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Abstract— In this paper, we propose a bandwidth-efficient
multicast mechanism for heterogeneous wireless networks.
‘We reduce the bandwidth cost of a shortest-path IP mul-
ticast tree by adaptively selecting the cell and the wireless
technology for each mobile host to join the multicast group.
Our mechanism enables more mobile hosts to cluster to-
gether and lead to the use of fewer cells to save the scarce
wireless bandwidth. Besides, the paths in the multicast tree
connecting to the selected cells share more common links to
save the wireline bandwidth. We formulate the selection of
the cell and the wireless technology for each mobile host
in the heterogeneous wireless networks as an optimization
problem. We use Integer Linear Programming to model the
problem and design an distributed algorithm based on La-
grangean relaxation. Our mechanism supports the dynamic
group membership and offers mobility of group members.
Moreover, our mechanism requires no modification on the
current IP multicast routing protocols.

I. INTRODUCTION

The success of wireless and mobile communications in
the 21st century has resulted in a large variety of wireless
technologies, such as second- and third-generation cellulars,
satellite, WiFi, and Bluetooth. The heterogeneous wireless
networks combine various wireless networks and provide
universal wireless access. Users in the heterogeneous wire-
less networks are usually covered by more than one cell
to avoid connection drop and service disruption. Besides,
more mobile terminals in the wireless networks are likely
to own multiple wireless technologies. Therefore, the het-
erogeneous wireless networks provide the mobile hosts with
many choices for the cell and the wireless technologies to
access the Internet.

Multicast is an efficient way for one-to-many and many-
to-many communications. Each multicast group owns a
set of members, and each member can be a sender or a
receiver of the group. The sender in a multicast group
delivers data in a multicast tree to all receivers of the group.
Current IP multicast routing protocols adopt the shortest-
path trees for data delivery [1][2][4][3][5]. The path from
the root of a shortest-path tree to each member must be the
shortest path in the network. In other words, the routing
of a shortest-path tree is fixed once the root and all group
members have been determined. As a consequence, the
bandwidth consumption in an IP multicast tree will not be
able to be reduced in wired networks.

In this paper, we first comment that the bandwidth con-
sumption in a shortest-path tree can be reduced in the
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Fig. 1. An example that provides three different multicast trees by
selecting different cells and wireless technologies for mobile hosts.

heterogeneous wireless networks because the routing of a
shortest-path tree here is more flexible. A shortest-path
tree in the heterogeneous wireless networks consists of two
parts. The first one is composed of the cell and the wire-
less technology chosen by each mobile host. The second
one comprises the wired links that connect the root of the
tree and the chosen cells. Therefore, we can change the
routing of a shortest-path tree by selecting different cells
and wireless technologies for the mobile hosts to reduce the
bandwidth consumption. Consider the scenario in Fig. 1
as an example, where mobile hosts A, B, C, and D are the
members of the multicast group. The example presents
three different shortest-path trees to serve the four mobile
hosts. The first one uses a WiMAX cell to serve the four
mobile hosts. The second one uses a UMTS cell to serves
mobile hosts A and B and two WiF1i cells to serve mobile
hosts C and D. The third one uses four WiFi cells to serves
the four mobile hosts. Therefore, this example shows that
the routing of a shortest-path tree in the heterogeneous
wireless networks is not unique.

As we know, there is no related work about the selec-
tion of the cell and the wireless technology for each mobile
host to build a bandwidth-efficient multicast tree in the
heterogeneous wireless networks. Previous works for mo-
bile multicast in the heterogeneous wireless networks focus
on the efficient mechanisms to provide seamless handover
between different networks [6][7][8][9] and the related se-
curity issues [10]. Previous works have proposed efficient
mechanisms for the 3G wireless networks to provide multi-



cast services [11][12][13][14][15], irrelevant to the routing of
a shortest-path tree. Consequently, in this paper, we pro-
pose a mechanism to reduce the bandwidth consumption
in a shortest-path tree by adaptively selecting the cell and
the wireless technology for each mobile host in the hetero-
geneous wireless networks. The feature distinguishes our
work from others.

Explicitly, we formulate in this paper the selection of
the cell and the wireless technology for each mobile host
as an optimization problem, which is denoted as the Cell
and Technology Selection Problem (CTSP) in the heteroge-
neous wireless networks for multicast communications. The
problem is to select the cell and the wireless technology for
each group member to minimize the total bandwidth cost
of the shortest-path tree. We design a mechanism, which
includes an Integer Linear Programming (ILP) formula-
tion and a distributed algorithm, to solve the CTSP. The
network operator can use our ILP formulation to find the
optimal solution for network planning. Our algorithm LA-
GRANGE, which is based on Lagrangean relaxation [19]
on our ILP formulation. Our algorithm decomposes the
original problem into multiple sub-problems such that each
sub-problem can be solved by each member and base sta-
tion individually. In other words, our algorithm can be
implemented in the distributed manner. In addition, our
algorithm can be regarded as a rerouting algorithm. There-
fore, our algorithm requires sophisticated handover proto-
cols such as the related works [16][17][18].

Our mechanism has the following advantages. First, for
each wireless technology, our mechanism reduces the num-
ber of cells used in a shortest-path tree. Our mechanism
clusters the mobile hosts such that nearby mobile hosts
tend to use the same cell. Second, our mechanism considers
various aspects to select the cell and the wireless technol-
ogy for each mobile host. For a set of nearby mobile hosts,
our mechanism uses a single larger cell or multiple smaller
cells to serve these mobile hosts, depending on the num-
ber of mobile hosts, the location of each mobile host, and
the bandwidth cost of each wireless technology. Third, our
mechanism is transparent to the IP multicast routing pro-
tocols. The shortest-path tree is created by each member
joining the multicast group with the IP multicast routing
protocols, after each member selects the cell and the wire-
less technology according to our mechanism. We thereby
require no modification on the current IP multicast routing
protocols.

The rest of the paper is as follows. Section II describes
our assumption and presents our ILP formulation. We pro-
pose algorithm LAGRANGE based on Lagrangean relax-
ation in Section III. Finally, we conclude our paper in
Section IV.

II. PROBLEM DESCRIPTION

In this paper, we consider the Cell and Technology
Selection Problem (CTSP) in the heterogeneous wireless
networks for multicast communications. The problem is
to select the cell and the wireless technology for each
group member to minimize the total bandwidth cost of the

shortest-path tree. The total bandwidth cost of a shortest-
path tree consists of the total wireless bandwidth cost of
the selected cells and the total wireline bandwidth cost of
the shortest-path tree spanning the root and each selected
cells.

The mobile hosts considered in this paper are the mem-
bers of a multicast group. A cell covers a mobile host if
the mobile host is within the transmission range of the base
station of the cell. Let a cell be a candidate cell if the cell
covers at least one mobile host. A node or link z is down-
stream to another node or link y in the shortest-path tree if
y is on the path from the root of the tree to z. A sub-tree
that is downstream to a link e contains link e and every
node and link that are downstream to e in the shortest-
path tree. For simplicity, the selection of the cell for each
mobile host means the selection of both the cell and the
wireless technology in the rest of the paper.

The notation in this paper is summarized as follows,

set of cells in the heterogeneous wireless networks;
set of links in the shortest path from each
candidate cell to the root of the tree;

set of mobile hosts in the network;

set of mobile hosts covered by cell ¢, ¢ € C;

set of cells covering mobile host m, m € M,

C,, C C} if mobile host m selects cell ¢ manually,
we let the set C,, contain only a cell ;

set of cells that are downstream to node u in the
shortest-path tree , C,, C C;

E.  set of links in the shortest path from cell ¢ to the
root of the tree, E. C E;

E, set of links that are downstream to node u in the
shortest-path tree , £, C F;
€y,» the link from node u to v, e, , € E;

be bandwidth cost of cell ¢, ¢ € C;

by,v bandwidth cost of link e, v, €y, € E;

cy,n the cell with the base station v connected to link
€u,vs Cuyv € 07 €u,v € E;

r the root of the shortest-path tree.

We use ILP to model the CTSP. The ILP formulation can
find the optimal shortest-path tree in the heterogeneous
wireless networks with any existing commercial software.
Our ILP formulation has the following variables,

a binary variable; 7, . is one if mobile host m
selects cell ¢, m € M, ¢ € Cpy;

Oc a binary variable; o. is one if cell ¢ is used in the
shortest-path tree, c € C;

a binary variable; A, , is one if link e, , is used in
the shortest-path tree, e, , € E.

Tm,c

)\uv

3

The objective function of our integer linear programming
formulation is as follows,

min » be X oe+ D buwy X Ay
ceC euvEE

The constraints of our ILP formulation are as follows,



> Tme=1,Vm e M,
ceCpy
Tm,e < Oc, YM € M, Ve € Cp,,

e < Ay, Ve € C, Ve, , € E..

The first constraint guarantees that each mobile host
selects one cell. The second constraint enforces that a cell is
used in the shortest-path tree if it is selected by any mobile
host. The third constraint states that a link is used in the
shortest-path tree if it is on the path from any selected cell
to the root of the tree. In addition to the above constraints,
the problem has the constraints enforcing that 7, ¢, o,
and A, are all binary variables. We regard a set of selected
cells that obey the above constraints as a feasible solution
to the CTSP.

ITI. DESIGN OF ALGORITHM LAGRANGE

In this section, we propose an algorithm LAGRANGE.
The algorithm is based on Lagrangean relaxation on our
ILP formulation proposed in Section II. The algorithm
relaxes a constraint of our ILP formulation and transfers
the CTSP into the Lagrangean Relaxation Problem (LRP).
The LRP owns a new objective function with the Lagrange
multipliers and fewer constraints such that we can decom-
pose the LRP into multiple sub-problems, where each sub-
problem can be solved in the distributed manner. The
members in our algorithm collaboratively construct the
shortest-path tree according to the solutions to the sub-
problems. Besides, the cost of each cell for each member is
updated iteratively to reduce the total bandwidth cost of
a shortest-path tree according to the current group mem-
bership and the locations of members.

The algorithm relaxes the second constraint in the ILP
formulation to transfer the CTSP into the LRP, and the
objective function of the LRP is as follows,

min Z bc X O¢ + Z bu,v X >\u,7j +

ceC euwvEE
Z Z Hne (7rm,c - Uc)
meM ceCy,
= min Z E ,Uzm,c'frm,c:| +
meM ceCyy,

|:Z (bc - Z Mm,c) Oc + Z bu,v X )‘u,v:| 3
ceC m:ceChp, eu,vEE

where p,, . is the Lagrange multiplier, u,, . > 0, Vm € M,
Ve € Cp,. The Lagrange multiplier is p,, . is the cost of
cell ¢ for mobile host ¢. The LRP includes the first and the
third constraints. The optimal solution to the LRP pro-
vides a lower bound on the objective value of the optimal
solution to the CTSP, which is the total bandwidth cost of
the optimal shortest-path tree.

We solve the LRP by decomposing the LRP into two
sub-problems. We divide the objective function and the
constraints of the LRP into two parts, where each sub-
problem owns one part of the objective function and con-
straints. The variables in the two sub-problems are mutu-
ally independent such that we can solve each sub-problem
individually, and the solution to the LRP is just the com-
bination of the solutions to the two sub-problems.

The objective function of the first sub-problem is as fol-
lows,

min Y, K, cTm,c-
meM ceCy,

The first sub-problem has the following constraint,

> Tme=1,Vme M.
c€Cm

In the sub-problem, each cell ¢ is associated with a cost
Mo, for each mobile host m. The optimal solution to the
first sub-problem is to find the cell with the minimum cost
for each mobile m. The running time of the algorithm for
the first sub-problem is thereby O (|]M]|C]). In algorithm
LAGRANGE, the cost p,, . for cell c is stored in each mo-
bile host m, and each mobile host thereby can find the cost
with the minimum cost individually.

The objective function of the second sub-problem is as
follows,

min Y, [be— D el Tct Do buw X Auw.
ceC m:ce€Cp, ’

eu,wEE
The second sub-problem has the following constraint,
e < Ay, Ve € C, Ve, € E.

In the sub-problem, each cell ¢ is associated with a profit

Y. My, If we choose a cell ¢, we acquire the profit but
m:ceCp,
pay the wireless bandwidth cost b. and wireline bandwidth

cost b, , of each link e, , on the shortest path from c to the
root. However, the wireline bandwidth cost b, , for each
link e, , can be shared by all downstream selected cells.
Therefore, the objective function of the second problem is
to minimize the net cost of all selected cells in the shortest-
path tree that spans all candidate cells, and we have to find
the best trade-off to select the cells.

Let 6,,, denote the minimum net cost of the sub-tree
that includes link e, ,, and the sub-tree rooted at v. To find
the minimum net cost of the whole shortest-path tree, we
consider each link of the shortest-path tree in the bottom-
up manner. For the link e, , that connects to cell ¢, ,, the
minimum net cost §,,, is as follows,

6u,v = min O7bcu,v + bU,U - E Mmacu,v ’
micy,u €ECm

where the zero net cost corresponds to the case that cell ¢, ,,
is not selected, and net cost b., , +by v — D

M:Cyu,vE€ECH
corresponds to the case that cell ¢, , is selected. Therefore,
net cost d,,, is guaranteed to be non-positive. Afterward,
for each of the upstream links e, ,, we derive the minimum
net cost §,, from the minimum net cost of each down-
stream link 6, 4,

/Lm,cu,v

0y,p = min {O, buv+ > 6U,w}.

w:ey,wEE

If 6, is negative, note that the above equation allows only
some downstream links of e, , own the selected cells in



.Let p«1, g <1, VmeM, VYceC,.

S

.Let 4, <0, Ve, eE;let 6.0, VeeC:let 7,0, YmeM, VceC,;
for each member me M ,
choose a cell ¢, « arg ‘n}jny{y,m} let 7, <1, 6, «lslet A, <1, Ve, €E,;

end for.

w

. Foreachcell ¢,,eC,
let 8,, < b, +b.— 2t
if 8,,<0,thenlet o, <1, 4, «l;elselet o, «0, 4, «0;
end if;

end for.

IS

. Consider all links in £ in the bottom-up manner, namely,

for each link e¢,, € E,
if b+ > G.<O0,thenlet A, « 1, &,, < b+ Y .

elselet 4,, < 0, &,, < 0;leto, « 0, VceC,ilet 4,;, < 0, Ve, , € E,;
end if;

end for.

Jf p<N and | Ybxé.+ Y b, xi,,.}{ﬁb‘ XO+ 2 b X Ayt D 2 e (e —a)}zﬁ.then
& e e et

w

let y« ZM Z(‘ te (T — O ): slet g, < max {0, Hon e +M}, YmeM, VceG,;

if any Lagrange multiplier is adjusted, then return to step 2;
end if.

Fig. 2. Algorithm LAGRANGE.

the corresponding sub-trees, while the cells located in the
sub-trees corresponding to other downstream links are not
selected. We can find the minimum net cost of the shortest-
path tree in O (|E|) time.

Fig. 2 shows the details of our algorithm, where &
denote if algorithm LAGRANGE selects cell ¢, and A, ,
denote if algorithm LAGRANGE uses link e,, in the
shortest-path tree. Initially, algorithm Lagrange assigns
unit cost to each cell for each member in step one, and
each member thereby can select any cell. Afterward, our
algorithm iteratively reduces the total bandwidth cost of
the shortest-path tree. At each iteration, our algorithm
first finds the solution to the first sub-problem in step two.
The algorithm then finds the solution to the second sub-
problem in step three and four. The algorithm then ad-
justs the cost of each cell for each member in step five such
that we can find a shortest-path tree with lower bandwidth
cost in the next iteration. Algorithm LAGRANGE stops
when the number of iterations 7 is larger than a thresh-
old N, when our algorithm can no longer adjust the cost,
or when the difference of the total bandwidth cost of the
obtained shortest-path tree and the lower bound on the
total bandwidth cost of the optimal shortest-path tree is
within a threshold 6. The parameter ¢ in step five is
a parameter that dominates the modification of the cost
at each iteration in the subgradient algorithm. With a
larger €, the shortest-path tree improves faster, but the
obtained shortest-path tree tends to consume more band-
width than the obtained shortest-path tree with smaller €.
In this paper, we thereby reduce ¢ as the improvement of
the shortest-path tree becomes smaller.

IV. ConcrLusioN

In this paper, we propose a new mechanism to reduce the
total bandwidth cost of a IP multicast tree by adaptively
selecting the cell and the wireless technology for each mo-

bile host. We model the selection of the cell and the wireless
technology for each mobile host as an optimization prob-
lem. We use Integer Linear Programming (ILP) to formu-
late the optimization problem. The network operators can
use our formulation for network planning. We also design
an algorithm based on the Lagrangean relaxation. Our al-
gorithm can be implemented as a network protocol that
supports the dynamic group membership and the mobility
of users.
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