lower bound on the total
number of packets sent in the MOM-OPT. For a multicast
group with a large number of members in a large IP
network, the lower bound provides the benchmark to
compare with other algorithms, since finding a large MOM-
OPT with the ILP formulation is computationally infeasible.
The algorithm relaxes a constraint of our formulation to
transform the MOM routing problem into the Lagrangian
Relaxation Problem (LRP). LRP has a new objective function
with the Lagrange multipliers and fewer constraints such that
we can decompose LRP into multiple subproblems, where
each subproblem corresponds to a member and can be
solved independently by the member. The members in our
algorithm periodically exchange and update the Lagrange
multipliers to iteratively reduce the total bandwidth
consumption of an MOM tree according to the current
group membership and the network topology. We describe
how we can solve the MOM routing problem as follows:

e Transform the MOM routing problem into the LRP.

e Decompose LRP into multiple subproblems and
solve each subproblem.

e Construct an MOM tree according to the solutions to
the subproblems.

e Reduce the total bandwidth consumption of the
MOM tree by iteratively updating the Lagrange
multipliers.
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3.1 Problem Transformation and Decomposition

Our algorithm relaxes constraint (4) to transform the MOM
routing problem into LRP, and the objective function of LRP
is expressed as follows:

Th )

DD I AEED DD DD DI RN (VI
2
cu

a4
pEM (uv)€A, (p.g)€Ac MER u:(u,q)€A,
(p.@)€Ac u:(u,q)€4,

_Z Z O[ZLqXXZLq—}—Z Z ﬂ—uu

meR (p,g)€Ac pEM (up)eA,

E o/” X T"
meR

_Z Z Zququ_'—z Z

PP

meR (p,g)€Ac peEM [ (uv)ed, q€Ly u:(u,q)€A
(Z a7rL ) 5[]} 7
meR
where o is the Lagrange multiplier, o', > 0, Vm € R, and

Y(p,q) € Ac LRP includes constraints (1) (2), 3), (5), and
(6). Compared with the objective function of the MOM
routing problem, the objective function of LRP owns a new
term corresponding to the relaxed constraint (4). Intuitively,
for any feasible solution to LRP that contradicts constraint
(4), namely, x;', > 77 , the objective function penalizes the
solution with a larger objective value. Moreover, any
feasible solution to the MOM routing problem must also
act as a feasible solution to LRP, since the set of constraints
of LRP is a subset of the constraints of the MOM routing
problem. If we adopt the optimal solution to the MOM
routing problem as a feasible solution to both LRP and the
MOM routing problems, then the objective value of LRP
must be no more than the objective value of the MOM
routing problem because the new term in the objective
function of LRP must be nonpositive. Therefore, the
objective value of the optimal solution to LRP must be no
more than the objective value of the optimal solution to the
MOM routing problem. In other words, the optimal
solution to LRP provides a lower bound on the objective
value of the optimal solution to the MOM routing problem,
where the objective value of the MOM routing problem is
the total number of packets sent in the MOM-OPT.

We solve LRP by decomposing LRP into two subpro-
blems. We divide the objective function and the constraints
of LRP into two parts, where each subproblem owns one
part of the objective function and constraints of LRP. The
variables in the two subproblems are mutually independent
such that we can solve each subproblem individually, and
the solution to LRP is just the combination of the solutions
to the two subproblems.

Since the objective function of LRP can be divided into
two terms, our algorithm decomposes LRP into two
subproblems, where the objective function of the first
subproblem is expressed as

min Z Z O[ X qu (7)

meR (p,q)€Ac
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The constraints of the first subproblem include constraints
(1), (2), and (3). The first subproblem is identical to the
shortest path problem for sender s and each receiver m in
the overlay network. We can solve the problem with any
distributed shortest path algorithm. Note that the cost o,
of each arc (p, g) in the overlay network can be different for
each receiver m in the shortest path problem.

The objective function of the second subproblem is
expressed as follows:

win LY - Y <Za,,q>w - ®)

peEM | (u,w)€A, €Ly u:(u,q)€A, \MmER

The constraints of the second subproblem include con-
straints (5) and (6). We decompose the subproblem into the
Leaf Selection Problem (LSP) for each member p in M. For each
member p in M, LSP selects some leaf nodes in T}, to which p
must send data. The objective function of LSP for member p

contains two terms. The first one is the total number of

packets sent in 7}, and the second one is the sum of the profit

of each selected leaf node. Each leaf node ¢ creates profit
Z ' if itis selected; that is, variable 7 is 1, where u is the
parent node of g in T},. Therefore, the ob]ectlve function is to
minimize the net cost for each member p to send data to the
selected leaf nodes in 7). The constraints in LSP for each
member p enforces that each router in 7, must deliver packets
according to the destination addresses. Intuitively, we obtain
more profit in this problem if we choose more leaf nodes.
However, more selected leaf nodes also consume more
bandwidth in T),. Therefore, we have to find the best trade-

off to select the leaf nodes.

3.2 Solving the LSP

We design a dynamic programming algorithm to find the
optimal solution to LSP. We select the dynamic program-
ming method to exploit the tree structure of this problem.
For each member p, the method enables each node u in
tree T, to avoid storing and computing the net costs of all
possible selections of the downstream leaf nodes. In
contrast, each node v in the dynamic programming method
stores and computes only the best selections of downstream
leaf nodes when u receives a packet with k addresses, where
1 <k < 6. In other words, node v is required to store and
compute only 6 possible selections of downstream leaf
nodes. Therefore, the dynamic programming method can
effectively reduce the memory and computational time to
solve the problem.

Each arc (u,v) in T, needs to deliver packets to the
downstream selected leaf nodes DP . To minimize the
number of packets sent in the arc, we have to include the
addresses of more downstream selected leaf nodes in each
packet. Therefore, our algorithm allows only one packet
with fewer than 6 addresses, whereas every other packet
must include 6 addresses. For arc (u,v) in 7}, let K¥  denote
the set of packed selected leaves of the arc, where each selected
leaf node in the set is located in a packet with ¢ addresses.

1507
In contrast, let U7 denote the set of unpacked selected leaves
of the arc, and each selected leaf nodes in the set is located
in a packet with fewer than 6 addresses. In our dynamic
programming algorithm, we obtain K}, and Ul from K},
and U}, of each downstream arc (v, w) of (u,v) such that the
size of U}, is smaller than 6. More specifically, we pack the
unpacked selected leaves of each downstream arc (v, w) to
K7, to reduce the size of U}, . Therefore, our algorithm is

operated in a bottom-up manner.

For each member p and each arc (u,v) in T, let €@ (ju.v)
denote the optimal net cost obtained in the subtree that
includes all arcs in the path from p to v and all arcs
downstream to v, where j,, is the number of unpacked
selected leaves in the subtree. We find !, (jj,.,) in the bottom-
up manner as follows: We first consider the leaf node. For
each leaf node ¢, with v being the parent node in 7}, net cost

el ,(1)is therefore 1 — Z o, because gis a selected leaf node

in this case.In contrast, net cost ey (0)is zeroand corresponds
to the case that ¢ is not selected. We then consider each node v
with fewer than 6 child nodes, where a child node is a leaf

node of T},. Net cost €

u,v

(Junw) represents the case that j,, , child

nodes {qi, ¢, ...,q;,, } are selected, and we obtain £ (ji,) as

follows:
07ju.1,' =0
e olJup) = L+ juw — Jzuj Sam 1< Gy < 6. 9)

=1meR Pk’
Here, arc (u,v) in 7, needs to send one packet with the
addresses of the j,, leaf nodes if j,, is positive. If v has
exactly 6 child nodes, where each child node is a leaf node,
then &l (ju») becomes

IIIIH{O |Pyol +6— Z PR },jw =0
Eﬁm(j1l,,1;) _ i k=1meR
1 +.]‘uﬁv - Z Z a;rquk’ 1 S ju.v < 6
k=1meR
(10)

Here, |P,,| is the number of arcs in the path from p to v.
Note that we have two cases when j,, is zero. No child
node is selected, or all the 6 child nodes are selected. In the
latter case, all the 6 child nodes become the packed selected
leaves and belong to the same packet sent in each arc of the
path from p to v. Therefore, each arc in the path needs to
send one packet for the ¢ selected leaf nodes. Finally, if v has
more than é child nodes, where each child node is a leaf
node, then net cost € (j,.) selects the i child nodes
{a1,%,...,4} with the largest profit such that & (ju»)
satisfies the following:

szﬂ,uu,v):m;n{[“ﬂ [Py HHfZZ

1 meR

(11)

17 i

a™ | 7mod 6 = _]u'[z}’o S ju,ﬂ < 6.
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Function LSP_DP
Input: 7,=(V,,4,), a,

Find: 77

g YmeM , Vgel,.

and #;,, VpeM, V(u,v)e4,.

uy > uy ?

meR

2. Forv from |Vp| tol, velL,,
for j,, from0to 6 -1, (w,v)e4,,

. . Juw
let &),(j,,) < (i {{?W +|p,

end for;
end for.

3. Let J_'N eargoglilla{sﬁ,x(jp‘x)}, VxeCy;

for v from 1 to |Vp > vel,, wv)ed,,
let {jvw}<—arg min Jus +|P
{hwmect} || & N

end for.
4. Foreachleafnodegin L,, (u,9)€ 4,,

end if}
end for;

g
weC?

end for.

1. Number all nodes in 7, by the breadth-first-search algorithm;
let £2,(0)«0, &f,)«<1->ay, , &, ()<, VgeL,, q)ed,, 2<j,,<5.

Jozngec

Jogi ) gec.

if 7,,=1,thenlet z7, «1, n/, «1;elselet z7, « 0, z7, «0;

for v from |VP| tol, vel,,let 7}, « Zrﬁw , mh, e[r,fv/ﬂ > (wv)ed,;

weCl

)| 0< i, <8, j,,mod &= J}

)| 0< i, <6, ZJVW mod &= J}

Fig. 2. Dynamic programming algorithm for the LSP.

Here, [j.,/6] packet with the unpacked selected leaves
must be sent in arc (u,v), and |i/é| packets with the packed
selected leaves must be sent in each arc of the path from p to
v. Note that we do not consider the packet with the
unpacked selected leaves sent in the path from p to v, since
the packet can be merged with other packets with other
unpacked selected leaves located in the different branches
of T,. Therefore, we count the packet induced by these
unpacked selected leaves later when we consider the
upstream arcs. Note that (9) and (10) are two special cases
of (11), and the above scenario considers only each node v,
with all child nodes being the leaf nodes of 7). For each
other node v in T}, we generalize ?  (j, ) as follows:

E'[L:,ru(.ju,z,v) = {]lfnuj?d,} { ’V U, l-‘ {va’ X >< Z ]z w

weCl
3 e Go)| 0 G < &,
weCl
Z jz:,w mod 6 = ju«,v}v
weCh

(12)

where {j,,:w€ Cr} is a set containing a j,, for each
downstream arc (v, w). The net cost consists of the packet
with the unpacked selected nodes sent in (u,v), the packets
merged from the downstream arcs and sent in path P,,,
and the sum of the net costs obtained from the downstream

arcs. One way to find &/, (j,,,) is to consider all the O(6/°"1)
combinations of j,, for each downstream arc (v,w).

However, we reduce the runtime to 0(52 X |C§\2) with an

auxiliary graph in [1].

Fig. 2 gives our dynamic programming algorithm for
LSP. Step 1 sets the initial value for each leaf node. Step 2
finds el (ju») for each arc (u,v) and each j,, in the
bottom-up manner. Step 3 determines the optimal j,, for
each arc (u,v) in the top-down manner, where j,, is the
optimal number of unpacked selected leaves obtained in
our algorithm. Finally, step 4 finds the selected leaf nodes
and the net cost of the tree 7). For example, consider the
tree in Fig. 3, where ¢ is 3, and the number below each

receiver is the profit associated with the receiver g, that is,

Fig. 3. An example multicast tree for the LSP, § = 3.
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TABLE 3
An Example of the Dynamic Programming Algorithm for the LSP

Jas (Js9>Js10) &5(J2s) Jia (JasJassJ26) &2(ji)
0 (0,0) min {0} 0 (0,0,0) ,(1,1,1), (1,2,0) , (0,2,1) min {0,-6,-4,-4}
1 (1,0), (0,1) min {-3,1} 1 (1,0,0,(0,1,0), (0,0,1), (1,2,1) min {-1,-2,-1,-5}
2 (L1 min {-3} 2 (1,1,0), (1,0,1), (0,1,1) min {-4,-3,-4}
Jsa Unriis Jri2s Jrgs) &,Us7) Jis (s> J38) &5(jis)
0 (0,0,0) , (1,1,1) min {0,—4} 0 (0,0),(2,1) min {—4,-5}
1 (1,0,0),(0,1,0),(0,0,)  min{-1,-3,1} 1 (1,0), (0,1 min {-2,-4}
2 1,1,0), 1,0,1), (0,1L))  min{-5,-1,-3} 2 (2,0), (LD min {-4,-3}

> af,. For each arc (u,v) in T}, Table 3 lists j,, for each
:rgc? (u,v), the possible combinations of j,, of the each
downstream arc (v,w), and the net cost &, (ju.). The jy,
in boldface is the optimal j,,, which corresponds to an
optimal collection of j’vﬁw found in step 3 of our algorithm.
For example, considering arc (1, 2), 51,2 is zero, since
5}72(0) has the minimum net cost. Moreover, (jou,j25, j26)
of the downstream arcs corresponding to j_'m is (1, 1, 1).
Therefore, ja5 is 1, (J5.9,75.10) is (1, 0), and member 9 is a
selected leaf node. The selected leaf nodes are nodes 4, 9,

6, 11, 12, and 8 in this example.
Next, we prove that our algorithm obtains the optimal

solution to LSP in O (62 X |V},|2)

Lemma 2. For each member p, the following holds:

i P m D

(u,v)€A, €Ly u:(u,q)€A, \MER
- XC;[K/],,Q&{ px ‘7’”)}

Proof. For each child node = of p, let T),, denote the tree
with node p, arc (p,z), and the subtree rooted at x. Let
A, and L, , denote the set of arcs and leaf nodes in 7}, ..
Therefore, according to the definition of &) (j,.), the
following holds:

i E P E
min s o

(u0)€Ape
o . P .
= min & T }
0§j}7,1'<6{ P,T (]P.T)

For any two nodes z and & that are different child
nodes of p, the selection of leaf nodes in T, is
independent of the selection of leaf nodes in T, ;.
Therefore, the following holds:

> ()<

q€Ly s wi(u,q) €Ay, \TER

n p
,q> X Tug

min Y oAl -0 > (Za;

(u,v)€A, q€Ly u:(u,q) €A, \meR

Yl B ¥ Y (D) e,
zeCy (uw)€A, - gLy u:(u,q)€A,, \MER

- Z o<m],,1Jn<§{ P ‘7’”)}
The lemma thereby follows. O

Theorem 3. The dynamic programming algorithm obtains the
optimal solution to LSP in O<62 x|V, |2)

Proof. For each arc (u, v) in T,, we can obtain ¢?
Jua in O(82 x|C7]
algorithm is O(Zvevp 6
0(62 X \V},|2) Therefore, with Lemma 2, our algorithm
finds the optimal solution to LSP in 0(62 X \Vp\z) 0

(Junw) for all
). The computational time of our
X ]C{,’!Q), which is at most

u,v

3.3 Finding and Improving the Feasible MOM Tree

The solution to LSP for each member may not build a
feasible multicast tree for the MOM routing problem
because each member independently selects the leaf nodes
to send data. Some members may not be able to receive data
from the sender. Therefore, we use the solution to the
shortest path problem for each member in the overlay
network, which is the first subproblem to LRP, to find the
feasible MOM tree. For each receiver m, the shortest path
problem for m decides the identity of each member p
located in the path from the sender to m, and each member
p can then obtain the identities of other members to which p
must relay data. The solution guarantees that each member
is able to receive the data from the sender. Note that the
MOM tree is different from the IP multicast tree because the

cost a’”

of each arc (p, q) can be different for each receiver
m. In other words, the routing for the MOM tree in the
overlay network is not restricted, since each receiver can
individually choose a path to connect to the sender by

properly assigning the cost to each arc. In our algorithm, we
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Input: G=(V,E), M, S .

Find: y,, , VmeR, V(p,q)ed.

1. Let w«1, a”,"_q <1, VmeR, Y(p,q)€ 4,..

2. Find g, using the shortest-path algorithm, Vme R, V(p,q) € 4.;
LSPiDP(TP 5 a;'.q , VYmeM, Vgel, ), VpeM;
find ¢yoy from x7,, VmeR, V(p,q)€ 4.

L | 5T B 5 T a0 w0 05 e
PpeM (u)ed,

(pg)eAc meR (wg)ed,

Iet;u—zzz

(pg)edc meR (u.q)ed,

m P N .
(x‘,vq—r,u,) ,0<—o+]1;

let a;, « max {O,a;:’_q +UX(Z;’,(, —rh)/,u} , VmeR, Y(p,q)€ 4., (u,q)e4,;
if any Lagrange multiplier is adjusted, then return to step 2;
end if;

end if.

Fig. 4. The algorithm based on Lagrangian relaxation.

first assign unit cost to each arc and then iteratively adjust
the cost according to the subgradient algorithm. Let W (&)
denote the objective function of LRP in Section 3.1, where
a= (agfq,Vm € R,VY(p,q) € AC). The subgradient corre-
sponding to the optimal solution to LRP is denoted by

VW(a) = (8W(o7) /™ m € R,Y(p, q) € Ac), where

Pq’
8W(&) — M _ P
m P:q u,q*

aapsq

The feasible solution to the MOM routing problem obtained
by an algorithm depends on cost o], and the subgradient
OW (a)/0a;, indicates the direction of adjusting o, to find an
improved solution to the MOM routing problem, with
VYm € R, and Y(p,q) € Ac. At each iteration, our algorithm
increases or decreases the value of each cost according to the
solutions to the two subproblems of LRP. Our algorithm
o When X' — 71 is positive. In other words, arc
(p, ) is used in the shortest path for m, but ¢ is not selected in
LSP for p in this case. On the other hand, our algorithm
decreases aqu when ngq - Tﬁq is negative. In this case, arc
(p, g) is not used in the shortest path for m, but ¢ is selected in
LSP for p.

We explain the adjustment of the cost in an intuitive way as
follows. The solution to LSP provides insights to find a
bandwidth-efficient tree, even though it may not be a feasible
solution to the MOM routing problem. The dynamic
programming algorithm for LSP tends to select the leaf nodes
that share a longer common path to the root to reduce the net
cost of the tree. In other words, for each member p and each
leaf node gselected in LSP, the tree over which prelays data to
q is a bandwidth efficient tree. Therefore, if p does not relay
data to ¢ in the MOM tree, then we decrease a;’j’q for each
member m such that the arc is more likely to be selected in the
shortest path problem for m, and member p tends torelay data
to ¢ in the MOM tree. Therefore, the cost a;’fq, which is the
Lagrange multiplier in LRP, plays an important role in
finding a bandwidth efficient MOM tree.

Fig. 4 shows the details of our algorithm for the MOM
routing problem. Our algorithm assigns unit cost to each arc
for each receiver in step 1. Then, our algorithm iteratively

adjusts the cost o of each arc (p, q) for each receiver m to

increases «
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reroute the MOM tree. At each iteration, we first find the
solutions to the shortest path problem and LSP and then find
¢xom, which is the total bandwidth consumption in the MOM
tree, in step 2 according to the solution to the shortest path
problem for each receiver. We adjust the cost of each arc for
each receiver in step 3 such that we can find the MOM tree
with less bandwidth consumption at the next iteration. Our
algorithm stops when the number of iterations wis larger than
a threshold N, when our algorithm can no longer adjust the
cost, or when the difference of the total bandwidth consump-
tion of our MOM tree and the lower bound on the total
bandwidth consumption in the MOM-OPT is within a
threshold 6. The parameter o in step 3 is a parameter that
dominates the modification of the Lagrange multipliers at
each iteration of the subgradient algorithm. The MOM tree
improves faster with a larger o, but the obtained MOM tree
tends to consume more bandwidth than the obtained tree
with smaller o. Therefore, we reduce the value of o as the
improvement of the MOM tree becomes smaller.

We illustrate this with an example in Fig. 5, where the
corresponding IP network is shown in Fig. la. At each
iteration, the three numbers in parentheses beside each arc in
the overlay network are the costs of the arc for receivers 6, 11,
and 13 in the shortest path problem. The solid line, long-dash
line, and short-dash line in the overlay network are the
shortest paths for receivers 6, 11, and 13, respectively. The
number beside each member in the IP network is the profit of
themember in LSP. For example, the profit of receiver 6in 7} is
2.4 atthe second iteration, whereas the profits of receiver 11in
T; and T are 3.3 and 2.1, respectively. The solid tree and the
short-dash tree in the IP network indicate the selected leaf
nodesin 7} and T§, respectively. For example, receivers 11 and
13 areselected in Tg at the second iteration. Receivers 6,11, and
13 are selected in T at the fifth iteration, but no leaf node is
selected in T;. At the first iteration, the shortest paths for
receivers 6, 11, and 13 contain arcs (1, 6), (1, 11), and (1, 13),
respectively, in the overlay network, and the three arcs decide
the routing of the MOM tree. Both receivers 11 and 13 are
selected in LSP for Ti because the total profit of receivers 11
and 13is larger than the total bandwidth consumption in T to
serve the two receivers. The solution to LSP suggests that
member 6 relays data to receivers 11 and 13 in the bandwidth-
efficient MOM tree. In contrast, receivers 11 and 13 are not
selected in LSP for T}, and the solution does not suggest that
sender 1 delivers data to receivers 11 and 13. Therefore, our
algorithm reduces the costs of arcs (6, 11) and (6, 13) and
increases the costsof arcs (1,11)and (1, 13) at theend of the first
and second iterations. At the third iteration, member 6 begins
relaying data to receivers 11 and 13, and sender 1 stops
sending data to the two receivers. The fourth and fifth
iterations adjust the costs of the arcs in the overlay network
such that the MOM tree uses the arcs corresponding to the
selected leaf nodesin LSP at the sixth iteration. In other words,
the shortest paths for receivers 6, 11, and 13 at the sixth
iteration include only the selected leaf nodes of LSP for 77 and
Ts. For example, arc (6, 11) is in the shortest path for
receiver 11, whereas receiver 11 is also selected in LSP for
Ts. Therefore, our algorithm stops after the sixth iteration,
since step 3 of our algorithm in Fig. 4 can no longer modify the
cost of each arc.
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(1,1.6,1)
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n n (0.4,1.25,0.4)

(0.4,0.4,1) (0.4,0.4,1.25)

(1.6.0°

(d)

Fig. 5. An example of our algorithm, with ¢ being 2. (a) Iteration 1 (¢ =3

(e) Iteration 5 (o = 2). (f) lteration 6 (¢ = 1).

We design a protocol that supports dynamic group
membership to implement the proposed algorithm in a
distributed manner. Each new member in our protocol joins
the multicast tree via the shortest path to the sender to
connect to any on-tree parent member in the path, as in IP
multicast. Our protocol has low initial setup delay because
the data delivery starts once the new member is connected
to the tree. To reduce the bandwidth consumption, our
protocol has a rerouting procedure that distributes the
Lagrange multipliers to allow each member to find the new
parent member. The rerouting procedure does not lead to
packet losses because each member leaves its original
parent only after it has been successfully connected to the
new parent member. In addition, when a member decides
to leave the group, it is disconnected from its parent only
after each child member has been connected to another
member. The rerouting procedure is initiated by the sender,
and thus, the sender can control the rerouting speed by
adjusting the interval between two rerouting procedures.
Our protocol is loop free, as long as the corresponding
shortest path routing protocol is loop free.

4 SIMULATION

This section shows our simulation results for the MOM
routing problem. In this simulation, we measure the total
number of packets sent in the Steiner tree, the shortest-path
tree, the minimum spanning tree, and the MOM tree
generated by our algorithm (MOM-LAG). In addition, we
compare the above with the MOM-OPT in small networks or
with the lower bound on the number of packets in the MOM-
OPT (MOM-LB) in large networks. We do not compare the
MOM tree with the overlay multicast trees proposed in

). (b) Iteration 2 (o = 3). (c) lteration 3 (o = 3). (d) Iteration 4 (o = 3).

previous works, since the minimum spanning tree is the
optimal overlay multicast tree. Note that the minimum
spanning tree is the same as the MOM-OPT, with 6 equal to 1.

In the simulation, we use the flat graph with the Waxman
distribution [22] as the network topology to test our algorithm
in networks with different graph characteristics. We also use
MBone [23] and the Internet topology with the power-law
distribution generated by Inet [24], [25] to verify our
algorithm in more realistic networks. In our simulation, each
node is a router, and each member is a host randomly
attached to a router. The simulation results are averaged over
100 samples. The input parameters are listed as follows:

1. Graph characteristic. We generate random flat graphs
with the Waxman distribution. Given the physical
locations of two nodes, the distribution determines
whether there exists a link connecting the two nodes.
The distribution has two parameters: a and (. The
graph with larger a and 3 has a larger node degree
and a smaller graph diameter [26]. Therefore, the
multicast trees in different graphs have different
characteristics.
Group size. The group size is the number of receivers
in a multicast tree.
6. This is the maximum number of addresses that
can be included in each packet.

4.  Distribution of receivers.
We use the affinity-and-disaffinity model [27] to describe
the distribution of receivers in a multicast tree. With a
positive affinity index, receivers tend to cluster. With a
negative affinity index, receivers tend to spread out. When
the affinity index is zero, all receivers are chosen uniformly
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Fig. 6. Comparison of the bandwidth consumption for different multicast
trees in the small network.

at random among all nodes. We measure the following
performance metrics in our simulation:

1. cost of a multicast tree,

2. number of packets sent by each member,

3. stress of each link, which is the number of packets
sent per link,

4. number of addresses in the header of each packet,

depth of a multicast tree, and

6. distance from each member to the parent member
(this is the number of hops from the parent member
to each member).

e

To find optimal solutions, we first adopt a small network
with 30 nodes in Fig. 6 because solving a large ILP problem
is computationally infeasible. We use CPLEX [28] with the
ILP formulation and our proposed formulation to find the
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Steiner tree and the MOM-OPT. Fig. 6 compares the total
number of packets sent in the Steiner tree, the shortest-path
tree, the minimum spanning tree, the MOM-OPT, and the
MOM-LAG when the group size is 20. Parameters o and 3
are both set to 0.28 in the Waxman distribution, and the
affinity index is zero. Fig. 6 shows that the minimum
spanning tree and the MOM tree with ¢ less than 2 consume
more bandwidth than the shortest-path tree because some
links need to send identical packets multiple times.
However, the total bandwidth consumption in the MOM-
OPT outperforms, that is, is smaller than, the shortest-path
tree and is close to the Steiner tree as ¢ increases, and the
total bandwidth consumption in the MOM-LAG ap-
proaches the MOM-OPT. Fig. 6 also shows that the MOM-
OPT consumes about 20 percent and 30 percent less
bandwidth than the shortest-path tree and minimum
spanning tree, respectively.

Fig. 7 shows the simulation results with different §’s and
group sizes in a large network with 100 nodes. Parameters o
and [ are both set to 0.2 in the Waxman distribution, and
the affinity index is zero. Since finding the MOM-OPT with
our formulation in the large network is computationally
infeasible, we compare the MOM-LAG with the MOM-LB
on the optimal solution. We find the lower bound by
solving LRP, as defined in Section 3. Fig. 7a shows that the
MOM tree requires less bandwidth than the minimum
spanning tree and the shortest-path tree, and a small 6 can
effectively achieve the bandwidth reduction. Each multicast
tree consumes more bandwidth as the group size increases,
as shown in Fig. 7b. Fig 7b also shows that MOM can save
more bandwidth as the group size increases. Fig. 7c
compares the maximum number of packets sent per link

300

[
=)

=)
S

(%
1=

Total number of packets sent in a tree

o

0 10 20 30 40 50 60 70 80 90 100

(b)

05 | +MOM-LAG(90) <~MOM-LAG(70) —~MOM-LAG(50)
>¢MOM-LAG(30) <O-MOM-LAG(10) ——MST,SPT

Average number of addresses in a packet

Fig. 7. Comparison of different multicast trees in the large network with different §’s and group sizes. (a) Bandwidth cost of a tree (group size = 40).
(b) Bandwidth cost of a tree (§ = 4). (c) Stress of a link. (d) Number of addresses in a packet.
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group size is 40. (a) Distance to the parent member. (b) Number of packets sent by a member. (c) Depth of a tree in terms of the number of

members. (d) Depth of a tree in terms of the number of hops.

in different multicast trees, where the number in parenth-
eses is the group size. Each link in the shortest-path tree,
that is, the IP multicast tree, must deliver exactly one
packet. Fig. 7c shows that each link in the MOM tree sends
fewer packets than the link in the minimum spanning tree.
Besides that, a small ¢ can effectively reduce the maximum
number of packets sent per link. Fig. 7d compares the
average number of addresses in each packet. Each packet in
the overlay multicast and the IP multicast must contain one
receiver address. Although MOM requires more addresses
in each packet, Fig. 7d shows that the average number of
addresses in each packet is limited, even when we have a
large 6 and a large group size.

Fig. 8 shows the simulation results with different ¢’s,
affinity indices, and (c, ) in the Waxman distribution with
100 nodes in the network. We vary the affinity index in
Figs. 8a and 8b. With a larger affinity index, the members tend
to cluster together, leading to a small multicast tree. Fig. 8a
compares the distance to the parent member in different
multicast trees. The parent member in the shortest-path tree is
just the root of the tree, and the shortest-path tree has the
largest distance because there is no relaying member between
the root and each member. Fig. 8a also shows that the distance
increases as ¢ increases in MOM because each member can
include more addresses in the packet and therefore can serve
more distant members; Fig. 8b shows that each member in
MOM delivers fewer packets as § increases. The average
number of packets sent by a member may be less than 1
because the members that are the leaf nodes in the multicast
tree send no packet. Figs. 8c and 8d compare the depths of
different multicast trees in terms of the number of members
and the number of hops. We vary parameters avand $as 0.2 or

0.3 in the Waxman distribution to simulate the multicast trees
in graphs with different characteristics. With larger o and 3,
each node has more incident links and tends to connect to
more neighbor nodes, and the network has a larger node
degree and a smaller graph diameter. Therefore, eachnode in
a multicast tree has more child nodes, and the tree has a
smaller depth.

Fig. 9 shows the simulation results in MBone and the
Internet topology generated by Inet. We generate the Internet
topology with the number of nodes identical to MBone to
compare the multicast trees in two graphs with different
characteristics, where each network has 4,177 nodes. In the
Internet, there are a few nodes with large degrees [24], and
these nodes tend to act as the backbone routers. Therefore, the
graph that represents the Internet has a smaller diameter as
compared to MBone, and we have smaller multicast trees in
the graph, as shown in Figs. 9a and 9b. A multicast tree in the
Internet tends to span the nodes with the backbone routers,
and we have a multicast tree with a smaller depth, since each
node in the tree tends to have more child nodes. Thus, Fig. 9c
shows that a few links that connect to the backbone routers
deliver a large number of identical packets in the Internet for
overlay multicast, and MOM with a small é can effectively
reduce the redundancy of the packet delivery. Fig. 9d shows
that the number of iterations in our algorithm is controllable.
Parameter ois 1 or 10 in this simulation. Our algorithm with a
large o converges with about 11 iterations. Note that it is
possible that at some iterations, our algorithm obtains a
solution worse than the solution of an iteration. The reason
behind searching toward a locally worse direction is to avoid
being trapped in a locally optimal solution. Our algorithm
with a small ¢ in Fig. 9d converges more slowly and obtains a
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of a tree in MBone. (b) Bandwidth cost of a tree in the Internet. (c) Stress of a link. (d) Bandwidth cost of a tree in the Internet.

solution at the 45th iteration, which is better than the one
obtained at the 11th iteration with a large o. Therefore, the
number of iterations of our algorithm is controllable, and the
sender can find the trade-off between the overhead and the
quality of the solution with different o’s.

5 CONCLUSION

In this paper, we propose a new multicast delivery
mechanism MOM for bandwidth-demanding applications.
Our mechanism uses less bandwidth compared with both
IP multicast and overlay multicast. The routing of our
mechanism is more flexible than the IP multicast, and our
mechanism avoids the stress problem in the overlay
multicast. The bandwidth used in our mechanism is close
to that used in Steiner trees. We model the MOM routing
problem as an optimization problem with ILP. We design
an algorithm based on Lagrangian relaxation. Our mechan-
ism uses less network bandwidth than the IP multicast and
overlay multicast. Moreover, our mechanism uses less
interface bandwidth than the overlay multicast, thanks to
including multiple addresses in each packet. Therefore, our
mechanism is bandwidth efficient for both network
operators and users.
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