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a b s t r a c t

The study of multicast delay performance in mobile ad hoc networks (MANETs) is critical
for supporting future multicast-intensive applications in such networks. Different from
available works that mainly focus on the study of asymptotic scaling laws of the multicast
delay in MANETs, this paper explores the exact multicast delay achievable in MANETs
under a general multicast two-hop relay (M2HR)-ðf ; gÞ algorithm with packet replication
limit f and multicast fanout g. In such an algorithm, each packet can be replicated up to f
distinct relay nodes and it should be delivered to its g destination nodes through either
its source node or these relay nodes. We first develop a Markov chain-based theoretical
framework to model the complicated packet delivery process under the M2HR-ðf ; gÞ algo-
rithm and then determine some basic probabilities related to packet delivery process. With
the help of the theoretical framework and related basic packet delivery probabilities, the
analytical models are further derived for both the mean value and variance of exact mul-
ticast delay. Finally, simulation and numerical results are provided to illustrate the accu-
racy of the multicast delay models as well as our theoretical findings.

� 2015 Elsevier B.V. All rights reserved.

1. Introduction

Mobile ad hoc networks (MANETs) represent a class of
self-organized networks where mobile devices communi-
cate with each other via point-to-point wireless channel
without any infrastructure support. Multicast in MANETs
is a fundamental routing service for supporting many prac-
tical applications with one-to-many communication pat-
tern [1–10], like the information exchanges among a
group of soldiers in battlefield communication, emergency

communications among the rescuers in disaster relief,
video conferencing, real-time monitoring, and VoIP. For
an efficient support of these critical multicast-intensive
applications in the future MANETs, multicast delay analy-
sis in such networks has been a critical research issue,
where multicast delay is defined as the time it takes for a
packet to be delivered out to all its destination nodes.
However, the multicast delay analysis is extremely compli-
cated because of dynamic network topology and multiple
destination nodes associated with each node. By now, the
multicast delay performance still remains largely
unexplored in MANETs.

Recently, some research has reported the asymptotic
bounds on the multicast delay in MANETs. Wang et al.
showed in [11,12] that by adopting packet replication

technique in MANETs, a multicast delay of Hð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n log k

p
Þ is

achievable under a two-hop relay algorithm, which is
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better than the Hðn log kÞ delay reported without packet
replication, where n represents the number of nodes in
the considered networks and k is the number of destination
nodes associated with each source node.2 Wang et al. also
showed in [13] packet replication technique can improve
the multicast delay performance in MANETs under two differ-
ent mobility models, where nodes move either in a local
region or in a global region. Later, Wang et al. found in [14]
that under the two-hop relay algorithm with packet replica-
tions, cooperations among destination nodes can achieve
the multicast delay smaller than Hð

ffiffiffi
n
p
Þ in MANETs. More

recently, Liu et al. studied in [15] the asymptotic multicast
delay in sparse MANETs and showed that the multicast delay
can achieve Xðlog k � n2ðcþxÞÞ;Xðlog k � n2ðcþxÞÞ and

O max log n�k
n�k�f ;

log k
f

n o
� n2ðcþxÞ

� �
under three packet delivery

algorithms: one-hop relay, two-hop relay without packet
replication and two-hop relay with packet replications,
respectively, where the network area is first evenly divided
into n2c cells and each cell is then divided into n2x equal sub-
cells ðc;x P 0; cþx > 1=2Þ. The main difference between
the M2HR-ðf ; gÞ algorithm in this paper and those two-hop
relay algorithms in Refs. [14,15] is that the direct
source-to-destination transmission is incorporated into the
M2HR-(f, g) algorithm, while it was neglected in Refs. [14,15].

We note that although asymptotic results can help us
understand how the multicast delay varies with network
size and the number of destination nodes associated with
each source node, they cannot be used to estimate the actu-
ally achievable delay performance, which provides more
meaningful insights for network designers. Recently, Li
et al. in [16] studied the exact multicast delay with the help
of a Makov chain model and showed how the selfish behav-
iors of nodes affect the delay performance in DTNs, i.e., a
class of very sparse MANETs where the interference is
neglected.

It is notable that the available research on MANET mul-
ticast delay investigated either the asymptotic multicast
delay or the exact multicast delay in special MANETs
where the interference and medium access contention
are largely neglected, therefore these results cannot be
used to estimate the actual multicast delay performance
in general MANETs. In this paper, we study the exact mul-
ticast delay performance in a general MANET where both
the interference and medium access control are taken into
account. The main contributions of this paper are summa-
rized as follows.

� We first develop a finite-state absorbing Markov
chain-based theoretical framework to model the com-
plicated packet delivery process under the M2HR-ðf ; gÞ
algorithm in the considered MANET.
� We determine some basic probabilities related to

packet delivery process, where the important issues of
wireless interference and medium access contention
in such network are carefully considered in these

probabilities. Based on the theoretical framework and
these basic packet delivery probabilities, the analytical
models are further derived for both the mean value
and variance of exact multicast delay.
� Extensive simulation and numerical results are pre-

sented to validate the accuracy of the multicast delay
models and to explore how the multicast delay perfor-
mance varies with system parameters.

The rest of this paper is organized as follows. In
Section 2, we introduce system models. Section 3 first
introduces the M2HR-ðf ; gÞ algorithm, and then develops
a finite-state absorbing Markov chain-based theoretical
framework and also determines some basic packet delivery
probabilities. Section 4 further derives the analytical mod-
els for both the mean and variance of exact multicast delay.
Simulation/numerical studies are provided in Section 5.
Finally, we conclude this paper in Section 6.

2. System models

In this section, we first introduce network, communica-
tion, traffic and transmission scheduling models and then
give the definition of multicast delay involved in this study.

2.1. Network model

We consider a network consisting of n nodes that move
inside a unit square region with torus boundaries, i.e., a
node goes across one edge and then appears on the
opposite edge of the square region. Similar to previous
studies [17–23], the network is divided into m�m
non-overlapping cells of equal size (see Fig. 1). The time
is slotted and the nodes move independently from cell to
cell in the network according to the independent and iden-
tically distributed (i.i.d.) mobility model [17,22,24]. Under
this mobility model, each node selects a cell from the m2

cells with equal probability (1=m2) at the beginning of each
time slot, and then moves into and stays at it during the
time slot. Each node will repeat this mobility process in
every subsequent time slot.
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Fig. 1. Network model and an example of transmission scheduling with
the case of m ¼ 15 and a ¼ 5.

2 Let f ðnÞ and gðnÞ denote two non-negative functions. Then we say that:
(1) f ðnÞ ¼ OðgðnÞÞ if there exist a positive integer N and a positive constant c
such that for all n > N; f ðnÞ 6 cgðnÞ; (2) f ðnÞ ¼ XðgðnÞÞ if gðnÞ ¼ Oðf ðnÞÞ; (3)
f ðnÞ ¼ HðgðnÞÞ if f ðnÞ ¼ OðgðnÞÞ and gðnÞ ¼ Oðf ðnÞÞ.
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