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ABSTRACT

In this paper, we consider the multicast throughput opti-
mization problem in multi-hop wireless networks. Given a
source, and a set of receivers, we would like to find the set
of multicast trees and a schedule such that the rate that
the source can multicast to the receivers is maximized. We
consider two transmission models: broadcast and unicast.
In the broadcast model, a transmission is received by mul-
tiple downstream nodes in a multicast tree. In the unicast
model, a separate transmission has to be sent to each down-
stream node. We consider the fundamental constraint that
a node can not be involved in multiple communications at
the same time. We consider two multicast models: a sin-
gle multicast tree per session and multiple multicast tree
per session. In the single multicast tree case, (1) for the
unicast model, we show that the problem is NP-hard and
it is not approximable to a factor better than 1.5; we then
give a 1.5-approximation algorithm if all links have the same
data rate, a 5-approximation algorithm if all nodes have the
same transmission power and a 24-approximation algorithm
for a realistic heterogeneous ad hoc network where nodes
can have different transmission power. (2) for the broad-
cast model, we show that the problem is NP-hard and it is
not approximable to a factor better than 2; we then give a
simple 2-approximation algorithm to find the multicast tree
and the transmission schedule. In the multiple multicast
tree case, (1) for the unicast model, we show that the prob-
lem is APX-hard, and give a 1.5p-approximation where p
is the best approximation ratio of the minimal cost Steiner
tree problem; (2) for the broadcast model, our results in-
dicate that the problem is hard, may not be approximable
within a factor better than log(n) where n is the number of
multicast receivers. Our evaluation shows that the through-
put achieved by our algorithms is much better than both
the throughput achieved by using pruned shortest path tree
and by using optimal unicast.
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1. INTRODUCTION

Multicasting serves as an efficient communication mech-
anisms for point to multi-point applications. It is particu-
larly appealing for wireless networks due to the scarcity of
spectrum and due to the broadcast nature of wireless com-
munication. For example when omnidirectional antennas
are used, every transmission by a node can be received by
all nodes that lie within its communication range. Conse-
quently, if the multicast group membership includes multi-
ple nodes in the immediate communication vicinity of the
transmitting node, a single transmission suffices for reach-
ing all these receivers. This has resulted in the development
of multicast functions in the 3G data network infrastruc-
ture, spurred on by group communication applications such
as on-demand video streaming, group messaging and gam-
ing through hand-held wireless devices. 3G standard bodies
3GPP and 3GPP2 have been actively standardizing multi-
cast services [31, 30]. Multicasting is also an active area of
research in multi-hop wireless networks [3, 13, 9, 25, 6].

Multicasting in wireless ad hoc network is however not free
from the overhead of having to maintain the multicast tree
the links of which may break due to node mobility. Also the
lack of central coordination or authority that can keep track
of the node mobility (and hence topology changes) results
in communication and power overheads just for computing
and establishing multicast trees. These overheads must be
traded off against the spectrum efficiency and throughput
gains that result from using multicast over unicast. Most of
the previous work [3, 13, 9, 25] is for design of efficient pro-
tocols for multicasting in ad hoc networks to minimize the
overheads outlined above. In another line of research that is
present in the work of [33, 8, 27, 32] the main objective is to
compute multicast trees that minimize the total energy con-



sumption for each unit of data transmission. However, not
much work has been done in characterizing the maximum
throughput gains that can be achieved over unicast by us-
ing multicast in wireless ad hoc networks. In this paper we
explore this fundamental throughput optimization problem.

A fundamental problem in multi-hop wireless networks is
that the throughput per node in a multi-hop wireless net-
works with n nodes scales as O(1/y/n) [17, 26]. Multicast
is very appealing in enabling efficient communication be-
tween groups of nodes while minimizing the spectrum us-
age. In this paper, we consider the problem of optimiz-
ing the throughput for multicasting in a class of multi-hop
wireless networks. The communication model we consider
is the same as [1, 23, 2]. The main constraint imposed in
this model is that a node can not be involved in multiple
communications at the same time. We refer the violation
of this constraint as primary interference. As a result, in
this model, the problem of computing the multicast tree(s)
for which the throughput is maximized must also explicitly
deal with constraints imposed by link scheduling and hence
is very different from the multicasting problems considered
in the literature. A solution to our problem must include not
just the multicast tree(s) but also link schedules that sat-
isfy these constraints. In this paper, we consider a system
free of secondary interference (if links which do not share a
common node may not transmit at the same time, then we
say, the system has secondary interference). For our future
work, we will extend our solution to systems such as IEEE
802.11 which has secondary interference. Our results in this
paper serves as upper bounds for systems with secondary
interference.

The wireless media and MAC layer may or may not be
capable of supporting broadcast. An example for a network
that supports broadcast is where, each node transmits us-
ing a fixed frequency and omnidirectional antennas are used
(in this case, a node is subject to secondary interference).
An example for a network that does not support broadcast
is where, each node is configured to receive at a particu-
lar CDMA code. If broadcast is supported then a single
transmission suffices for sending a piece of data to all the
downstream nodes in a multicast tree. Otherwise if only
unicast is supported then a separate transmission is sent for
each downstream node in a multicast tree for each data item.
We consider both these possibilities in our model.

Given a particular source node, that wants to communi-
cate with a given set of receivers, the objective of this pa-
per is to determine the maximum rate at which the source
can multicast to the receivers. We consider particular node
deployment settings rather than random node deployment.
Traditionally the source and the receivers are connected with
a single multicast tree. Hence data arrives from the sender
to each receiver on a single path. However, the multicast
throughput can be improved if data from the sender to the
receiver is split over multiple paths. This corresponds to
splitting the data and sending it over multiple multicast
trees. In this case the sender and receivers may be connected
in more than one multicast tree. This has been considered
in the overlay network context [5, 15]. We consider both
these possibilities in our model.

Computing a throughput-optimal multicast tree can be
done easily in wired networks (not the overlay setting). This
is accomplished by adding links in order of non-increasing
bandwidth until in the resultant network the source is con-
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nected to all receivers. Any spanning tree of the result-
ing network can be used as a multicast tree and achieves
a throughput of fiin, where fp.in is the bandwidth of the
last link added. This is because the rate of a multicast tree
(without the scheduling constraints) is the smallest band-
width link in the tree. Note that any optimal multicast tree
cannot have higher than f,,:, throughput since by construc-
tion links of bandwidth strictly greater than fi.in, do not
connect the source to all receivers. However, the problem
is much harder in the wireless context due to the schedul-
ing constraint where a node can not be involved in multiple
communications at the same time. In this paper, we show
that the problem is NP-hard in both the unicast and broad-
cast model, even for a geometric setting and where the link
rates (bandwidth) are a function of the link distance. In
particular we show that there does not exist a polynomial
time algorithm that can always find a solution that achieves
at least 2/3 of the optimal rate in the unicast model and half
of the optimal rate in the broadcast model. For the unicast
model, we give a 5 approximation algorithm to compute
a near optimal multicast tree where nodes have the same
transmission power. We then show how we can extend to
the case where nodes can have different transmission power.
For the broadcast model, we give a simple 2-approximation
algorithm. Note that this algorithm is the best possible
polynomial time algorithm in terms of estimating the worst
case throughput. We then consider the case where multiple
multicast tree can be used for one session. We show that the
problem for the unicast model is APX-hard and give a 1.5p-
approximation algorithm where p is the best approximation
ratio of the minimal cost Steiner tree problem. Our results
for the broadcast model indicates that the problem may be
hard to approximate within a factor better than log(n). All
our results except noted in the unsplittable unicast model,
apply in the general setting where transmission power of
nodes can be different. The focus of this paper is on a single
multicast session; we assume only primary interference and
all our algorithms are centralized.

The rest of the paper is organized as follows. We motivate
our problem using simple examples in Section 2. We state
our model and formulate our problem in Section 3. For the
unsplittable case, we present hardness results and approx-
imation algorithms for the unicast model and the broad-
cast model in Section 4 and 5 respectively. We study the
splittable case in Section 6. We evaluate our algorithms in
Section 7. We give related work in 8. We present our con-
clusions and discuss future work in Section 9.

2. MOTIVATION

For point to multi-point communication in wireline net-
works using multicast is evidently more efficient than the
brute force approach of sending the same information from
the source individually to each of the receivers. In this sec-
tion we show that this is also the case for wireless ad hoc net-
works in spite of fundamental communication constraints,
such as a node can not be involved in multiple communi-
cations (broadcast or unicast) at the same time. We show
that these gains hold even if the underlying wireless media
can only support unicast. We also show the advantage of
having multiple multicast trees over single multicast trees.

Illustrating the benefit of multicast over unicast
for wireless ad hoc networks-the single tree case:
In Figure 1, suppose u wants to send the same data to



Figure 1: Benefit of Multicast Transmission Over
Unicast Transmission

v1,V2, - ,Un. Link (u,w) has a data rate of 1 unit. All
other links have a data rate of n units. If unicast transmis-
sion is used to emulate multicast, then the same data has
to traverse link (u,w) m times. The achievable (multicast)
throughput between u and each v; is therefore at most 1/n.

If however even when the underlying wireless media does
not support broadcast but when communication happens
over a single multicast tree and the fundamental wireless
communication constraints are imposed, the multicast ses-
sion throughput is at least 1/2. This may be achieved as
follows. Consider a schedule over a sequence of time slots
(any node is involved in at most one communication in each
time slot) where only link (u,w) is active in a contiguous
sequence of n slots followed by the next n time slots ac-
tivating only the ¢-th link (w,v;) in the i-th slot. Since
each data item is sent only once over link (u, w) the claimed
bound is obtained. When the underlying wireless media is
capable of broadcast the multicast throughput can be as
large as n/(n +1). This is because now all the links (w, v;),
Vi=1,2---,n can be active simultaneously in a single
slot.

A fundamental observation: The above example shows
that the achievable unicast throughput can be arbitrarily
worse than the multicast throughput for point to multipoint
communications in wireless ad hoc networks. We now show
that this observation holds in almost all uniform rate wire-
less ad hoc networks, even if unicast is allowed to split the
flows between a sender and receiver over multiple paths.
Consider a network in which all links have the same rate R.
Due to the fundamental constraint that in the unicast mode
of communication, only one outgoing link incident on the
node can be active at any given time [23] the total flow go-
ing out of the links incident on the source node is at most R.
Hence the total throughput out of the source is at most R.
Since the source has to send one copy per receiver the opti-
mal throughput of at least one receiver is upper bounded by
R/n where n is the number of receivers. It can be seen that
the multicast rate, even when the underlying wireless media
only supports unicast, is at least R/d where d is the degree of
any multicast tree. Note that for bounded degree networks
this immediately implies a big gap between the achievable
point to multipoint communication throughput in the two
model. In unbounded degree networks, since there are a
large number of links, it is highly likely that a multicast
tree of small degree exists thus also implying a big gap'.

! Note that the above simple relationship does not hold for
non-uniform rate network. Nonetheless, we observe a big
gap in our simulation in Section 7.
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Figure 2: Benefit of Multiple Trees over a Single
Tree

The above observation suggests that these big throughput
gaps are likely, however one natural question is whether we
can find efficient multicast trees that approximate the op-
timal throughput. Note that in the uniform link rate case
this problem is one of minimizing the degree of the multicast
tree, a well studied problem. However in non-uniform link
rate case (especially when the rates are distance dependent
as stipulated by the underlying wireless channel) some more
innovations are needed both in determining bounds on how
close it is possible to approximate the optimal solution and
in designing efficient algorithms that approximate the opti-
mal solution well. This work addresses these questions and
others regarding the benefit of multiple multicast trees over
single multicast tree.

Illustrating the benefit of multiple multicast tree
over single multicast tree: We see that multicast has a
clear advantage over unicast for point to multi-point com-
munication. We now show the advantage of using multiple
multicast trees. For simplicity, we use a single receiver. In
Figure 2, u wants to send data to v. All links have a data
rate of 1 unit. If we restrict multicast to be a single tree (in
this case, it is a path), then the achievable throughput is at
most 1/2 unit. This is because if for instance path u, w1, v is
used for multicasting, then at least one of the links (u,w1)
and (w1, v) is activated at most half of the time. If we allow
multiple multicast trees, then the achievable throughput is
at least 1 unit. This can be achieved as follows. The data
to be sent is split into two portions of equal size and the
portions are routed over two multicast trees (paths in this
case): u, w1, v and u, wz,v. Consider a sequence of slots such
that link (u,w1) and link (w2, v) are activated in odd slots;
and link (u,w2) and link (w1,v) are activated in even slots.
Hence the source is able to send data at the rate of one unit
and the receivers also receive data at the same rate. It is
easy to see that we can replicate the structure to create ex-
amples for more than one receivers where multiple multicast
trees have a clear advantage.

3. MODEL AND PROBLEM FORMULATION

We consider a multi-hop wireless network with n nodes.
The nodes communicate with each other via wireless links.
Each node in the network can communicate directly with a
subset of the other nodes in a network. Any time a node u
can transmit directly to node v, we represent this fact by a
directed edge (link) from node u to node v. We represent
the nodes in the network and the possible communications
among nodes by a directed graph G = (V, E). Here V rep-
resents the set of nodes in the network and FE the set of



directed edges (links) in the network. We assume that there
are m links in the network. We do not require that the links
be bidirectional. We assume we are given a set of nodes
T C V where one node s € T is designated as the source
and the other nodes in T are designated as receivers. We
assume that system operates in a synchronous time-slotted
mode. For a system that operates in an asynchronous mode,
the results in this paper can provide upper bounds on its per-
formance. We use N (v) to denote the set of links incident on
node v. Let o(e) represent the path loss on link e. This path
loss depends on the distance d(e) of the receiving end from
the sending end of link e. Specifically o(e) = ﬁ where
B € [2,4] [29]. Thus if P(e) is the transmitted power used
by the node at the sending end of link e then the received
power at the node on the other end is P = Ple)

d(e)B "
3.1 Interference Modd

The interference model that we consider is a synchronous
time-slotted joint TDMA/CDMA system where the nodes
use unique signal sequences. This is one of the systems con-
sidered in [11, 18]. Another view of this system is to view
the communication as taking place in a spread spectrum
mode. We assume that the hopping sequences for different
link transmissions in the same neighborhood is designed so
that there is no interference between different link trans-
missions in the same time slot. However, we require that
a given node can only be involved in at most one commu-
nication in any time slot. Note that this communication
may be a broadcast. If a solution requires a node to partici-
pate in multiple communications in the same time slot then
we say that the solution has a primary conflict. Therefore
we are required to construct primary conflict-free schedules.
We assume that a total bandwidth of W Hertz is available
for use in this multi-hop network. Since we assume that two
primary conflict-free link transmissions do not interfere with
each other, we assume that each link transmission uses the
entire bandwidth W. We also assume that each link can
be modeled as an Additive White Gaussian Noise (AWGN)
channel [10] with a noise spectral density No so that the
theoretical upper bound on the rate R(e) obtained at the
receiver for link e, where the sender for link e transmits at
power e is given by

o(e)P(e .
R(e) = Wlog,(1 + %) bits/second.
Recall that o(e) = Wl«)[" Thus
P(e)/d(e)? . . .
R(e) = Wlog,(1+ %) bits/second.

3.2 Problem Formulation

The Multicast Throughput Optimization Problem (MTOP)
is divided into 4 categories: based on whether the underly-
ing physical (wireless) media supports broadcast or not and
whether the solution is a single multicast tree or multiple
multicast trees (the former refers to unsplittable multicast
and the latter to splittable multicast). From here on we
will refer to these problems by the abbreviation YXMTOP
where X is B or U for broadcast or unicast and Y is U
or S for unsplittable or splittable multicast. Thus for ex-
ample UBMTOP refers to the problem of computing the
best single multicast tree when the physical media supports
broadcast. A solution to the MTOP problem is designated
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by a collection of tuples (S1,T1), (S2,T2),...(Sp,Tp). Here
T; is a multicast tree and each s;(t) € S; is a subset of links
of T; for every time slot ¢ = 0,1,2,... such that in each
slot ¢ the set of links U;s;(t) have no primary conflicts. Let
s(t) = U;s;(t) and S denote the link schedule over time:
s(0),s(1),s(2),.... We assume that S is cyclic with some
bounded cycle length. Let v denote the set of links in U;T;.
Thus we can define for every link e € v its frequency f(e) in
S, defined as the fraction of slots in which link e is present
in S. For the UBMTOP or the UUMTOP problem (here
p = 1) the maximum multicast throughput is then given by
minec~ f(e)R(e). Recall that R(e) is the maximum possible
rate for link e. Likewise for the SBMTOP or the SUM-
TOP problem we define the multicast rate R; of a Tree
T, 1 < i < ptobe R = mineer, fi(e)R(e), where fi(e)
is the fraction of slots in which link e is present in S;. Then
for these problems the maximum multicast throughput is
given by Y. R;. This is because data from the source can
arrive independently over these p trees at rates R1, Rz, ... Ry
respectively to each receiver.

4. THEUNSPLITTABLEUNICAST MODEL

In this section we show that the UUMTOP cannot be
approximated to a factor better than 3 (66.66% of the op-
timal). When all the nodes of the ad hoc network use the
same power we provide an efficient polynomial time algo-
rithm for estimating the maximum multicast throughput to
within a factor of 20% of the optimal. We then extend our
algorithm to the case where nodes can have different trans-
mission powers. In practice we believe that the performance
of the algorithm is much better than its worst case behavior.

To illustrate our ideas we first show the hardness result
in an abstract model where the link rates are independent
of the distance and the transmit power. In this abstract
model we also design an efficient approximation algorithm
whose performance achieves the best possible bound, as de-
termined by our hardness results. We then extend these re-
sults to the more realistic setting where the link rates are de-
termined based on distances for an Additive White Gaussian
Noise (AWGN) channel (as described in Section 3). For the
same setting we then design a 5-approximation algorithm
when all nodes have the same power. Finally, we show how
we can extend our results to the case where nodes can have
different transmission power. We consider a realistic hetero-
geneous ad hoc network setting as an example and give a
24-approximation algorithm.

Before we delve into the results, we first give some useful
definitions and facts.

DEFINITION 1. Degree of a graph G is the maximum num-
ber of links incident on any node of G.

REMARK 1. Undirected graph: In this section we as-
sume that all nodes have the same power. All our approz-
imation and hardness results apply under this restriction.
Note that under this assumption the two directed links be-
tween any two nodes are symmetric (have the same rate).
Hence in this section we assume that the underlying graph
for the given ad hoc network is undirected.

REMARK 2. Unit disk graphs [7]: Since all nodes are
assumed to have the same power P they should all have the
same range. Thus we can assume that there is a critical



distance D such that there is a link e € E between two nodes
if and only if they are at most D distance apart. Thus the
set of ad hoc network considered here include all unit disk
graphs for all values of D.

Recall that a solution to the MTOP problem is designated
by a collection of tuples (S1,71), (S2,T2),...(Sp,Tp). Here
T; is a multicast tree and S; is the schedule of its links. Note
that in the unsplittable model p = 1. Hence in this section
we will denote the solution by a single tuple (S, 7).

REMARK 3. Primary conflict free schedules in the
unicast model: Note that if S is a primary conflict free
schedule of links of a tree T of G over time (with s(t) € S the
primary conflict free schedule for time slot t), then s(t) € S
the schedule at time slot t can contain at most one link of
T incident on any node v. Thus if f(e) is the fraction of
slots of S in which link e is present then for any node v we
must have 3°_c n(ynr f(€) < 1. Recall that N(v) is the set
of links incident on node v. In particular at least one link e
must satisfy f(e) <1/ where § is the degree of T.

We will rely on the following result [24] about edge color-
ing of trees.

THEOREM 1. [2/] Any tree with degree § can be edge col-
ored with § colors.

The above result of [24] is more general and applies to any
bipartite graph and even if there are parallel links.

REMARK 4. The above result is relevant for the UUM-
TOP since it implies that when all the link rates are at least
(equal to) R then for any multicast tree T the mazimum
multicast throughput is at least (exactly) R/, where § is
the degree of T'. This is because by Remark 3 this rate is
mine Rf(e) < R/§ if all link rates are R. Also if C is a 6
edge coloring of T' then a primary conflict free schedule S can
be defined by scheduling every color class (the links therein)
of C once every § time slots. Note that in this schedule S,
link e is present in at least 1/6 fraction of the slots. Thus
implying for this S the multicast throughput of T is at least
R/S.

4.1 Tight Resultsfor Single Rate Ad Hoc
Networks

In this section, we consider an abstract model where all
the link rates are equal to a common rate R. We show
that there does not exist any polynomial algorithm that can
estimate the multicast rate better than 2/3 of the optimal
in the worst case. We then give an approximation algorithm
that estimate the multicast rate to within 2/3 of the optimal
in the worst case. Therefore, our results are tight for this
special case.

LEMMA 1. In the abstract model the mazimum multicast

throughput for the UUMTOP cannot be approximated to within

66.67% of the optimal multicast rate unless P=NP.

PRrROOF. We show a reduction from the Hamiltonian Path
problem which is known to be NP hard even for points in
the plane and even for unit disk graphs [14, 19]. Given an
instance G = (V, E) of the Hamiltonian Path problem we
create an instance of the UUMTOP in the abstract model by
setting the rates of all links e € F to a common value R. We
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require a multicast session consisting of all the nodes v € V,
one of them is designated to be the sender and all others are
designated as receivers. We claim that the optimal multicast
throughput of this instance of the UUMTOP is R/2 if and
only if there is a Hamiltonian path in G. In fact we can claim
something stronger that in case there is no Hamiltonian path
in G then this rate is at most R/3. This however implies that
we cannot compute the maximum multicast throughput for
the UUMTOP to within 66.67% of the optimal multicast
rate (unless P = N P), because otherwise we will be able to
tell whether G has a Hamiltonian path in polynomial time.
We now establish our claims. Let G have a Hamiltonian
path T. Then we can use T as the multicast tree for the
UUMTOP instance. Note that T has degree 2. Thus by
Remark 4 the multicast rate of T is R/2. If G does not have
a Hamiltonian path then any multicast tree of G must have
degree at least 3. Hence the maximum achievable multicast
throughput is at most R/3, thus establishing the result. [

Now we show an algorithm that can compute the maxi-
mum multicast throughput for the UUMTOP in the abstract
model to within 66.66% of the optimal multicast rate. Note
that if we can find a multicast tree of the given wireless
ad hoc network G of degree d then we have a solution (see
Remark 4) that achieves rate R/§. Thus we need to find
a multicast tree of minimum degree of G. Note that this
is a hard problem but however it can be approximated to
within an additive factor of plus one of the optimal. More
specifically given a graph G and a set of terminals, a steiner
tree of degree § + 1 can be found in polynomial time where §
is the lowest degree of any steiner tree of G [12]. Using this
algorithm we can estimate the maximum multicast through-
put for this problem to within a fraction % > 0.666, since
0 the degree of the optimal multicast tree has to be at least
2. Thus we can claim:

LEMMA 2. In the abstract model the maximum multicast
throughput for the UUMTOP can be approrimated to within
66.66% of the optimal multicast rate.

From Lemma 1 and Lemma 2, we know that the algorithm
in [12] is the best possible polynomial time algorithm in
terms of worst case performance unless P = NP.

4.2 Hardness Resultsfor the AWGN Channel
M ode€l

We extend our hardness result to the Additive White
Gaussian Noise (AWGN) channel model(as described in Sec-
tion 3). In our proofs below we will assume that all nodes
have power P. Note that this also implies that the under-
lying graphs are unit disk graphs (see Remark 2) for all
possible values of D. Recall that if d(e) is the length of a
link (distance between its end-points) then the rate of this
link R(e) is given by R(e) = Wlogy(1 + P/#(‘;)B). Since
P, No, W are fixed we can write this as R(e) = Wlog,(1 +
C1/d(e)?) for some fixed value C;. In the following we will
use dmaez and dmin to denote the largest and smallest link
lengths (maxecr d(e) and minecg d(e)) respectively. In all
our proofs we can safely assume that dpin > 0.

THEOREM 2. In the AWGN model, the mazimum multi-
cast throughput for the UUMTOP cannot be approximated to
within 66.67% of the optimal multicast rate unless P=NP.



PROOF. We use the same reduction as in proof of Lemma 1
from the Hamiltonian Path problem for points in the plane
(for the unit disk graph). Let the given graph have a Hamil-
tonian path 7. Then when we use T' as the multicast tree
for the UUMTOP instance then the minimum multicast
throughput we can get is at least

w Ch
7 10g2(1 + ﬂ)

This follows since in the worst case all links in 7" may have
rate Wlog,(1 + dﬁcl ) and since every node has degree 2

in 7. On the other hand if the given graph does not have
a Hamiltonian path then any multicast tree 7' must have
degree 3 and hence the maximum multicast throughput is
at most

Cy

w
— log, (1 + 5

3 )

This is because in the best case all links of all nodes of degree
3 in T' may have rate W log,(1 + —52—). Note that if

d?
w Ch w Ci
ao log, (1 + d;@nam) > ?logg(l + %)

then any approximation algorithm that can estimate the
maximum multicast throughput for the UUMTOP within
u fraction (u > «) of the optimal throughput can be used
to tell if there is a Hamiltonian path in G. Hence such an
approximation algorithm cannot exist unless P = NP. We
now show that it is possible to scale the distances in G such
that a = % This therefore implies the claimed bound.

Note that one can scale all distances d(e) to kd(e) by
scaling the coordinates of the location of all nodes v € V by
multiplying them by k. We also adjust D the unit disk dis-
tance to kD (see Remark 2). Note that, the received signal
strength and noise from other transmissions will also scale
so that the signal to noise ratio will not change (here we as-
sume that the additive white noise is negligible). Therefore,
there is no change in the links in the graph. This scaling
therefore does not affect any paths in the graph and in par-
ticular the Hamiltonian path. In the new graph the new
values for dmaz and dmin are kdmaes and kdmin respectively.
Let

1
B 2
C’1 dmzn
00z

for some large value 0. Note that then

k=

C
510821+ fg,ym) _ log, (1 + p%°0%)?
%l092(1+ (kd:#)ﬁ) log, (1 + p?P6P)3

where p = fli’"{”" . For large values of 6 this ratio approaches

4/6 = 2/3 since

log, (p®P9%8) _ log, p%? + 23 log, 0

log, (p®°037)  log, p%° + 331log, 6

From this it follows that o = 2. [J

4.3 As-Approximation Algorithm For Ad Hoc
Networ kswith Unifor m Transmission Power

Now we design an approximation algorithm for the UUM-
TOP for unit disk graphs. Given a unit disk graph G, the
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algorithm runs a Kruskal like minimum spanning tree algo-
rithm by sorting the links based on their lengths. It then
considers the links in non-decreasing order of their length.
It starts out with an empty tree T. At any time when con-
sidering link e of G, if link e does not form a cycle in T'
it adds e to T'. The algorithm pauses at the first instance
when all the terminals (multicast receivers and sender) are
in one connected component of the tree T' formed so far. Let
the last link e to be added at this moment has length d(e).
The algorithm then continues the Kruskal algorithm for all
remaining unconsidered links of length d(e). At the point
when the Kruskal algorithm stops, let V' C V be the set of
vertices in the connected component of the tree T' that con-
tains all the terminals. Let G’ = (V’, E’) be the subgraph of
G that is induced by the vertices V' (contains all the links
of G that are between pairs of nodes in V'). The algorithm
then finds a degree 5 minimum spanning tree (cost is link
length) of G’, using a result of [28]. This tree is output as
the multicast tree of G. We first show that the algorithm
can be implemented in polynomial time and then we will
show its performance bound.

LEMMA 3. The algorithm outputs a multicast tree of G of
degree at most 5 in polynomial time.

PrOOF. Consider the Euclidean graph over the vertices
V' where there is a link between every pair of points u,v €
V'’ of length equal to the Euclidean distance between u and
v. Note that the links of G’ are a subset of the links in this
Euclidean graph. Recall that by construction all nodes (V)
in this Euclidean graph can be connected into one compo-
nent by just using the links of length d(e) or less. Consider
any (MST) minimum spanning tree (cost is link length) of
this Euclidean graph. It cannot have any link of length ex-
ceeding d(e), because if (u,v) is one such link then consider
the two connected components of the MST obtained by re-
moving link (u,v) from the MST. There must be a link of
length at most d(e) connecting these connected components
in the Euclidean graph because by construction all nodes
in V'’ can be connected into one component by using just
the links of length d(e) or smaller. Let (x,y) be one such
link. Then by adding (z,y) to the MST and by removing
link (u,v) in the resulting cycle we get another MST of less
cost a contradiction. Thus any MST of the Euclidean graph
must only include the links of G’. By the result of [28] a
MST of any Euclidean graph of degree at most 5 exists and
can be computed in polynomial time. Let T" be one such
tree. Then T is a spanning tree of G’ and hence a multicast
tree of G and has degree at most 5. Note that T is output
by our algorithm.

O

THEOREM 3. The multicast throughput of the tree output
by the algorithm is at least 20% of the optimal multicast
throughput.

PROOF. Let d(e) be the length of the last link added by
the Kruskal algorithm at which point all the terminals (mul-
ticast receivers and sender) are in one connected component
for the first time. This implies that it is not possible to con-
nect all the terminals using only the set of links of length
strictly less than d(e). Hence the optimal multicast tree
must use a link of length at least d(e). Thus the optimal
multicast rate is at most Ropr < W log,(1 + Ci/d(e)?).



Note that by Lemma 3 the multicast tree output by the
algorithm has only links of length at most d(e) and it has
degree at most 5. Hence the rate of all links in this tree
is at least R > Wlog,(1 + C1/d(e)?). By Remark 4 this
implies that the multicast throughput of the tree output by
the algorithm is at least

1 ) Ropr
d(e)” = 5

5

log, (1 +

Note also that the method given in Remark 4 can be used
to compute the associated primary conflict free schedule in
polynomial time, thus establishing the result. [

4.4 Extension to Ad Hoc Networkswith
Non-uniform Transmission Power

For ease of explanation, we illustrate our algorithm us-
ing a realistic ad hoc network setting. We assume A <
Pras/Pmin < 16 where P, is the maximum transmis-
sion power and Pnin, is the minimal transmission power,
and the path loss exponent 3 = 4. This power setting is
realistic, e.g. cisco350 AP’s maximum transmission power
is 100mW and minimal transmission power for low-power
setting is typically above 10mW.

For ease of presentation we omit the details and only
present a sketch of our arguments for the algorithm and
its analysis. Our algorithm has two steps. In the first step
we use a binary search to find the minimal rate R. such that
the graph G, constructed below connects all the terminals of
the multicast session. For a given R, let d. be the distance
such that R. = W log,(1+ Prin /(NoWd2)). We construct a
graph G. = (V, E.) where an edge exists between two nodes
iff the distance between them is no greater than d.. If G.
connects all the terminals, then we complete the first step. If
not, we add all the remaining edges such that the data rate
of these edges is no smaller than R.. Call the resulting graph
G... If G/, connects all the terminals, we complete our binary
search. In the second step, we run the 5-approximation algo-
rithm for each connected component in G.. As a result, we
get a tree T; for each connected component i. Let K be the
number of connected components. We then add edges in G
to connect 7;,Vi =1,2,--- | K into one tree T'. We observe
that the optimal multicast rate Ropr < R. since it is not
possible to connect all the terminals using only links with
rate larger R.. We also observe that there are at most 19
neighboring components (with A < 16 and 3 = 4, all edges
in G, are of length less than 2d. and nodes of any two dis-
tinct connected components are at least d. apart. Z. Gaspar
and T. Tarnai in [16] gives an upper bound 19. ). Observe
that G, is a Euclidean graph, thus the maximal node degree
of any 7T; is at most 5. Therefore, the maximal degree of
the resulting multicast tree 71" is at most 24. By Remark 4,
the throughput of this algorithm is at least R./24. In other
words, this algorithm is 24-approximation algorithm for this
realistic setting of ad hoc networks. It is easy to see that
the algorithm can be extended to other power settings. All
that changes is the approximation factor.

5. THE UNSPLITTABLE BROADCAST
MODEL

In this section we show that the UBMTOP cannot be ap-
proximated to a factor better than 2 (50% of the optimal).
We also provide a matching upper bound by designing an
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Clauses withX;

Clauses withX;

Figure 3: The UBMTOP problem is not approx-
imable within a factor of 2

efficient polynomial time algorithm for estimating the max-
imum multicast throughput to within a factor of 50% of the
optimal. In practice we believe that the performance of the
algorithm is much better than its worst case behavior. We
show our results for the setting when the links may have
arbitrary rate setting. Our results also hold in the more re-
alistic setting where the link rates are distance dependent as
in AWGN channel. However, for lack of space we omit the
details. Unlike the unicast model where at most one link
incident on a node can be active, in the broadcast model,
all outgoing links of a node can be active. However, the
same data must be sent to each of the downstream receivers
at the same time. We assume a node can choose a subset
of downstream receivers to receive a transmission. Other
downstream nodes can receive a different transmission from
a different sender at the same time. This capability can be
achieved by beam-forming directional antenna or each node
is scheduled to receive a transmission with a predetermined
CDMA code. We remark that we do not claim that this
model will be used in practice. However, results obtained
from this model serve as a upper bound for practical wireless
networks such as 802.11 multi-hop wireless networks when
we consider primary interference only. For our future work,
we would like to incorporate secondary interference in our
model.

5.1 Hardness Results

THEOREM 4. The throughput of the UBMTOP problem
can not be approximated to a factor strictly better than 50%
of the optimal multicast rate unless P=NP.

ProOF. We show that the UBMTOP problem is NP-hard
via a reduction from 3SAT. Given an instance of a 3SAT
problem, we create a gadget as illustrated in Figure 3. There
is a source node u (sender). For each variable z; and its
negation ¥;, we create a subtree rooted at v;. We create
three other nodes wil, wig, and w;. We connect v; to w;*
and w;>. We connect both w;' and w;® to w;?. We create a
node for each clause and set these nodes to be receivers. For
each clause node with variable x;, we connect it to w;'. For
each clause node with variable £;, we connect it to w;>. We
connect the source node u to each v;. All links have a rate
of ¢ except the three links (u, v;), (w:', w;?) and (w2, w;®).
These three links have a rate of infinity (much larger than



c). We claim that a truth assignment to the given 3SAT
formula exists if and only if there exists a multicast tree that
achieves an optimal throughput of ¢. Let T be an optimal
tree that achieves this rate. Let v; be a node such that
some clause node uses v; to get its data from u. Note that
in T node u must broadcast to node v; using link (u,v;).
Also note that in 7" node v; must broadcast to at least one
node w;' and w;®. In other words T must contain at least
one of the two links (vi,wil) and (vi,wig). Note that if
T contains link (v;,w;") then node w;' cannot broadcast
to any clause nodes connected to it. This is because node
w;! can only be involved in at most one communication at
any given time (either broadcasting or receiving data on
link (v;,w;:') and hence the achieved multicast throughput
would be ¢/2 < c¢. This implies that if 7' contains link
(vi, wil) then it does not contain any link that connects w;it
to any clause node with variable ;. Likewise it can be shown
that if 7' contains link (v, wi3) then it does not contain any
link that connects w;® to any clause node with variable ;.
Thus T contains exactly one of the two links (v;, w;') and
(vi,wf’). Note that if it contains link (vi,wil) then it must
also contain links (w;',w;?) and (w;?,w;®) and node w;*
can cover (broadcast) all the clause nodes connected to it.
This is equivalent to &; being true. Likewise the other case
corresponds to x; being true. Hence given the tree T we
can find a satisfying assignment. By reversing the process,
given a satisfying assignment we can construct the tree T'
that achieves a multicast rate of ¢. For instance if in the
satisfying assignment &; is true then the tree T uses the
path u,v;, w;', w;%, w;* and in addition contain links joining
node w;> to some of the clause nodes connected to it (that
are not covered by any other variable).

O

5.2 A 2-Approximation Algorithm

We sort the links by rate. We add one link at a time
in non-increasing order until the source connects to all re-
ceivers. Denote this subgraph as G’. We denote the rate of
the edge last added as R*. We then find a tree T in G’ by
pruning all the unnecessary edges.

THEOREM 5. The multicast throughput of the tree output
by the algorithm is at least 50% of the optimal multicast
throughput.

PROOF. Let the source in the tree T" be at level 0. A node
is at level ¢ if it is ¢ hop away from the source in T'. Let the
maximal levels in T" be h. In a primary conflict free schedule
for the links of T" nodes at alternate levels are scheduled to
broadcast at the same time. Thus a set of links L, is active
in one slot followed by the remaining links L2 in T in the
next slot, and this schedule is repeated forever. Thus in this
primary conflict free schedule each link e is active in half of
the slots (f(e) = 0.5). Let R1 be the minimum rate among
links in L; and Rz the minimum rate among links in Lo.
Note that by construction Ri, Rz > R*. Thus the multicast
rate for this schedule is mineer f(e)R(e) > R*/2. Note
that the optimal multicat tree must contain a link of rate at
most R* since links with rate strictly more than R* cannot
connect source to all receivers. Thus the optimal multicast
rate can not be better than R*. Therefore, our algorithm
is a 2-approximation algorithm. Given our hardness result,
this algorithm is the best possible in terms of worse case. [
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6. THE SPLITTABLE MODEL

In the splittable model we allow the data from the sender
to the receiver to arrive on multiple paths. This is equiv-
alent to the sender using multiple multicast trees to send
its data. Recall that a solution to these problems is a col-
lection of tuples (S1,T1), (S2,72),...(Sp,Tp). Here T; is a
multicast tree and each s;(t) € S; is a subset of links of T;
for every time slot ¢t = 0,1,2,... such that in each slot ¢
the set of links U;s;(¢) have no primary conflicts. We let
s(t) = U;si(t) and S denote the links schedule over time
s(0),s(1),5(2),.... Recall that in the splittable model we
can define the multicast rate R; of a Tree T;, 1 < i < p
to be R; = mincer, fi(e)R(e), where f;(e) is the fraction of
slots in which link e is present in S;. Then for these prob-
lems the maximum multicast throughput is given by >, R;.
This is because data from the source can arrive indepen-
dently over these p trees at rates Ri, Ra,... R, respectively
to each receiver.

We now give an equivalent definition of the problem in
terms of the rates that will help us formulate a linear pro-
gram for solving it. Let v denote the set of all possible
multicast trees over the terminals Y. Obviously this is a
large set. Let x7 > 0 be the data rate assigned by the solu-
tion to multicast tree T' € v. Note that our objective is to
maximize ) ;. xr. Let St be the link schedule associated
with tree T. Note that for an e € T its frequency fr(e) in
St must be at least x7/R(e). Recall that R(e) is the rate
of link e.

In the case that unicast is used by the underlying wireless
media, then at most one link incident on a node v can be
active in S in any given time slot. This translates into the
following linear constraint: (N (v) is the set of links incident
on node v in G)

> > wr/R(e) <1, YweV.

eEN(v) T:e€T

(1)

In the case of broadcast, consider a node v (which is not
the sender) in a tree T' € v (with 7 > 0) Let u be the par-
ent node of v and let u1,us2 ... ux be the children of v in T .
Then in order to avoid primary conflicts the link (u,v) can-
not be active with any of the links (v, u1), (v, u2) ... (v,ug)
in any given time slot when broadcast is used. Here there
are two possible models: when node v broadcasts on tree
T the rate at which data is sent on each outgoing link
(v,u1), (v,u2)...(v,ux) is the smallest rate among the rates
R((v,u1)), R((v,u2)) ... R((v,ux)) or each link (v, u;) is still
able to transmit data at rate R((v,u;)) (for instance when
an antenna array is used for broadcast). For ease of presen-
tation we will only consider the latter model. Our results
can be extended to the other model but for lack of space we
leave the details for a full paper. In the following we denote
R%(v) to be the minimum rate of the links to the children
of node v in tree T thus R7(v) = ming, u)er R((v,u)). If
no edge (v, u) exists in T' then we set R:(v) = co. Likewise
we denote R7.(v) to be the rate of the link to the parent of
node v in tree T. If no edge (u,v) exists in T then we set
RE.(v) = oc.

Thus we have the following linear constraint for broadcast:

> (xr/R7(v) + 2r/RE(v) <1, Vv e V.

T:weT

(2)



We now design efficient algorithms for the two models.

6.1 The Splittable Unicast M odel

Here we are interested in finding a collection of multicast
trees and their schedule so as to maximize the total multi-
cast rate, when broadcast is not allowed by the underlying
wireless media. Recall that Equation (1) is a necessary con-
dition for a schedule to be primary conflict free. However it
may not be sufficient. Although it can be shown [18] that
if a set of xr values satisfy this constraint then by scal-
ing down these values by a factor of 2/3 we are guaranteed
that a schedule that is primary conflict free can be found.
However this may yield a solution which may not be opti-
mal but is guaranteed to be within 66.66% of the optimal.
The resulting primary conflict free schedule is found by an
edge coloring of the resulting graph [23] and we leave the
details for a full paper. This is the approach we follow. We
formulate the following linear program (LP):

Mazimize Z T (3)

Tey
subject to
Z Z zr/R(e) < 1,Yv eV (4)
e€N(v) T:e€T
xzr > 0,VT € v (5)

The dual of the linear program is as follows.

Minimize Z Yo

veV

subject to

> >

vEV eeN(v)NT

yo/R(e) > 1,VT € v (7

Yu Z O,VU eV (8)

Note that a feasible solution to the dual must satisfy the
constraint (7). Note that this constraint can be rewritten

| >

e=(u,v)eT

(Yu +yo)/R(e) > 1,VT € .

Therefore, the dual LP is the following problem: Assign non-
negative weights y, to the nodes of the network such that
any steiner (multicast) tree of the network for terminals Y
has total cost at least 1, and a linear function of the node
weight is minimized. Here the cost of a link e = (u, v) is de-
fined as (yu +yv)/R(e). Given a p approximation algorithm
of Steiner tree, we achieve an approximation algorithm of
1.5p for the UUMTOP.

THEOREM 6. The LP (3) can be solved within a factor p
in polynomial time.

PrOOF. We only give a proof sketch for lack of space.
The proof is very much along the line of the proof of [20].
We present the proof for completeness. The idea is to solve
the LP using the ellipsoid method [22]. We do this by first
turning the dual LP into an LP where we are only inter-
ested in checking for feasibility. This is done using a binary
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search over the possible values for the objective function (6).
Specifically, we add the inequality

>y <R

veV

to the dual LP, remove the objective function (6) and look
for the smallest value of R for which the modified dual LP
is feasible. If we had an optimal algorithm A for computing
the minimum cost steiner tree the feasibility check could
have been done as follows. For a given set of y, values we
can compute the minimum cost steiner tree (using the edge
costs described earlier) using A. If the cost of this steiner
tree is at least one then the given y, values are feasible.
Otherwise we have a steiner tree (the minimum cost steiner
tree) for which the constraints are violated. This tree then
becomes a separation constraint for the ellipsoid algorithm
or in other words A can be used as a separation oracle for
the ellipsoid algorithm on the feasibility LP.

Unfortunately an optimal algorithm A for computing the
minimum cost steiner tree is unlikely (unless P = NP). Now
let us assume that A is the best possible p approximation
algorithm for computing the minimum cost steiner tree. In
this case when A says that the minimum cost steiner tree is
of cost at least one, then the solution may not be feasible
since there is a possibility that the actual cost of the mini-
mum cost steiner tree is only 1/p. However this means that
if we replace every y, by py, then we have a feasible solution
to the LP. Also note that if A says that the minimum cost
steiner tree is of cost less than one then we are guaranteed
that the solution is not feasible. Thus if R* is the minimum
value of R for which the algorithm decides that the linear
program is feasible, then we know that the modified dual
linear program is infeasible for R* — e (where ¢ depends on
the precision of the binary search) , and is feasible for R*.
Therefore, the optimum solution of the dual program (6) is
between R* and pR".

Note that the above algorithm lets us estimate the ob-
jective function of the primal LP (3) within a factor p, but
it doesn’t give us the trees over which this solution can be
obtained. This is done by using a technique of [4]. Let x be
the set of all trees which are generated as part of running the
ellipsoid algorithm (for which the constraints of the modi-
fied dual are violated). Since the ellipsoid algorithm runs in
polynomial time x has a polynomial size. It can be shown
that the primal LP (3) doesn’t change if we set all z7 = 0
for all T' ¢ x. Thus the modified primal LP (3) now has a
polynomial size and can be solved in polynomial time (using
any LP solver) to find the set of zr values (for T' € x) for
which the primal LP achieves an objective value of R*. Note
that the optimal objective value of the primal is guaranteed
to be at most pR*. Thus we can find in polynomial time
a set of multicast trees and their rates x7 that satisfy the
constraints of the primal LP (3) and that approximate the
optimum objective value to within a factor p. [

THEOREM 7. There is a 1.5p approzimation algorithm for
solving the UUTOP.

PROOF. As described before by scaling down all the zr
values, obtained by solving the LP (3), by a factor of 2/3 we
are guaranteed a solution that can be scheduled and in addi-
tion the schedule can be found by an edge coloring approach.
Thus overall the algorithm achieves an approximation ratio
of 1.5p. [



THEOREM 8. The UUTOP problem is NP-hard.

We omit the proof of the theorem for lack of space. It
is along the line of the proof in [20]. Moreover it can also
be shown that it is even hard to develop a polynomial time
approximation scheme for it. In other words, the problem
is APX-hard.

6.2 Splittable Broadcast M odel

Our results for the splittable broadcast model are along
the same lines as those for the unicast model. However
the resulting problems in the broadcast model are much
harder since they require solving a node weighted steiner
tree problem (here weights are associated with nodes rather
than links). This problem can be shown to be Q(log n) hard
to approximate by a reduction from set cover [14]. We omit
the details for lack of space.

7. EVALUATION

In this section, we evaluate the performance of our ap-
proximation algorithms. We place 100 nodes randomly in a
1600 meter by 1600 meter square. We generate 5 such in-
stances. Our results are averaged over the 5 topologies. We
evaluate the throughput of a single multicast session. We
vary the number of receivers from 5 to 30. The data rate of
a link is distance dependent. In practice, it has a few dis-
crete values, e.g. 802.11b has 4 different rates, 3G1xEV-DO
has 10 different rates. We pick 802.11b’s 4 different rates
in the outdoor setting. According to many vendors adver-
tised values, the threshold distance for the 4 rates (in Mbps)
11,5.5,2,1 is 250,350,400,500 meters respectively. Many mul-
ticast protocols typically compute a shortest path tree and
then prune unnecessary edges. We refer to this algorithm as
SPT. We compare our algorithm with SPT. We also com-
pare with the throughput upper bound of unicast, 11/n in
our setting where n is the number of receivers. Due to the
complexity of the splittable case, we only evaluate the un-
splittable case.
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Figure 4: Comparison of the 5-approx. algorithm
and SPT for unicast model and unicast upper bound

Figure 4 compares our 5-approximation algorithm and the
SPT for the unicast model and the unicast upper bound. For
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all graphs, the throughput drops as the number of receivers
increase. However, the throughput of our algorithm drops
much more slowly because it tries to find low degree trees to
take care of primary conflict. SPT is degree agnostic. So the
maximum degree of SPT increases much faster as the num-
ber of receivers increase. Our algorithm is 7 time better than
SPT when the number of receivers is 5, 18 times better when
the number of receivers is 30. Our algorithm is also much
better than the achievable throughput of unicast even with
5 receivers. For the broadcast model, our 2-approximation
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Figure 5: Comparison of the 2-approximation algo-
rithm with SPT for the broadcast model

algorithm again performs much better than SPT as illus-
trated in Figure 5. When we compare the throughput of
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Figure 6: Comparison of the 5-approximation algo-
rithm and the 2-approximation algorithm

the 5-approximation algorithm for the unicast model and
the 2-approximation algorithm for the broadcast model (see
Figure 6), we see that the latter is only 32% better. This
shows that our 5-approximation algorithm is able to find
multicast trees with very low degree.

8. RELATED WORK

The work that is most closely related to this paper is that
of [23, 21]. Both of the two papers consider the achiev-



able throughput for unicast transmissions between multi-
ple source-destination pairs. Kodialam and Nandagopal [23]
consider the same wireless communication constraint as ours.
For a given unicast traffic pattern, they provide a polynomial
time algorithm that computes routes and schedules such
that the resulting throughput is at least 67% of the opti-
mal. Jain et al. [21] consider more general wireless interfer-
ence model where it can take into account interference from
neighboring nodes, impact of directional antennas, availabil-
ity of non-interfering channels, etc. However, they can only
provide upper and lower bounds on the optimal throughput.
To the best of our knowledge, we are the first to consider
the problem of optimal multicast throughput in multi-hop
wireless networks.

Optimal multicast throughput problem has recently been
considered in the context of overlay networks [5, 15]. They
increase the multicast throughput by utilizing multiple mul-
ticast trees. We also consider the case of multiple multicast
tree. However, our problem is very different from theirs.
In [15] a physical link of the network may be traversed mul-
tiple times by a single multicast packet since it may be con-
tained in multiple logical links in the multicast tree. The
bandwidth used for all these traversals has to be summed
up and must not exceed the links capacity. This constraint
does not apply in our context. However, the constraint that
a node can not be involved in multiple communications does
not apply to their context. As a result, the solution of the
two problems are very different.

9. CONCLUSION AND FUTURE WORK

We believe we are the first to characterize the achievable
throughput of multicast in multi-hop wireless networks. We
consider primary interference in this paper. We consider
both broadcast transmission model and unicast transmis-
sion model. We present hardness results and approximation
algorithms for both the one multicast tree per session case
and multiple tree per session case. Our evaluation shows
that our algorithms perform very well when compared with
pruned shortest path tree algorithm and the optimal unicast
algorithm.

In our future work, we would like to tighten our analytical
bounds. In particular, we want to investigate the hardness
result for the multicast problem in the splittable broadcast
model and design better approximation algorithm for it. We
would also like to incorporate secondary interference in our
algorithm. In addition, we want to explore the joint opti-
mization problem when there are multiple active multicast
sessions in the network.

10. REFERENCES
[1] D. Baker, J. Wieselthier, and A. Ephremides. A

distributed algorithm for scheduling the activation of
links in a self-organizing mobile radio networks. In
Proceedings of IEEE Int. Conference Communications,
pages 2F6.1-2F6.5, 1982.

[2] R. Bhatia and M. Kodialam. On power efficient
communication over multi-hop wireless networks:
Joint routing, scheduling and power control. In
Proceeding of IEEE INFOCOM, 2004.

[3] E. Bommaiah, M. Liu, A. McAuley, and R. Talpade.
AMRoute: Ad hoc Multicast Routing protocol.
Internet Draft, draft-talpade-manet-amroute-00.txt,
1998.

[4] R. Carr and S. Vempala. Randomized metarounding.
In Proceedings of the 32nd annual ACM symposium on
Theory of computing, pages 5862, 2000.

[6] M. Castro, P. Druschel, A.-M. Kermarrec, A. Nandi,
A. Rowstron, and A. Singh. Splitstream:
high-bandwidth multicast in cooperative
environments. In Proceedings of the nineteenth ACM
symposium on Operating systems principles (SOSP),
pages 298-313, 2003.

[6] P. Chaporkar, A. Bhat, and S. Sarkar. An adaptive
strategy for maximizing throughput in mac layer
wireless multicast. In Proceedings of the 5th ACM
international symposium on Mobile ad hoc networking
and computing(MOBIHOC), pages 256—-267, 2004.

[7] B. N. Clark, C. J. Colbourn, and D. S. Johnson. Unit
disk graphs. Discrete Math., 86(1-3), 1990.

[8] A. E. F. Clementi, P. Crescenzi, P. Penna, G. Rossi,
and P. Vocca. On the Complexity of Computing
Minimum Energy Consumption Broadcast Subgraphs.
In Proceedings of 18th Annual Symposium on
Theoretical Aspects of Computer Science (STACS),
pages 121-131, 2001.

[9] M. S. Corson and S. G. Batsell. A Reservation-Based
Multicast (RBM) Routing Protocol for Mobile
Networks: Initial Route Construciton Phase. Wireless
Networks, 1(4):427-450, Dec. 1995.

[10] T. Cover and J. A. Thomas. Elements of Information
Theory. John-Wiley and Sons, Inc., 1991.

[11] T. ElBatt and A. Ephremides. Joint scheduling and
power control for wireless ad-hoc networks. In
Proceedings of IEEE INFOCOM, 2002.

[12] M. Furer and B. Raghavachari. Approximating the
minimum-degree steiner tree to within one of optimal.
In Third annual ACM-SIAM symposium on Discrete
algorithms, pages 409423, 1994.

[13] J. J. Garcia-Luna-Aceves and E. L. Madruga.
Multicast routing protocol for ad-hoc networks. In
Proceedings of IEEE INFOCOM, 1999.

[14] M. R. Garey and D. S. Johnson. Computers and
Intractability—A Guide to the Theory of
NP-Completeness. Freeman, San Francisco, CA, 1979.

[15] N. Garg, R. Khandekar, K. Kunal, and V. Pandit.
Bandwidth maximization in multicasting. In
Proceedings of European Symposium on Algorithms
(ESA), pages 242-253, 2003.

[16] Z. Gaspar and T. Tarnai. Upper bound of density for
packing of equal circles in special domains in the
plane. Per. Pol. Civil Eng., 44(1):13-32, 2000.

[17] P. Gupta and P. R. Kumar. The Capacity of Wireless
Networks. IEEE Transactions on Information Theory,
1T-46(2):388-404, Mar. 2000.

[18] B. Hajek and G. Sasaki. Link Scheduling in
Polynomial Time. IEEFE Transactions on Information
Theory, 34(5):910-917, 1988.

[19] A. Itai, C. H. Papadimitriou, and J. Szwarcfiter.
Hamilton paths in grid graphs. SIAM J. Comput.,
1(4):676-686, 1982.

[20] K. Jain, M. Mahdian, and M. R. Salavatipour.
Packing steiner trees. In Proceedings of the fourteenth
annual ACM-SIAM symposium on Discrete
algorithms, pages 266274, 2003.



(21]

K. Jain, J. Padhye, V. N. Padmanabhan, and L. Qiu.
Impact of interference on multi-hop wireless network
performance. In Proceedings of the 9th annual
international conference on Mobile computing and
networking, pages 66-80, 2003.

L. Khachian. A polynomial algorithm in linear
programming. Soviet Math. Dokl., 20:191-194, 1979.
M. Kodialam and T. Nandagopal. Characterizing
achievable rates in multi-hop wireless networks: the
joint routing and scheduling problem. In Proceedings
of the 9th annual international conference on Mobile
computing and networking, pages 42-54, 2003.

D. Konig. Graphok es alkalmazasuk a determinansok

es a halmazok elmeletere [hungarian]. Mathematikai es

Termeszettudomanyi Ertesito, 34:104-119, 1916.

S.-J. Lee, W. Su, and M. Gerla. On-Demand
Multicast Routing Protocol in Multihop Wireless
Mobile Networks. Mobile Networks and Applications,
7:441-453, 2002.

J. Li, C. Blake, D. S. J. De Couto, H. I. Lee, and

R. Morris. Capacity of Ad Hoc Wireless Networks. In
Proceedings of ACM MOBICOM, pages 61-59, 2001.

144

27]

28]

W. Liang. Constructing minimum-energy broadcast
trees in wireless ad hoc networks. In Proceedings of
3rd ACM MOBIHOC, pages 112-122, 2002.

C. L. Monma, M. Paterson, S. Suri, and F. F. Yao.
Computing euclidean maximum spanning trees.
Algorithmica, 5(3):407-419, 1990.

T. S. Rappaport. Wireless Communication Principle
and Practice. Prentice Hall, 1996.

The 3rd Generation Partnership Project 2(3GPP2).
roadcast/Multicast Services Stage 1 . 3GPP2
TS-3GB-S.R0030-0v1.0, 2003.

The 3rd Generation Partnership Project (3GPP).
Multimedia Broadcast/Multicast Service (MBMS);
Stage 2. 3GPP TR 23.846, 2003.

J. E. Wieselthier, G. D.Nguyen, and A. Ephremides.
On the Construction of Energy-Efficient Broadcast
and Multicast Trees in Wireless Networks. In
Proceedings of IEEE INFOCOM, 2000.

M. Zagalj, J.-P. Hubaux, and C. Enz.
Minimum-energy broadcast in all-wireless networks::
NP-completeness and distribution issues. In
Proceedings of 8th Annual international conference on
Mobile computing and networking (MOBICOM),
pages 23-28, 2002.



