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Abstract

We study the benefits of multicast routing in the perfor-
mance of mobile ad hoc networks. In particular we show
that if a node wishes to communicate withn distinct desti-
nations, multicast can reduce the overall network load by a
factorO (

√
n), when used instead of unicast. One of the im-

plications of this scaling property consists in a significant
increase of the total capacity of the network for data deliv-
ery. We discuss how these results can be taken into consid-
eration in the operation of a multicast protocol using over-
lay multicast trees.

1. Introduction

Multicast routing constitutes an important challenge for
ad hoc networks, mainly due to the dynamic nature of the
routes in the network. In the research literature, many possi-
ble approaches have been proposed [7]. However, although
the capacity of mobile ad hoc networks has been a very ac-
tive research area since the seminal paper of Gupta and Ku-
mar [9], the specific impact of multicast routing has not at-
tracted too much attention, with the exception of [13].

One of the advantages of multicast routing is that it re-
duces the total bandwidth required to communicate with all
group destinations, since some links can be common to sev-
eral destinations. In wired networks, the gain of multicast
communication has been studied in [1, 5, 11], by estimating
the ratio of the number of links in a multicast tree ton des-
tinations over the average unicast hop distance between two
random nodes. The resulting normalized multicast cost has
been found experimentally to scale inn0.8. The gain of mul-
ticast is reflected by how far the normalized multicast cost
deviates from linear growth. However, the topology of mo-
bile ad hoc networks is significantly different and one would
expect a much different scaling law. Indeed the average uni-
cast hop distance in wired networks is usually of the order
log N , whereN is the total number of nodes in the net-
work, while in ad hoc networks the average distance grows

proportionally to
√

N/ log N , since the optimal neighbor
degree increases inO(log N) when the capacity increases.

In this paper, we establish performance bounds on the
expected size of multicast trees as a function of the num-
ber of multicast destinationsn, both via analytical meth-
ods and via simulation. In random mobile ad hoc networks,
the gain of multicast communication compared to unicast
is significantly larger than in wired networks. For instance,
we show that a scaling law inO(

√
n) holds for the nor-

malized multicast cost and we provide a protocol outline,
to be used in conjunction with the unicast routing protocol
OLSR [6]. This result can provide further motivation in sup-
porting multicasting in mobile networks, besides the advan-
tages of group-oriented communication. The implications
of this scaling law consist in a significant increase of the to-
tal capacity of the network for data delivery, while the to-
tal amount of generated data will actually decrease (com-
pared to the case where each node transmits data to one sin-

gle destination), and both are proportional to
√

N
log N .

The remainder of this paper is organized as follows. In
Section 2 we present the network model and provide ana-
lytical results on the scaling law of the normalized multi-
cast cost. The impact of multicasting in the capacity of the
network is discussed in Section 3. In Section 4 we outline
the basic operation of a multicast protocol which is based
on previous observations. In Section 5 we present measure-
ments on multicast scaling derived from simulations in gen-
erated graph models of wireless ad hoc networks. We con-
clude with some issues for further research in Section 6.

2. Multicast cost scaling law

In this section we will quantify the cost of multicast com-
munication versus the average unicast cost. We assume that
nodes have a complete knowledge of the network topology.
In order to optimize the control traffic we will see in a fur-
ther section how we can somewhat relax this hypothesis in
the use of the OLSR link state routing protocol.



2.1. Model description

We assume thatN nodes forming a massively dense ad
hoc network are distributed according to a Poisson process
in an area of arbitrary sizeA. In this case,i.e., whenN
is large, routes can be considered as continuous lines be-
tween nodes, and the number of retransmissions needed for
a packet to reach its destination isΘ

(
d
r

)
, wherer is the

typical radio range andd is the Euclidean distance from the
source to the destination [10, 3]. Hence, we can represent a
massively dense ad hoc network with an Euclidean graph, in
which the edge costs are proportional to hop distances be-
tween nodes.

The result of Gupta and Kumar [9] states that the max-
imum bandwidth is attained when the radio range isr =

α
√

log N
N , whereα is a constant which depends on signal

propagation and medium access control.
A source and a multicast group of sizen are chosen uni-

formly at random among theN nodes. As a result, then+1
multicast nodes are distributed in the area according to a
Poisson process of intensityn+1

A .
An optimal multicast tree is a Steiner tree,i.e., a tree of

minimal cost connecting all of the multicast nodes via an ar-
bitrary subset of the remaining nodes that are not in the mul-
ticast group. Therefore, the problem of finding the optimal
tree is NP-complete, even in Euclidean graphs, although in
this case there is a polynomial time approximation scheme
[2].

Since the problem of finding the optimal tree is in-
tractable, we will use an approximation. We consider the
two more common cases of minimum spanning trees and
shortest path trees.

2.2. Minimum spanning trees

First, we consider multicast trees corresponding to mini-
mum spanning trees on then+1 multicast nodes. In a min-
imum spanning tree branching is constrained only on multi-
cast nodes, and the computation can be performed in poly-
nomial time. On the other hand, in Steiner trees, branch-
ing can occur on any node (or any point in the plane in the
Euclidean case).

In general graphs, the cost of a minimum spanning tree is
within twice the cost of an optimal Steiner tree [14]. How-
ever, it can be shown that the Euclidean minimum span-
ning tree is not longer than2√

3
times the optimal Euclidean

Steiner tree [8]. Hence, in the case of massively dense ad
hoc networks, minimum spanning trees yield results which
are very close to the optimal.

To proceed we will compute the expected path length (in
meters) of a minimum spanning tree onn + 1 points in an
areaA. We denote this lengthL(n + 1).

From the analysis in [4, 12], in the 2−dimensional case,
it comes that an upper bound for the average path length (in
meters) of a minimum spanning tree is

L(n + 1) ≤ γn

√
A

n + 1
∼ γ

√
An. (1)

whereγ is a constant that depends on the shape of the net-
work domain. For a disk or a square we haveγ = 1√

2
.

We now define the normalized multicast costR(n) for a
multicast group of sizen as

R(n) =
multicast cost

average unicast cost
,

where the costs are expressed in number of hops. In other
words the multicast cost is the number of links in the mul-
ticast tree, and the average unicast cost is the average route
length from a random source in the multicast group to a ran-
dom destination in the multicast group.

We base our analysis on the observation that routes can
be considered as continuous lines between nodes, and the
number of hops needed for a packet to reach its destina-
tion is Θ

(
d
r

)
, wherer is the optimal radio range as stated

by Gupta and Kumar.
The expected path length of the multicast tree in num-

ber of hops isΘ
(

L(n+1)
r

)
, while the average unicast cost

is Θ
(

L(2)
r

)
. This implies that, for the normalized multi-

cast cost, it holds

R(n) ' L(n + 1)
L(2)

. (2)

QuantityL(2) is highly dependent on the shape of the
network domain, but is of order

√A when the network do-
main shape stays within some reasonable model. In all rigor
we haveL(2) = β

√A. For the disk we haveβ = 128
45π3/2 ≈

0.51, for the square it becomesβ = 1
15 (2+

√
2+ 5 log(1 +√

2)) ≈ 0.52.
Combining (1), (2), we get

R(n) ≤ γn

β
√

n + 1
= O(

√
n). (3)

Hence, we obtain the multicast scaling lawR(n) =
O(
√

n). It comes that the gain of multicast over unicast,
which is reflected by how farR(n) deviates from linear
growth, is alsoO(

√
n). This result is in contrast with simi-

lar comparisons in wired networks [1, 5, 11] where the gain
of multicast communication is significantly smaller. In that
case, the multicast cost scales, according to experimental
studies, following a power law with exponent between.8
and.9.

More generally, we can show, using the same approach,
that for a network spanning on a domain in dimensionD

R(n) = O
(
n1− 1

D

)
.



In [12] it is shown that the length of minimum span-
ning trees on points randomly placed in a hypercube is

O
(
n1− 1

D

)
, even when the point distribution is not uniform,

with some mild constraints. This implies that the multicast
scaling law still holds when the multicast nodes are not dis-
tributed uniformly among the nodes of the network.

2.3. Shortest path trees

A popular approach in building multicast trees in wired
networks consists in pruning shortest path trees rooted at
the source node. In this case, we cannot prove worst case
bounds on the total cost of shortest paths trees, compared
to the cost of optimal Steiner trees. However, in prac-
tice, shortest path trees achieve a satisfactory performance.
Moreover, shortest path trees minimize the maximum path
length from the source to any destination.

In the currently considered model of mobile ad hoc net-
works, whenn ¿ N , a shortest path tree is equivalent ton
unicasts, since the expected number of branching nodes is
very small. Hence for a small number of destination nodes,
the gain of multicast communication is negligible.

On the other hand, whenn → N , the total number of
hops in the tree also tends toN , since we consider a tree
spanning on almost all the nodes. The average unicast dis-

tance in hops isO
(

1
r

)
, where the radio ranger = α

√
log N

N .
Hence, the normalized multicast cost tends to

R(N) = O(Nr) = O(
√

N log N).

This is the expected behavior for any method used to
construct a tree spanning on all the nodes of an ad hoc net-
work with unit cost links.

Consequently, for large multicast group sizes we still ex-
pect to observe a multicast scaling law of the formR(n) =
O(n

1
2+ε), for anyε > 0. In Section 5, we study the normal-

ized multicast cost of shortest path trees experimentally.

3. Capacity of multicast communication

In this section we investigate the impact of the multi-
cast cost scaling law in the capacity of the network, when
all nodes communicate with multicast. We are interested in
the order of magnitude of the maximum attainable band-
width. We show that similar bounds to the ones described in
[13] can be obtained without the need of particularly com-
plex additional routing mechanisms.

In presence of traffic density ofλ bits per time unit per
square area unit, the typical radius of correct receptionr

decays inO
(

1√
λ

)
[9, 10]. If C is the capacity generated

by each node, the density of traffic generated per square
unit area isO(CN). The maximum bandwidth attainable

for unicast traffic isC = O
(

1√
N log N

)
.

We have shown that each multicast packet in a
group of sizen will be retransmittedO(

√
n 1

r ) times.
This yields a traffic density (including retransmissions)
λ = O(CN

√
n 1

r ). Therefore

r = O

(
1√
λ

)
= O

(√
r

CN
√

n

)

⇒ C = O

(
1

rN
√

n

)
.

As a result, the maximum rate at which a node can trans-
mit multicast data isO

(
1√

nN log N

)
and it is obtained for

r = O

(√
log N

N

)
. In this case, the total rate at which data

is received by then destinations in the multicast group is

O
(√

n
N log N

)
.

When all nodes in the network communicate in unicast
(each node with one single destination), the total capacity

of the network increases with network size inO
(√

N
log N

)
.

However, when there areO(N) nodes in the network acting
as multicast sources in groups of sizen (e.g. in teleconfer-
ences betweenn users), the total rate at which data is trans-

mitted in the network isO
(√

N
n log N

)
. Similarly, the to-

tal rate at which data is received isO
(√

nN
log N

)
. Hence,

compared to unicast traffic, multicast traffic results in an in-
crease by a factorO (

√
n) of the capacity of the network

(and per node) for receiving data, although the total distinct
data transmitted will in fact decrease by the same factor.

4. Protocol overview

In this section, we outline the basic operation of a mul-
ticast protocol, taking into consideration the previously de-
rived results. However, a detailed protocol implementation
is outside the scope of this paper.

4.1. Overlay tree construction

As we saw previously, it is more efficient to consider
minimum spanning trees for the construction of multicast
trees. We discuss here an algorithm which achieves the mul-
ticast costR(n) = O(

√
n) calculated in Section 2. The al-

gorithm does not require any more information than what is
provided by a link state unicast routing protocol, like OLSR
[6].

Algorithm 1 (input: network graph, output: overlay multi-
cast tree)

1. Find shortest paths between all pairs of multi-
cast nodes.



2. Build complete graph on multicast nodes with costs
cij = {length of shortest path betweeni andj}.

3. Build minimum spanning tree on the complete graph,
rooted at the source node.

The construction of the minimum spanning tree (step3)
can be implemented using Prim’s algorithm. The resulting
tree is an overlay multicast tree, since it consists only of
multicast nodes and its links are in fact tunnels in the ac-
tual network. Multicasting is achieved when each node for-
wards multicast packets to its successors in the overlay tree.

Step1 corresponds ton Dijkstra algorithm iterations.
Therefore, the total complexity isO(n(M + N log N)),
wheren is the multicast group size,N andM are the num-
ber of nodes and edges in the network, respectively. The al-
gorithm’s expected complexity can be improved because it
is not necessary in practice to compute all shortest paths
from each node to all other nodes to build the minimum
spanning tree.

Due to the fact that the distance between two nodes in
number of hops is proportional to the Euclidean distance,
the resulting multicast tree can be considered as an approxi-
mation of the Euclidean minimum spanning tree on the mul-
ticast nodes.

The advantage of this algorithm is that only the multi-
cast nodes need to participate in the construction of the mul-
ticast tree, while the other nodes serve merely as relays and
are not necessarily aware of the multicast communication.
This fact facilitates the development of a peer to peer pro-
tocol which can be run only by the participating multicast
nodes, hence it could be downloaded dynamically by a node
whenever it decides to join a multicast communication.

However, a practical implementation of a protocol using
this approach must still face the difficulties introduced by
the nodes’ mobility. The protocol should provide a mecha-
nism for nodes to communicate reliably among them their
participation in the multicast communication.

4.2. Implementation on a link state protocol

The Optimized Link State Routing protocol is us-
ing topology control optimization. Broadcast traffic is re-
layed via Multi-Point Relay (MPR) nodes. MPR nodes
are elected by their neighbors because they cover their
two-hop neighborhood. That way broadcast traffic con-
sumes less resources in order to be forwarded to all
destinations. In order to save more on control traf-
fic, nodes have the possibility to advertize a small subset
of their neighbor links. The advertized link set can be lim-
ited to MPR links,i.e., the neighbors that have elected this
node as an MPR. In this case the nodes have only a par-
tial knowledge of the network topology. The fact that
any given node can compute a shortest path to any ar-
bitrary destination comes from the fact that the node

knows its own neighbor list. In order to allow all multi-
cast group members to compute a shortest path between any
other pair of nodes in the multicast group means that mul-
ticast group members must set their advertized link set
to their whole neighbor list. This behavior is an op-
tion in OLSR.

Therefore, the nodes can compute the minimum span-
ning overlay tree by using their local information. The mul-
ticast tree computation leads to the determination of the
overlay neighbors of each node,i.e., the nodes in the mul-
ticast group to which the node is connected via tunnel in
the multicast tree. Upon reception of a multicast packet, the
node transmits one copy to each of its overlay neighbors via
IP tunnel over OLSR (except towards the node from which
it has received the multicast packet).

To proceed to the correct computation of the overlay tree,
multicast nodes need to know the membership of their mul-
ticast group. The membership knowledge can be maintained
via a periodic Standby message transmitted via the multi-
cast tree or by a Join message periodically transmitted via
the optimized broadcast transport protocol of OLSR. When
a node leaves the multicast group it can advertize it by emit-
ting a Leave packet on the multicast tree, so that the multi-
cast tree can be updated. If a mutlicast node leaves the net-
work, this will be detected by OLSR, leading also to an up-
date of the multicast tree.

Once the overlay tree is computed, a node can com-
municate with its logical neighbors using shortest paths,
which can be continuously updated by the link state pro-
tocol. Hence we obtain a protocol which is robust with re-
spect to mobility. Satisfactory performance can be ensured
by performing the multicast tree construction algorithm at
an appropriate frequency. When the overlay tree is modi-
fied due to mobility or to membership changes, it may be
safe for a member to keep during a short time both the old
and the new overlay neighbors.

5. Simulations

In this section, we present simulations that verify the the-
oretical results on generated graph models of mobile ad hoc
networks. We measure the normalized multicast costR(n)
for various sources and multicast groups, and take the aver-
age for each group sizen. The results are plotted inlog log
scale, and compared to a line which corresponds to the pre-
dicted asymptotic growth.

The graphs are generated by placing nodes randomly in
a square for 2−D networks and in a cube for 3−D net-
works, and then connecting the nodes which are in a dis-
tance smaller than the critical radius for connectivityr,
such that the average number of neighbors for each node
is log N .
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Figure 1. Normalized multicast cost R(n) ver-
sus multicast group size n, for minimum
spanning trees.

In figure 1, we present results corresponding to mini-
mum spanning trees, constructed according to the algorithm
of the previous section. The measured cost is compared to
the function n

√
2√

n+1
, obtained from equation (3) by setting

γ = 1√
2

andβ = 1/2, which corresponds to the approxi-
mate case where we do not consider border effects.

Figure 2 depicts measurements of the normalized cost
of shortest path trees. The multicast costR(n) is compared
to function2

√
n (where the constant2 was chosen empiri-

cally). Observe that the cost is always higher than in mini-
mum spanning trees, although the plot grows linearly with
a slope close to0.5 for largen.

In figure 3, we present simulation results in the case of
a 3−dimensional ad hoc network for both minimum span-
ning trees and shortest path trees. In this case, the normal-
ized multicast cost scales inO(n

2
3 ).
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Figure 2. Normalized multicast cost R(n) ver-
sus multicast group size n, for shortest path
trees.

6. Conclusion and future work

In this work, we established performance estimates for
multicast routing versus unicast in massively dense ad hoc
networks. We showed that multicasting can reduce the over-
all network load by a factorO (

√
n), for n multicast group

members. Consequently, the total capacity of the network
for data delivery is significantly increased. Although we
used geometric arguments to justify this behavior analyti-
cally, we also proposed a protocol outline which uses only
the information provided by a link state routing protocol.
Interesting directions for further work consist in a thorough
investigation of the issues related with the efficient opera-
tion of the overlay tree based protocol in practice, and in a
complete implementation on top of OLSR.
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Figure 3. Normalized multicast cost R(n) ver-
sus multicast group size n, in a 3-D network
with 3000 nodes.
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