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Abstract

Recently, there has been extensive research on integrat-
ing cellular networks and ad hoc networks to overcome the
limitations of cellular networks. Although several schemes
have been proposed to use such hybrid networks to improve
the performance of individual multicast groups, they do not
address the Quality of Service (QoS) issues when multiple
groups are present in the networks. Our work, on the other
hand, considers an interesting scenario of hybrid networks
when an ad hoc network cannot commodate all the groups
and a base station has to select a subset of groups to op-
timize its bandwidth savings and maximize the utilization
of the ad hoc network, while providing QoS support for
multicast users. In this work, we develop a network model
for multicast admission control which takes wireless inter-
ference into account, formulate the group selection prob-
lem as a multidimensional knapsack problem, and propose
an Integer Linear Programming (ILP) formulation and a
polynomial-time dynamic algorithm. We also examine a
distributed implementation of the dynamic algorithm in real
systems. Simulation studies demonstrate that the dynamic
algorithm is able to achieve very competitive performance
under various conditions, in comparison with the optimal
solution computed by the ILP approach.

1 Introduction

In recent years, wireless networks have been evolving
rapidly with the proliferation of wireless devices and the
widespread deployment of wireless infrastructures, such as
2.5G and 3G cellular networks. A cellular network usually
consists of a wired backbone formed by some fixed base
stations. Mobile users (or nodes) can subscribe to a base
station and communicate directly with it. The main ad-
vantage of cellular networks is that they provide large cell
coverage; on the other hand, however, they often offer very
limited bandwidth (e.g., 3G networks support bandwidth of

384Kbps to 2Mbps), and base stations are potential perfor-
mance bottlenecks when there are a large number of users
in the same cell.

To overcome the limitations of cellular networks, there
has been extensive research work on integrating ad hoc net-
works and cellular networks. In wireless ad hoc networks,
mobile nodes form a network instantly without infrastruc-
ture support. Each mobile node could act as a router in the
network, relaying data packets for others over multi-hop
wireless links. Thus, in a hybrid cellular-ad hoc network,
mobile hosts can be used to relay packets for other nodes to
increase the coverage of base stations or avoid dead spots
[13, 2]. They can also redirect traffic within a congested
cell to a neighboring non-congested cell [19, 5]. In addi-
tion, system throughput can be increased when base sta-
tions switch between ad hoc mode and cellular mode [10],
or when mobile users experiencing good channel quality
(called proxies) relay packets for other nodes [14, 21].

Inspired by the above work for point-to-point (i.e., “uni-
cast”) traffic, a number of hybrid architectures have been
proposed for group communication applications when the
same content is sent to multiple receivers [8, 9, 16]. In
these architectures, proxies (i.e., mobile hosts with high
receiving rate) use “multicast” to send packets to a group
of users. Multicast is an efficient mechanism for point (or
multi-point) to multi-point communication, which has been
widely used in both wired [17, 6, 3, 15] and wireless net-
works [4, 12, 18, 7]'. By exploiting the benefits of multi-
casting among mobile users (i.e., ad hoc multicast), these
architectures can enhance the network performance, espe-
cially for applications with heterogenous receivers. How-
ever, previous work mainly focuses on individual multicast
groups, and does not consider the Quality of Service (QoS)
when multiple groups co-exist in the networks.

Our work, on the other hand, targets at the scenarios
in which base stations manage multiple groups simulta-
neously. We consider all types of groups: groups solely

'In multicast, a tree or mesh structure is usually used for data delivery.
Packets are duplicated only at branching nodes, thus reducing identical
packets on network links and preserving link bandwidth.



formed by local users in one cell; groups consisting of users
from other cells?; virtual groups implicitly formed by users
receiving the same content®. When there are a large number
of users and groups in a cell, the bandwidth requirement for
the base station will be very demanding. As we know, band-
width is scare resource for a base station, thus many groups
obviously will overload the base station since all the traffic
goes through this “bottleneck™ point (we call this commu-
nication mode ““cellular mode”). To reduce multicast traffic
load on base stations, we also propose using ad hoc mul-
ticast (called “ad hoc mode”) as in [8, 9, 16]. However,
due to the capacity limit of the ad hoc network, if all the
groups are routed in ad hoc mode, the network may become
congested and the performance of these groups may be de-
graded significantly. Thus, it is critical to determine which
groups should be admitted into the ad hoc network so that
the work load on base stations is minimized and the utiliza-
tion of the ad hoc network (without exceeding its capacity)
is maximized at the same time. We refer to this problem as
“group selection problem”.

In this paper, we formulate the group selection problem
as a multidimensional knapsack problem, and present an
ILP (Integer Linear Programming) formulation and a dy-
namic algorithm to solve the hard problem efficiently. In
both of the approaches, we take wireless interference among
neighboring nodes into consideration. We conduct simu-
lations to evaluate the proposed algorithms. The results
demonstrate that these algorithms can achieve very com-
petitive performance. The ILP approach gives the optimal
solution, but it is not feasible for large networks with high
capacities. The proposed dynamic algorithm, on the other
hand, can achieve near-optimal solutions, and it is more ap-
propriate for on-line dynamic systems.

The remainder of this paper is organized as follows. In
Section 2, we briefly review some related work. We formu-
late the group selection problem in Section 3 and present
our solutions in Section 4. Then we evaluate the perfor-
mance of the proposed algorithms in Section 5 by simula-
tions. Finally, we conclude the paper in Section 6.

2 Related Work

The recognition of the trade-offs between cellular and
ad hoc networks has stimulated a lot of efforts to integrate
these two types of networks for various purposes.

Some proposals focus on increasing cell coverage or bal-
ancing load among cells [13, 2, 19, 5]. In [13], the au-

2In this case, for a local cell, the base station is treated as one member
of the group.

3Examples for virtual groups are web content fetching and streaming
media distribution. When there are multiple clients in the local cell, web
caching proxies and media streaming servers can be selected among the
mobile nodes and the base station.

thors use mobile nodes to relay packets between base sta-
tions and mobile nodes in order to reduce the number of
base stations and increase cell coverage. In [2], an ad hoc
GSM (A-GSM) network platform is developed to improve
GSM coverage and avoid dead spots. Wu et al. propose
a mobile-assisted data forwarding (MADF) scheme to di-
rect traffic in a hot cell to neighboring cold cells using an
ad-hoc overlay, thus improving system throughput and re-
ducing end-to-end delay [19]. In [5], the authors propose
a load balancing scheme called Integrated Cellular and Ad
Hoc Relay (iCAR) for cellular networks, which places ad
hoc relay nodes at strategic locations to relay traffic from
congested cells to non-congested ones.

Some other research efforts explore the benefits of both
types of networks and aim to improve system throughput
[10, 11, 14, 21]. In [10], Hsieh and Sivakumar investigate
the performance trade-offs between cellular and multi-hop
ad hoc models and present a simple hybrid model, in which
a base station and mobile hosts switch between cellular and
multi-hop modes to maximize the total throughput. Their
further study in [11] indicates that using ad hoc models in
cellular networks may degrade the throughput and fairness
performance. To address these drawbacks, they propose
several approaches, including assisted scheduling, hybrid
station, and dual mode service. In [14], a Unified Cellular
and Ad-Hoc Network (UCAN) architecture has been pro-
posed to allow mobile nodes with high data rates (called
proxies) to relay data for users experiencing poor channel
quality in order to improve aggregate throughput. A more
recent approach, QAWBA [21], aims at providing better
QoS support for hybrid networks by a QoS-aware wireless
bandwidth aggregation mechanism.

While the above work centers on point-to-point traffic,
there have been some recent proposals on enhancing cellu-
lar multicast performance using ad hoc networks. Hauge
et al. propose a hybrid network architecture to increase the
coverage of high bandwidth group service [8, 9]. Inspired
by UCAN, Park and Kasera develop a routing algorithm to
find ad hoc paths from proxies to cellular multicast receivers
[16]. Unlike these two schemes which attempt to improve
the performance of individual multicast groups, the goal of
our work in this paper is to maximize the performance of
the whole network when there are many co-existing multi-
cast groups. Our basic idea is to minimize the load of cel-
lular base stations by selecting appropriate multicast groups
to be handled by ad hoc networks.

3 The Group Selection Problem
3.1 Problem Description

We consider a single cell with a base station serving a
number of mobile nodes. Each mobile node has two wire-



Figure 1. An example of the multicast group
selection problem.

less network interfaces: a high data rate (HDR) interface
and an IEEE 802.11 interface. When there is a need for a
set of nodes (including mobile nodes and the base station)
within the cell to set up a group for communication among
themselves, each mobile node connects to the base station,
sending data to and receiving data from the base station us-
ing point-to-point links*. We refer to this relaying scheme
as “cellular mode”. Alternatively, we have “ad hoc mode”,
in which group members can set up an ad hoc multicast tree
using 802.11 network interface. Mobile nodes in the cell
can duplicate and relay packets for this group. In this way,
the base station does not need to relay packets (or relays at
most once if it is a member of the group), thus saving some
bandwidth. The amount of bandwidth saved is proportional
to the number of users within the group (i.e., the group size)
and the group data rate. For convenience, we only consider
the case when all the members are mobile nodes in the rest
of the paper. Our solutions can be easily adapted to the case
when the base station is also a member of the group, which
will be explained in Section 3.2.3.

A group can use either cellular mode or ad hoc mode.
Intuitively, it is good for the base station if all the groups
are in ad hoc mode. However, when there are multiple co-
existing groups in the network, the ad hoc network may not
be able to accommodate all the groups due to its limited ca-
pacity. In this case, the base station needs to determine how
many groups and which groups to be switched to ad hoc
mode in order to reduce its bandwidth consumption while
satisfying the QoS requirements of the groups. We call this
problem the group selection problem in this paper. We give
an example in Fig. 1. In the illustrated network, there are
three multicast groups g1, g2, and g3, and their correspond-
ing trees t1, ta, and t3. Group g1 has members {A, D, H},
g2 has members {A, B, C, E}, and g5 has members {A, B,
E, G}. Obviously, node A is very likely to be overloaded,

“4In this study, we assume the base station only uses point-to-point link
for reliability and heterogeneity handling. Note that even though Broad-
cast/Multicast Services (BCMCS) have been proposed for 3G networks[1],
it has been shown in [16] that the receiver goodput degrades considerably
with the increased heterogeneity of mobile nodes.

Table 1. Notations and Definitions

[ Notation | Definition
N network
V nodes
E links
G multicast groups
C; capacity of node ¢
;] size of group g;
T required data rate of group g;
bw; bandwidth vector of group g;
bw;; required bandwidth on node % for group g;
m number of nodes
n number of links
Ng number of multicast groups

and we assume this is the case. In other words, the ad hoc
network cannot accommodate all three groups. Thus, the
base station has to select and accommodate one or two mul-
ticast groups (e.g., group go) in order to maximize its band-
width reduction without violating the capacity limit of each
mobile node. To solve this problem, we have to first com-
pute the amount of resource (i.e., bandwidth in this paper)
usage for each multicast group, and then select a subset of
groups based on their bandwidth consumption and the ad
hoc network capacity.

3.2 Problem Formulation

3.2.1 Network Model

We model the network as a graph N = (V, E), where V/
denotes the set of mobile nodes and E denotes the set of
links (a link exists between two mobile nodes if their dis-
tance is smaller than their transmission range). We define
m = |V| and n = |E|. For convenience, we assume all the
mobile nodes in the network are in the coverage of the base
station (in fact, our solutions can be easily extended to the
scenarios where some nodes cannot be covered by the base
station, as shown in Section 3.2.3). Each mobile node has a
bandwidth capacity C;. The set of multicast groups is rep-
resented by G and we define ny = |G/|. Each group g; € G
has a required data rate ;. The notations used in this paper
are summarized in Table 1.

Note that our focus in this paper is not multicast tree
computation; thus, we assume a multicast routing algorithm
is available. This assumption is justified by the large num-
ber of existing algorithms and protocols. In addition, our
proposed solutions are also applicable when the routing al-
gorithm or protocol computes meshes instead of trees.

Wireless Interference Given a network IV, a group g;
and its required data rate 7;, it is straightforward to compute
bandwidth requirement for this group in wired networks:
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Figure 2. An illustration of wireless commu-
nication interference.

we just need to compute a multicast tree, since each link
requires the same amount of bandwidth r;. In wireless ad
hoc networks, however, due to the shared wireless channel,
data transmission between two wireless nodes may affect
the available bandwidth at their neighbors. Thus, we have
to take wireless interference into consideration.

To avoid packet collision caused by wireless interfer-
ence, IEEE 802.11 employs Carrier Sense Multiple Ac-
cess/Collision Avoidance (CSMA/CA) mechanism for uni-
cast communication®. For example, when a node wants to
send data packets to another node, they have to exchange
Request To Send (RTS) and Clear To Send (CTS) messages
before data transmission, and after successful transmission
of data packets, the receiver needs to reply an acknowledge-
ment to the sender. During this RTS/CTS/DATA/ACK mes-
sage exchange period, neither the sender’s neighbors nor the
receivers’s neighbors can transmit packets.

We show an example in Fig. 2. When node A is trans-
mitting packets to node B, the neighboring nodes C, E, and
F that are one hop away from A or B cannot send or receive
packets. In other words, packet transmission on link A-B
consumes channel capacity not only at A and B, but also
at their neighboring nodes. As a result, if we want to re-
serve one unit of bandwidth on link A-B, we need to reserve
one unit of bandwidth at nodes A, B, C, E, and F°. In this
way, we can obtain the bandwidth required on each node
when transmitting packets on a link. It is important to point
out that this interference model is based on the CSMA/CA
mechanism of 802.11. If a different MAC protocol is used,
the model needs to be adapted accordingly.

Bandwidth Requirement for Multicast Trees For a
multicast group g; with rate r;, we can compute its mul-
ticast tree, and obtain the amount of bandwidth required
on each node by all the links in the tree. In this way,

5In ad hoc networks, even though multicast can take advantage of the
broadcast nature of wireless links, we choose not to use the broadcast
mechanism for multicast in our work, because broadcast does not involve
collision avoidance and data acknowledgement, and hence provides no re-
liability support.

%This observation is motivated by [20].
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Figure 3. An example of the bandwidth re-
quirement of multicast trees.

we get the bandwidth requirement for this group. We can
represent this requirement by a bandwidth vector bw; =
(bwnj, ..., bwij, ..., bwp,;), where bw;; denotes the amount
of bandwidth required on node ¢ for group g;. Fig. 3 shows
an example of a multicast group with members {A, B, C,
E, F} and its delivery tree. Each link in the tree interferes
with a number of nodes (shown in the table). If assuming
the data rate of this multicast group is one unit, we can sum
up, for each node, the required bandwidth of these tree links
and obtain the bandwidth vector (4, 4,2, 1,4, 3, 1) for nodes
(A, B, C, D, E, F, G). Correspondingly, if a subset of groups
G’ reserve bandwidth in the ad hoc network, the total band-
width reserved on node ¢ can be computed as ) | g9, ecr Wi
which should not exceed the given capacity C;.

3.2.2 Formulating the Problem

As mentioned earlier, the group selection problem is to se-
lect a subset of multicast groups (which will be switched to
ad hoc mode) to maximize the bandwidth saving at the base
station while satisfying the capacity constraint of the ad hoc
network. When the base station switches a multicast group
g; from cellular mode to ad hoc mode, the bandwidth saving
for the base station is | g;| X r;, where |g;| is the size of group
g;. Given the above network model, we can formulate the
multicast group selection problem as follows.

Input: a set of multicast groups G, the required data rate
r; and the bandwidth vector bw; for each multicast group
g; € G, and the node capacity C; for eachnode i € V.

Output: a subset of groups G’ C G to maximize
the bandwidth savings >/ |g;| x r; under the capac-
ity constraint ) e bw;j < C;, wherei € V.

This problem is essentially a multidimensional knapsack
problem: given a set of items S = 1,...,n, where item ¢
has an m-dimensional size (7;1, ..., 74, ) and a value v;, and
a knapsack with an m-dimensional size (b1, ..., b,,), find a
subset S’ C S that maximizes the values of all the items
that fit into the knapsack. Intuitively, if we consider each
group as an item with a size (i.e., bandwidth consumption)
and a value (i.e., bandwidth saving), we want to pack some



groups into the ad hoc network with a given size (i.e., ca-
pacity constraint) such that the total values (i.e., bandwidth
savings) of these groups is maximized.

3.2.3 Discussions

We simplify the network model by assuming all the mem-
bers in a group are located within the same cell. When a
group has members dispersed across cells or wired/wireless
heterogeneous networks, we can regard the base station in
each cell as a “super” group member. In a global scope, the
base station receives data from or sends data to other base
stations or the Internet on behalf of the remaining members
in its cell. Within a cell, when in cellular mode, the base
station still communicates with all members using point-to-
point links; when in ad hoc mode, it only needs to directly
communicate with one member that acts as a relay node.
Hence, our model can be easily applied in this scenario: we
only need to decrease the bandwidth savings for a group g;
from |g;|r; to (|g;] — 1)r; and update the bandwidth vector
to include the required bandwidth for the link between the
base station and the relay member.

The second assumption we make is that all the nodes can
be covered by the base station. When some nodes are out
of the transmission range of the base station, they can find
other members as proxies to relay data for them. In this
case, since these nodes must use ad hoc mode no matter
which mode the group is in, they need to reserve bandwidth
for the paths from the proxies to themselves (i.e., the capac-
ity of each node affected by these paths needs to be reduced
whether the group is selected or not). Then the base station
can compute bandwidth savings and bandwidth vector for
this group excluding these “isolated” members.

4 Algorithms

In this section, we first present an Integer Linear Pro-
gramming (ILP) formulation for the multicast group selec-
tion problem, which gives the optimal solution. This ap-
proach is applicable when all the groups are known before-
hand. However, it is not appropriate for on-line systems
when groups dynamically join and leave. Thus, we propose
a dynamic algorithm with polynomial-time complexity. For
the comparison purpose, we also present a naive dynamic
algorithm. Finally, we suggest a distributed implementation
of the dynamic algorithm.

4.1 An ILP Formulation

For the ILP formulation, we define the following vari-
ables:

2 = { 1, if group g; is selected Vj € [Ling),

0, otherwise

where ng is the number of multicast groups.
The objective is to maximize the amount of bandwidth
savings:
g
max 3oy x 7 x 2.
j=1

subject to the node capacity constraint:

waij X T j < Vi € [l,m]7

Jj=1

where m is the number of mobile nodes in the network.

The complexity of this ILP formulation is O(n, + m)
in terms of the number of variables and the number of con-
straints. By solving the ILP, we can obtain solutions for
xj (j € [1,ng)), from which we are able to determine the
optimal set of groups to be selected to ad hoc mode.

In this ILP solution, we assume that multicast groups and
their requirements are known a priori. In real systems, mul-
ticast groups can join or leave the network at any time. If
we use this ILP approach, we must do re-computation ev-
ery time a group joins or leaves to obtain optimal solutions
for the dynamic scenarios. However, this approach requires
intensive computation and may be very time consuming, es-
pecially when the network is large (i.e., m is big) or there
are many groups (i.e., ng is large). In addition, since the
solutions computed at different times might be very differ-
ent, some groups may need to switch their modes from time
to time, causing data delivery disruptions. To overcome
these difficulties, we develop an on-line algorithm to han-
dle group dynamics (referred to as “dynamic algorithm” in
this paper), which is presented in the following subsection.

4.2 A Dynamic Algorithm

Before presenting the dynamic algorithm, we define a
utility function for a group g;:

lg;| x r;
Ziev bw;

In this equation, the numerator stands for the bandwidth
savings at the base station if this group is selected, and the
denominator represents the total bandwidth required for this
group. Intuitively, our goal is to maximize the bandwidth
savings, but we do not want to spend too much resource for
a single group. Thus, assuming every group has the same
data rate, a large group which requires a small amount of
bandwidth tends to have higher utility and is potentially bet-
ter than another group with smaller utility. The utility met-
ric is used by the dynamic algorithm as a major criteria to
select groups in a “greedy” way.

Algorithms 1 and 2 show the dynamic algorithm as
groups join and leave the network, respectively. As shown

Uj:



Algorithm 1 Join(g)

Algorithm 2 Leave(g)

1: for g, compute multicast tree, bandwidth vector, and
utility

2: if admit(g) then

3 reserve_bandwidth(g)

4. g.mode < ad_hoc

5: else

6: //find a candidate group to be swapped out

7 ge — null

g: forallg € Gdo

9 if ¢'.mode = ad_hoc AND u(g’) < u(g) AND

swap(g, ¢') succeeds then

10: if g. = null OR u(g’) < u(g.) then
11: ge— 9

12: end if

13: end if

14:  end for

15:  if g. # null then

16: release_bandwidth(g..)
17: gc-mode «— cellular
18: reserve_bandwidth(g)
19: g.mode «— ad_hoc
20:  end if

21: end if

in Algorithm 1, when a group ¢ joins the network, we first
compute the multicast tree, the required bandwidth vec-
tor, and the utility. The admit function is called to verify
whether the ad hoc network has enough capacity to accept
g. If so, g reserves bandwidth and switches to ad hoc mode.
Otherwise, we try to find an appropriate candidate group g’
currently in the ad hoc network and swap it with g. Group
¢’ should satisfy the following conditions (Lines 9 and 10):
1) ¢’ should have a smaller utility than g; 2) if ¢’ releases
its reserved bandwidth, g should be able to be admitted by
the ad hoc network; 3) if there are more than one such can-
didates, the final g’ should have the minimum utility. The
swap function in Line 9 checks the second condition. After
the best candidate ¢’ is found, g’ releases its resource and
switches to cellular mode, whereas group g reserves band-
width and uses ad hoc mode for multicast communication.

Similarly, in Algorithm 2 when a group g with ad hoc
mode leaves, its reserved bandwidth is first released. Then
we try to switch a candidate group from cellular mode to
ad hoc mode to reduce the work load at the base station.
As shown in Line 5, only those groups that pass admission
control become candidates, and the one with the maximum
utility is finally selected to switch to ad hoc mode.

Note that in both the join and leave sub-algorithms, the
number of candidate groups to be swapped in and out is re-
stricted to be one. Alternatively, multiple candidate groups
whose union maximizes the utility function can be selected.

1: release_bandwidth(g)
// find a candidate group to be swapped in
ge — null
for all ¢ € G do
if ¢’ .mode = cellular AND admit(g") then
if g. = null OR u(g’) > u(g.) then
e g/
end if
end if
10: end for
if g. # null then

R A A A o

—
—_

12:  reserve_bandwidth(g.)
13:  ge.mode «— ad_hoc
14: end if

However, this approach induces significantly higher com-
putational overhead due to combinatorial explosion. As a
result, in this work, we adopt the former method which
chooses a single candidate group. But we do expect the
latter approach with multiple-group selection yields better
results. Thus, there is indeed a trade-off between computa-
tion overhead and performance. We would investigate this
in our future study.

Complexity Analysis In the join sub-algorithm, the
complexity of multicast tree computation depends on the
specific multicast routing algorithm; thus, we do not in-
clude it in the complexity analysis. In the admit function,
computing the bandwidth requirement for each on-tree link
takes at most O(m) time (in the worst case, a link may in-
terfere with all the nodes in the network). Consequently,
the time for bandwidth computation and admission con-
trol of the new group is bounded by O(mn), since there
are no more than n links in the tree (or mesh). If the ad-
mission fails, the algorithm tries to find a best candidate
group. For each existing group ¢’ in ad hoc mode, given
their bandwidth vectors and utilities, the utility compari-
son takes constant time, and the swap function takes O(m)
time. Therefore, the time complexity for finding a candi-
date tree is at most O(mn,). If a candidate group is ob-
tained, both release_bandwidth and reserve_bandwidth
only take O(m) time. Summing up these computation re-
quirements, we conclude that the time complexity of the
join algorithm is O(mn + mny).

In the leave sub-algorithm, the most time-consuming
step is to find the best group to be switched into the ad
hoc network. Since admission control for each group takes
O(mn) time (as explained earlier) and the total number of
candidate groups is bounded by O(n,), the time complexity
for this algorithm is O(mnn,).

Member Dynamics In the above dynamic algorithm,
we basically consider the scenarios when group members



join and leave a group at the same time. In reality, mem-
bers may join or leave separately. To be more useful, the
above dynamic algorithm needs to be extended to address
this member dynamic issue. For example, when a member
joins a group currently in ad hoc mode, if there is insuffi-
cient capacity to admit this member, we have the following
two choices to comply with the capacity constraint. If a
candidate group is found, the candidate group is switched
to cellular mode to release bandwidth required by the new
member and the new member can be admitted into ad hoc
mode. Otherwise, this group itself is switched to cellular
mode’. Similarly, when a member leaves a group, we can
try to switch a candidate group to cellular mode to take ad-
vantage of the released bandwidth.

4.3 A Naive Dynamic Algorithm

Here we present a naive algorithm, which can be used
as a reference to evaluate the performance of the proposed
dynamic algorithm. It works as follows. When a new group
joins, if the capacity of the ad hoc network allows, admit
this group and reserve bandwidth for it. Otherwise, the
group is put in cellular mode. When a group in ad hoc mode
leaves, simply release its bandwidth. In essence, this naive
approach is a simplified version of the proposed dynamic
algorithm: it neither swaps groups in different modes nor
differentiates groups based on their utilities.

Complexity Analysis In this naive dynamic algorithm,
when a group joins the network, it takes O(mn) time to
determine whether it can be accepted or not, and there is no
need to find candidate group. On the other hand, when a
group leaves, it takes O(m) time in the worst case for the
group to release bandwidth on all the nodes in the network.

4.4 Implementation Issues

To implement the dynamic algorithm in a distributed
way, each node needs to maintain the following informa-
tion: 1) for every multicast group that reserves bandwidth
at this node, the amount of reserved bandwidth and the util-
ity; 2) the total amount of unused bandwidth at this node.
For simplicity, we assume each multicast group has a coor-
dinator (e.g., source or initiator).

Group Join When a new group comes, it first uses an
ad hoc multicast routing protocol to set up a multicast tree.
After the tree is established, the group coordinator instructs
the multicast tree nodes to reserve bandwidth for the cor-
responding links in the tree. Bandwidth reservation can be

7In this paper, we only consider the case that all the members in a group
are in the same mode: either cellular or ad hoc. It might be interesting
to investigate the scenario where members are in “hybrid” mode: some
members are in cellular mode, while others are in ad hoc mode. We leave
this study for future work.

done locally, since every link only involves two nodes and
interferes with their one-hop neighbors.

If some nodes do not have enough bandwidth, they
will report to the group coordinator the information of the
groups that reserve bandwidth on these nodes (such as util-
ities and reserved bandwidth). After collecting this infor-
mation, the group coordinator tries to find if there are any
candidate groups which satisfy the following conditions: 1)
at each node where the reservation for the new group fails,
the candidate group reserves bandwidth, and the sum of
the bandwidth reserved by this candidate group and the un-
used bandwidth at this node is no less than the bandwidth
desired by the new group; 2) the candidate group has a
lower utility than the new group. The first condition guaran-
tees that the new group can be accepted after the candidate
group switches to cellular mode, while the second condi-
tion makes sure that the “swap” will bring gain for the base
station. In this way, the candidate group with the smallest
utility is finally chosen to be swapped with the new group.
In the case that no candidate group is found, this new group
has to connect to the base station for data delivery.

Group Leave When a group leaves the network and re-
leases its resource, the base station can notify the groups
that it is currently serving to set up multicast trees using the
ad hoc multicast routing protocol. If a group succeeds in re-
serving bandwidth, it can switch to ad hoc mode. To reduce
the control overhead, the base station can randomly choose
a small number of groups to notify.

Mobility Handling In the above discussion, we assume
that the network is relatively static. However, when nodes
move around, link breakage and bandwidth violation may
occur. For instance, when two neighbor nodes move apart,
the link between them is likely to break. Link breakage
can be detected by periodic exchange of “live” messages
among neighbors. To repair the disrupted path, the down-
stream node can use expanded-ring search to locate nearby
on-tree nodes, perform admission control and reserve band-
width for each affected group.

On the other hand, when a node moves into the com-
munication range of other nodes, the traffic it carries may
increase the interference level of its new neighbors and re-
sult in bandwidth violation. The presence of the newcomer
or extra traffic can also be detected by the live message ex-
change or by channel monitoring. In order to recover from
bandwidth violation, among the affected groups, those with
the lowest utilities have to choose alternate paths that avoid
the congested nodes. The alternate path discovery and es-
tablishment can be accomplished in a similar way to link
breakage recovery.

In the case that some groups cannot find paths with
enough bandwidth for either link breakage or bandwidth vi-
olation, these groups need to switch back to cellular mode
and use the base station to relay traffic.



5 Performance Evaluation

In this section, we evaluate the performance of the pro-
posed algorithms through simulations. We first describe the
experiment settings for our evaluation, and then compare
the optimal solution obtained from ILP and the results of
the dynamic algorithm and the naive algorithm.

5.1 Simulation Settings

We implement the algorithms in C++ and use Ip_solve
Version 5.0 to solve the ILP formulation. In the simula-
tions, mobile nodes are located in a cell of 500 x 500 m2.
The communication range in the ad hoc network is 115 m.
The total number of nodes in the cell is 120 unless otherwise
specified. The channel capacity for each node is in the range
of (100,500) units. Without loss of generality, each mul-
ticast group is assumed to require one unit of bandwidth.
For multicast groups, we select some nodes uniformly at
random as group members and one member as the source.
The group size is uniformly distributed within the range of
(mean — 10, mean + 10), where the “mean” is varied from
20 to 100. We assume group arrivals follow a Poisson distri-
bution, and group lifetime follows an exponential distribu-
tion. In steady state, there are 80 concurrently active groups
in the network. The simulation time is 100 seconds, and we
collect data every 5 seconds after the steady state is reached.
For each experiment, the results are averaged over 20 sets
of network topologies and group traces.

Recall that the objective of the proposed algorithms is to
maximize the bandwidth savings for the base station. Since
the required data rate for each group is the same, we use the
number of admitted members to evaluate the effectiveness
of the proposed algorithms. To gain some insight about the
difference between these algorithms, we also present the re-
sults for the number of admitted groups.

5.2 Results and Analysis

5.2.1 Impact of Network Density

In the first set of experiments, we fix the average group size
to be 20 and the channel capacity 500. We vary the total
number of nodes from 40 to 120. Fig. 4 and 5 illustrate the
number of admitted members and groups, respectively.
From Fig. 4, it is clear that the dynamic algorithm
achieves very close performance to the ILP optimal solu-
tion (only approximately 3% worse). In contrast, the naive
algorithm gives very poor results. On average, the dynamic
algorithm accepts 20 — 30% more members than the naive
algorithm. The reason behind this is simple: the dynamic
algorithm intelligently selects groups according to their util-
ities in order to maximize the benefit, whereas the naive al-
gorithm blindly accepts groups according to the order they
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Figure 4. Average number of admitted mem-
bers vs. total number of nodes.
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Figure 5. Average number of admitted groups
vs. total number of nodes.

join the network. Nevertheless, due to the “greedy” group
selection, the dynamic algorithm favors large groups and
“neglects” small groups; thus, it cannot achieve the optimal
solution in the cases when some small groups can fit in the
network better than a smaller number of large groups.

Fig. 5 further demonstrates the effectiveness of the utility
function: even though the naive algorithm accepts a larger
number of groups than the dynamic algorithm, it does not
distinguish between “good” and “bad” groups and therefore
admits fewer group members.

Another trend in these two figures is that, as the number
of nodes increases, fewer groups and members are accepted.
This is due to the shared nature of the wireless channels:
the higher network density, the more likely a wireless link
will interfere with nearby nodes. Consequently, for net-
works with higher density, accepting one multicast group
will reduce the bandwidth of a larger number of nodes, and
a smaller number of groups can be accepted.
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5.2.2 TImpact of Group Size

To investigate the effect of average group size on algorithm
performance, we increase group size from 20 to 100 in this
set of simulations. The node capacity is fixed at 100, since
ILP requires very long computation time for large groups
when capacity is high. We plot the results in Fig. 6 and 7.

Again, we observe that the dynamic algorithm outper-
forms the naive algorithm by a large margin in terms of the
number of accepted members. However, as group size in-
creases, the difference between ILP and dynamic tends to
slightly enlarge, attributed to the fact that it is more diffi-
cult for larger groups to “squeeze” into the ad hoc network,
and thus the greedy nature of the dynamic algorithm leads
to higher performance penalty for large groups.

Comparing these two figures, the ILP solution and the
dynamic algorithm admit more groups and considerably
more members than the naive algorithm, which means that
they can select a better set of groups to “pack” tightly in the
network and on average they select larger groups. We also
find out that as group size increases, fewer groups but more
members are accepted. Intuitively, the larger the group size,
the higher the multicast efficiency. Hence, for the same
number of members, larger groups consume less bandwidth.
Equivalently, with the same amount of bandwidth, more
members can be accepted when group size is bigger.

5.2.3 Impact of Channel Capacity

Finally, we study how channel capacity affects the algo-
rithms. We vary the capacity from 100 to 500. The num-
ber of nodes is 120 and the average group size is 20. As
depicted in Fig. 8 and 9, the number of admitted groups
and members increase linearly with channel capacity, which
is consistent with our intuition. Similar to previous fig-
ures, the dynamic algorithm achieves near optimal solu-
tion while the naive algorithm performs approximately 10%
worse than the dynamic algorithm. In addition, the gap be-
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Figure 7. Average number of admitted groups
VS. group size.
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Figure 8. Average number of admitted mem-
bers vs. channel capacity.

tween the dynamic and naive algorithms widens for admit-
ted members with capacity increase, indicating the advan-
tage of the dynamic algorithm in high-capacity networks.
Furthermore, we observe that the naive algorithm again fails
to select good groups because it accepts more groups but
fewer members than the other two approaches.

5.3 Summary

Our observations through the simulation experiments
can be summarized as below. First of all, ILP always gives
optimal solutions, but it becomes time consuming for large
groups and high capacities. It is also not appropriate for
dynamic on-line systems, since re-computation is required
whenever group dynamics occur. Second, the dynamic al-
gorithm achieves near-optimal performance, whereas the
naive algorithm gives much worse results. The dynamic al-
gorithm wins by distinguishing between “good” and “bad”
groups using a utility function: it either selects more groups
because it favors groups which consume less bandwidth, or
selects larger groups since larger groups tend to optimize
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the objective function. Third, more bandwidth can be saved
when the channel capacity is higher, the number of nodes is
smaller, and the average group size is larger.

6 Conclusions

In this paper, we have studied the multicast group se-
lection problem in integrated cellular and ad hoc networks.
Our contributions can be outlined as follows. We first de-
velop a simple while effective model for computing the
bandwidth requirement of a multicast group in wireless
ad hoc networks, which considers wireless interference is-
sues. Then we formulate the group selection problem as a
multidimensional knapsack problem, and propose an ILP
formulation and a utility-based dynamic algorithm with
polynomial-time complexity to solve this problem. In ad-
dition, we examine how the dynamic algorithm can be im-
plemented in a distributed way and discuss node mobility
issues. Finally, through extensive simulations, we find that
the dynamic algorithm can achieve near-optimal solutions
in most scenarios, and it is more appropriate for on-line sys-
tems than the ILP approach.

Future Work We plan to implement the distributed dy-
namic algorithm in real network scenarios, further checking
the feasibility and performance of our approach.
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