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Abstract Multicast routing is a crucial issue in wireless net-
works in which the same content should be delivered to a
group of recipients simultaneously. Multicast is also con-
sidered as a key service for audio and video applications as
well as data dissemination protocols over the last-mile back-
haul Internet connectivity provided by multi-channel multi-
radio wireless mesh networks (MCMR WMNs). The multi-
cast problem is essentially related to a channel assignment
strategy which determines the most suitable channel-radio
associations. However, channel assignment brings about its
own complications and hence, solving the multicast prob-
lem in MCMR WMNs will be more complicated than that
of traditional networks. This problem has been proved to
be NP-hard. In the major prior art multicast protocols de-
veloped for these networks, channel assignment and mul-
ticast routing are considered as two separate sub-problems
to be solved sequentially. The work in this article is tar-
geted at promoting the adoption of learning automata for
joint channel assignment and multicast routing problem in
MCMR WMNs. In the proposed scheme named LAMR,
contrary to the existing methods, these two sub-problems
will be solved conjointly. Experimental results demonstrate
that LAMR outperforms the LCA and MCM proposed by
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Zeng et al. (IEEE Trans. Parallel. Distrib. Syst. 21(1):86–
99, 2010) as well as the genetic algorithm-, tabu search-,
and simulated annealing-based methods by Cheng and Yang
(Int. J. Appl. Soft Comput. 11(2):1953–1964, 2011) in terms
of achieved throughput, end-to-end delay, average packet
delivery ratio, and multicast tree total cost.
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1 Introduction

Wireless mesh network (WMN) is a new technology ba-
sically targeted to provide wireless Internet access [1, 2].
WMN has many characteristics that distinguish it from the
traditional networks; Unlike Ad-hoc networks, infrastruc-
ture of this network is usually stationary. Also contrary to
Ad-hoc and wireless sensor networks there is no limitation
on nodes power consumption. In this network, the cost of
each node is not a concern and hence, every node may have
many radio interfaces usually less than or equal to the num-
ber of available channels [3–5]. In this way, the nodes can
transmit and receive data through different channels simul-
taneously [6]. Wireless mesh networks operating with mul-
tiple channels on multiple radio interfaces are henceforth re-
ferred to in this article as MCMR WMNs. Finally, opposed
to wireless sensor and Ad-hoc networks, here, reduction of
inter-channel interference is the main challenge.

One of the most important applications of MCMR
WMNs is Multicast-based systems such as video conferenc-
ing, online games, webcast and distance learning to name
a few. Since the nature of wireless communication is based
on the broadcast characteristic of the air medium, the inter-
channel interference in WMNs plays a vital role in deter-
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mining the actual data rate attained for a multicast service.
Using channel assignment strategy which effectively deter-
mines the most appropriate channel-radio associations, the
interference can be reduced. However, channel assignment
brings about its own complications; this means to make a
communication properly, in addition to locating the neigh-
boring nodes within the transmission range of each other,
another requirement should be met as the existence of a
common channel assigned to the radios of both nodes. Since
multicast tree construction should be necessarily accom-
plished according to channel-radio associations in a way the
overall interference in the network is kept at minimum, the
second constraint essentially complicates the problem. The
channel assignment problem has previously been tackled in
the context of unicast routing [7–17]; unicast-based interfer-
ence reduction schemes can be categorized into following
classes:

• Disjoint: assignment of channels on a given routing topol-
ogy [9, 12, 15] or vice versa [8, 10, 11, 14]

• Joint: channel assignment and routing conjointly [13, 17]

Clearly, unicast-based implementations cannot be used or at
least are not scalable enough to be served in multicast com-
munications [29]. Moreover, considering the limited band-
width of wireless networks, the existing wireline multicast
solutions cannot be employed in mesh networks without es-
sentially changing their behavior to reduce their overhead.
Also, unlike the multicasting in MANETs and WSNs in
which route recovery and energy concerns were important
issues, in MCMR WMNs throughput and interference are
the main concerns. Finally, since there exist several radios
on each node which can dynamically be tuned on various
channels, multicasting in MCMR WMNs has more difficul-
ties.

Multicasting problem in single-channel single-radio
WMNs has been investigated in [18–27, 45]. The work
in [28], addresses the multicasting in multi-channel single-
radio settings, which basically describes different network
configurations; also, it highlights the throughput maximiza-
tion in which the multicast tree is not constructed, in con-
trary to the interesting problem of this paper which is joint
channel assignment and minimal interference multicast tree
construction.

With regard to the various applications of multicast rout-
ing, a few works have specifically been aimed at MCMR
WMNs. Trend of the existing researches is based on se-
quentially solving two sub-problems channel assignment
and multicast routing [31, 32, 36–38, 40]. As also discussed
in [33–35, 39], the solution for either of these two sub-
problems is assumed to be already computed and considered
as input to the other.

Joint multicast routing and channel assignment problem
in MCMR WMN has been proved to be NP [31–38]. Re-
cently, learning automata [48, 49, 53] have been applied to a

vast variety of science and engineering applications imply-
ing its aptitude to solve different kinds of NP problems (e.g.,
[41, 42, 50]). This is because of inherent characteristics of
learning automata that makes its application in networks as
a reasonable control tool. For instance, it does not require
prior knowledge about traffic characteristic [52], and thus
it can be utilized online in different networks. In addition,
learning automata doesn’t not require to complexly analyze
the network during learning phase. Moreover, each learn-
ing automaton needs to keep just one action probability vec-
tor which exhibits its less memory demands. Accordingly,
in this paper we adopt learning automata to present an in-
tegrated scheme, named LAMR (Learning Automata based
Multicast Routing protocol) for solving two aforementioned
sub-problems conjointly.

In our distributed solution, the learning automata residing
on interfaces of each node specify using which channel, their
associated radios should communicate with the neighbors.
Clearly, the proposed design is composed of two phases;
in the first phase, the minimal end-to-end delay paths be-
tween the multicast source to every multicast receiver are
constructed in parallel and hence, speeds up to present the
multicast solution. In the second phase, the residing learn-
ing automata refine the initial tree to achieve a minimal in-
terference tree. LAMR also accounts for the hidden channel
problem [40], which typically occurs when two-hop away
nodes attempt to tune on the same channel. Experimental
results demonstrate that LAMR outperforms the LCA and
two versions of MCM proposed by Zeng et al. [31, 32] as
well as the genetic algorithm-, tabu search-, and simulated
annealing-based methods by Cheng et al. [36–38] in terms
of attained throughput, end-to-end delay, average packet de-
livery ratio, and multicast tree total cost.

The rest of this paper is organized as follows: In Sect. 2,
we survey the prior art multicast methods in MCMR WMNs
and would highlight their advantages as well as the associ-
ated performance issues. The theory of learning automata
is presented in Sect. 3. Our proposed design for the joint
channel assignment and multicast routing problem will be
presented in Sect. 4. In Sect. 5, we will present the outcome
of several performance measurement studies. A brief discus-
sion comes in Sect. 6. Section 7 concludes the article.

2 Related works

In [51], authors have utilized learning automata to solve
multicast routing problem in MANET. As it is discussed
in the Introduction, the characteristics of MANET are very
different from those of MCMR WMNs; in opposite to
MANET, the nodes in MCMR WMNs are stationary, and
hence there is no need to predict the nodes’ trajectory in
routing protocols. Another difference of MANET with the
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network of interest in this article is that, here energy is not
constraint anymore and instead every node is equipped with
several radio interfaces which can be tuned to the avail-
able channels. Therefore, unlike MANET multicast routing
in MCMR WMNs is akin to channel assignment problem
which brings about its own complications. As for similarity
items, in [51] every node is equipped with just one learn-
ing automaton which its action is to select the next relay
node on the multicast tree. In our solution, every node is
equipped with several radios for each one a learning automa-
ton is resided. The learning automata residing on interfaces
of each node specify using which channel, their associated
radios should communicate with the neighbors.

In [30], multicast throughput optimization in MCMR
WMNs is modeled in terms of an integer linear program-
ming (ILP) formulation. However, given that the pure LP
model is not scalable to the size of the network, LP relax-
ation has been used along with two throughput optimization
schemes. In the first scheme, channels are initially assigned
to radios in a greedy manner via breadth-first search (BFS).
The resultant associations are then given as input to the LP
model for throughput computation. The second scheme, on
the other hand, essentially is an iterative variant of the for-
mer; i.e. the channel-radio associations as obtained by the
BFS are corrected by the LP model in each iteration. Unlike
the case in our design, multicast tree construction does not
form the mainstay of [30].

In our brief review of the relevant literature, we specif-
ically focus on studies addressing both channel assignment
and multicast tree construction in MCMR WMNs. Existing
schemes may be roughly classified into the following three
categories:

• Methods taking channel assignment for granted, thus
treating multicast tree construction as the main prob-
lem [39].

• Methods assuming a given multicast tree, thus solving for
channel assignment as the core problem [33–35].

• Methods sequentially solving for both multicast tree con-
struction and channel assignment [31, 32, 36–38, 40].

In [31] and its extended version in [32], two methods
for multicast tree construction and channel assignment in
MCMR WMNs have been proposed. In the first method,
mesh nodes are initially visited by conducting a BFS start-
ing from the multicast source. This way, nodes are placed
at different levels from source to multicast group members.
Multicast tree is actually constructed during the next step
initialized with the sender node and all receiver nodes of
the multicast group. Forwarding nodes in the multicast tree,
on the other hand, are specified by taking on a bottom-up
approach: if each receiver node v has several parents and
one of their parents is on the multicast tree, this receiver is
connected to that parent (fv). Otherwise, one of the parent

nodes is selected randomly and one link is established to
that parent (fv). The algorithm for node fv would continue
recursively. After constructing the multicast tree, a so-called
‘LCA’ (Level Channel Assignment) algorithm is used which
assigns channels to nodes depending on to what level of BFS
traversal tree they belong. In particular, channel i is assigned
to nodes located at level i of the tree. While the main advan-
tage of this scheme lies in its simplicity, it also comes with
the following shortcomings; when presented with multiple
candidates, a multicast receiver has to be content with a par-
ent chosen at random, which may not always work out to be
the most promising choice. Also, there is no discussion as to
which receiver node should initiate tree construction, which
despite the implications it might have on the specifics of the
resultant tree structure and on the total number of packet
copies communicated throughout a session. These can be
counted as the type of oversights which render the commu-
nication substrate prone to interference, hence proving inef-
ficient in terms of throughput. As for channel assignment,
the nodes placed at the same level are prone to interference.
Also, if the number of channels is more than the number of
levels, the pool of available channels will be left underuti-
lized.

The second method, namely MCM (Multi-Channel Mul-
ticast) also starts with placing the tree nodes at different lev-
els using BFS. It then seeks to omit the edges which happen
to be between the nodes at the same level. The minimum
number of relay nodes (RNs), which form the multicast tree,
would be determined according to the following approxima-
tion algorithm:

1. Parents can be chosen as RN if one of their children has
a fewer number of parents.

2. When presented with a number of RNs, the node with the
largest number of children is selected.

3. The elected RN together with its children is removed
from the tree and the previous two steps would be re-
peated until all nodes at level i + 1 are removed.

Channel assignment for MCM, on the other hand, can be
performed by either of the following two algorithms re-
ported in [32]: The top-down ‘Ascending Channel Assign-
ment’(ACA) assigns channels to levels starting from zero.
When running out of channels, the algorithm re-assigns
channel zero to the nodes of the next level and this process
repeats. The shortcomings associated with ACA are as fol-
lows; ACA is prone to Hidden channel problem [40]. Ad-
ditionally, for almost diagonal trees, ACA is subject to the
same shortcomings as those of LCA’s [32].

The second channel assignment scheme, referred to as
‘Heuristic Channel Assignment’ (HCA) draws on the chan-
nel separation concept which indicates the disparity between
two channel numbers. For example, the separation between
channels 2 and 5 is 3. In this method when a channel is as-
signed to node u, it should minimize the sum of squares of
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interference factor [47] between node u and all nodes v in its
neighborhood. Probably, the most significant advantage as-
sociated with this initiative lies in the factoring of through-
put and delay into the evaluations. However, since it only
accounts for single-hop neighbors, the hidden channel prob-
lem may occur. In this reference, authors also explained the
case that there are more interfaces per each node. In this
configuration, MCM algorithm is applied to construct the
multicast tree. As for the channel assignment strategy, for a
given network with 2k interfaces and C channels, it is as-
sumed initially there exist just 2 interfaces. Then, aforemen-
tioned channel assignment algorithm for MCM is applied
by restricting the number of available channels to C

k
. Af-

ter the process, supposing the assigned channel to receiving
and sending interfaces are i and j respectively, interface p,
(where 1 ≤ p ≤ k) is assigned to channel i + C(p−1)

k
, and

interface q (where k + 1 ≤ q ≤ 2k) is assigned to channel
j + C(q−k−1)

k
.

The hidden channel problem of [32] has motivated the
work in [33] extended later in [34]. In order to reduce inter-
ference, a rational function has been proposed which evalu-
ations of the assignment of channel c to node v. The hidden
channel problem is dealt with by factoring the channel infor-
mation of nodes within two hops into the objective function.
However, it is assumed in [33, 34] that the multicast tree is
readily available.

The evaluation function technique is also utilized in [35];
in particular, the assignment of channel c to node v is eval-
uated based on the probability of packet transmission by
neighboring nodes of v on channel c. However, the specifics
of the computation of this probability are not elaborated
in [35]. It also works under the assumption that the multi-
cast tree is already constructed.

A genetic algorithm-based scheme has been proposed
in [36, 37], extended also in [38]. Here, each multicast tree
is represented by a two dimensional array (chromosome) the
rows of which determines a path from multicast source S

to the receiver Ri . Basically, a chromosome has K rows
for K receivers. The number of columns in the chromosome
is equal to the maximum path length from S to the multicast
group members. The representation of the chromosomes is
based on the IDs of the nodes lying along the path from
sender S to the multicast group members. In this method,
chromosomes are created as follows: The algorithm begins
from the multicast source node S. A one-hop neighbor of S

is randomly selected and its ID is inserted into the chromo-
some. This process continues till it reaches a receiver Ri .
Thus, a row of chromosomes is made. The same process also
runs for the next receiver (within the next row). After con-
structing the multicast tree for each row of the chromosome,
which is essentially a path from S to Ri , the channel (3 is
the number of available channels) is sequentially assigned

to the edges. The initial value of n is zero and it is incre-
mented by one after passing each edge. The following dis-
advantages can be pointed out for [36–38]; The assignment
of the channels to each row of the chromosome is subject to
similar shortcomings as those of the LCA algorithm’s; i.e.
the hidden channel problem is not accounted for. Further, If
the number of channels is more than the number of multi-
cast tree levels, some channels will not be used at all. Also,
the overhead induced from the chromosome construction to-
gether with the GA’s cross-over and mutation operator scan
be significant.

The methods proposed in [31–38] either construct a mul-
ticast tree or have assumed the tree is already constructed
and then channels are assigned. In [39], however, the chan-
nel assignment is supposed to be done a priori and instead,
the multicast tree should be constructed. More specifically,
a centralized multicast tree algorithm, namely ‘Minimum
Number of Transmission’ (MCMNT), has been proposed
which aims to minimize the number of packets copied on
to different channels in each node. The objective is to con-
struct a tree with minimum cost using either the Dijkstra or
the Bellman_Ford algorithm.

In [40], a distributed bottom-up approach has been pro-
posed to construct a multicast tree and to establish channel-
radio associations. Initially, an approximation algorithm is
used to generate the minimum RN set and to construct the
multicast tree:

1. Each node identifies its two-hop neighbors with the least
number of parents.

2. Some of the parents of two-hop neighbors with the fewer
children are candidate. Candidates with the best link
quality will be selected.

3. The selected nodes and all of their children are removed
from the single-hop and two-hop nodes’ list.

4. The algorithm continues until both single-hop and two-
hop neighbors’ list would be empty.

After determining the set of RNs, a node, willing to join the
group, sends a unicast joint_REQ message to its parent. The
parent node, in turn, selects a node from its parent candidate
list and passes the information to its parent as well. Every
node that receives joint_ REQ should send joint_REP in re-
sponse. Embedded within these messages is the information
on channel settings. In case the node sending the joint_REQ
message happens to be the first child node of its parent, the
‘channel adjustment information’ is equal to the fixed chan-
nel of the sender node. In this case, if the fixed channel of
the sender and receiver are the same, the parent node selects
another channel to prevent interference. On the other hand,
if the node that sends joint_REQ is not the first child of its
parent, then channel adjustment entails those channels used
by the majority of the children of the current node. Over the
course of the subsequent step, joint_RPL is sent to the re-
questing node. Upon receiving the joint_RPL message, the
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node switches its fixed channel according to the channel ad-
justment information and keeps this channel fixed during the
multicast session. This method is, however, subject to hid-
den channel.

Recently other successful researches on multicast rout-
ing problem have reported their underling networks are ba-
sically different of MCMR WMNs (e.g., [41–43]).

In sum, the major drawback with the existing methods
is that they have considered channel assignment and multi-
cast tree construction in the form of two independent issues
and thus have taken on an essentially sequential approach
to a joint problem [31, 36–38, 40]. In [33–35, 39], it is as-
sumed that the solution for either of these two sub-problems
is pre-calculated. This is while cross-layer design forms an
integral part of a successful WMN-based implementation, as
has been extensively and methodically argued in [27]. More-
over, all the reviewed schemes, except of course for [40], are
built around a centralized perspective. Considering afore-
mentioned shortcomings, in what follows we present learn-
ing automata which its concept is essential to present pro-
posed multicast routing protocol named LAMR.

3 Theory of learning automata

In this section Learning Automata [48, 49] will be briefly
reviewed.

A learning automaton is an adaptive decision-making en-
tity that enhances its functionality trough learning how to
choose the optimal action from a finite set of permitted ac-
tion by repeated interactions with a random environment.
In this case, the environment evaluates this taken action
and responds by a reinforcement signal. The learning au-
tomaton then updates its internal information according to
both its chosen action and then received reinforcement sig-
nal. Subsequently, the learning automaton adjusts its ac-
tion repeatedly until a termination condition is satisfied.
Every environment is represented by E = {α,β, c}, where
α = {α1, α2, . . . , αr} is a set of inputs, β = {β1, β2, . . . , βr}
is a set of outputs, and c = {c1, c2, . . . , cr} is a set of penalty
probabilities. The environments depending on the nature of
the reinforcement signal β can be classified into P-model, Q-
model, and S-model. Whenever the set β has just two mem-
bers, the environment is said to be of a p-model. In this en-
vironment, β1 = 1, β2 = 0 represent the penalty and reward
respectively. Similarly, the Q-model environment contains a
finite number of values in the interval [0,1]. The S-model
environment, on the other hand, has an infinite number of
members. Finally, ci denotes the penalty probability of each
taken action αi .

Learning Automaton is classified into fixed structure and
variable structure. Learning automaton with variable struc-
ture is represented by {α,β,p,T }, where α = {α1, α2, . . . ,

αr} is a set of actions, β = {β1, β2, . . . , βr} is a set of in-
puts, p = {p1,p2, . . . , pr} is the action probability vector,
and p(n + 1) = T [α(n),β(n),p(n)] is its learning algo-
rithm. The learning automata randomly chooses an action
in accord with its probability vector (Pi ). Supposing that the
chosen action is αi , the learning automaton, upon receipt of
a reinforcement signal from the environment, updates its ac-
tion probability vector according to formula (1) in case that
the received signal is taken as desirable and to (2 otherwise.
a and b In formulae (1) and (2) denote reward and penalty
parameters respectively. If a and b are set equal, the algo-
rithm is referred to as LR−P ; whereas, for b � a the algo-
rithm is called LRεP . Finally, if b = 0 then the algorithm is
said to be LR−I .

pi(n + 1) = pi(n) + a.
(
1 − pi(n)

)

pj (n + 1) = pj (n) − a.pj (n) ∀j, j �= i (1)

pi(n + 1) = (1 − b).pi(n)

pj (n + 1) = b

r − 1
+ (1 − b)pj (n) ∀j, j �= i (2)

Recently, learning automata has been used as a power-
ful tool to solve multicast problem in different networks
[41–43, 51].

4 Proposed method

Lets G = (V ,E) be isomorphic to MCMR WMN. Node
s ∈ V is going to start a multicast session to the receiver
set R = {R1,R2,R3, . . . ,Rr}, where Ri ∈ V . The problem
is how to find a minimal interference multicast tree. The re-
quired assumptions and preliminaries followed by the spec-
ifications of the proposed scheme are presented in next two
sub-sections.

4.1 Assumptions and preliminaries

Our study in this paper is based on some reasonable as-
sumptions as follows. As mentioned in Introduction, each
mesh node in MCMR WMN is assumed to be equipped
with multiple radio interfaces not more than the number of
available channels [44, 46]. All mesh routers are supposed
to have omni-directional antennas with identical transmis-
sion/interference ranges. P(v) denotes a set of one-hop
downlink neighbors which have a potential to be actual
neighbor of v. The members of P(v) can be an actual neigh-
bor if at least a common channel is assigned to their radios.
The interference of Link l, referred to as I (l), is measured
by the sum of all one- and two-hop away contentions. I (T )

corresponds to the overall interference in multicast tree and
equals to sum of all I (l), l ∈ L, where L is the set of all links
forming the multicast tree.

Author's personal copy



M. Jahanshahi et al.

As elaborated in [32] and [38], because of the broadcast
nature of wireless nodes, all the links initiating from the
same node are assigned to the same channel. That is, a single
transmission by a node can be received by all other nodes
within its transmission range. We make this point clear in
our study where all the links initiating from the same inter-
face, are assigned to the same channel.

On the other hand, as discussed in [54], to prevent the
ripple effect of channel changing in MCMR WMNs, the net-
work interfaces cards of the mesh nodes should be divided
into Down-NIC (DNIC) and Up-NIC (UNIC) while each
node is only responsible to assign channels to its DNIC. Ac-
cordingly, in our model, the learning automaton residing at
the i-th DNIC of each mesh node j , referred to as LAij ,
decides on which channel, the DNIC Rij should send data
to UNIC Rin, with n being a member of the node j ’s one-
hop downlink neighbors (see Fig. 1). That is, associated with
each LA is an action probability vector (APV) Γ1×c , where c

denotes the number of available channels. Each element γ1c

is initialized with 1
c

and represents the probability of pick-
ing the action α1c , i.e. assigning channel c for connection to
one-hop neighboring nodes.

The aim of each LA is to minimize the two-hop channel
correlation coefficient for its associated interface which, in
turn, depends on the inter-channel separation. The correla-
tion coefficient between two channels is known for all pos-
sible channel separations [28]. For example, for the IEEE
802.11, the correlation coefficient between channels 1 and 2
equals to 0.7906.

In LAMR, a customized control message is used that Ta-
ble 1 shows its structure. The field Type specifies what type
the message is. In our protocol, three types of control mes-
sages have been used as follows; Route_Request which is re-
layed across the network to reach multicast receivers. Here-

Fig. 1 A MCMR WMN with 2
UNICs and 2 DNICs per each
node

after, we refer to this message as RReq. Route_Reply which
is sent back by multicast receiver nodes. Hereafter, this mes-
sage is referred to as RRep. Finally, Reward which is sent
by multicast source to all the nodes forming the new con-
structed path.

4.2 LAMR: learning automata-based multicast routing
protocol

Selecting the relay nodes forming the multicast routing tree
is known as NP. Therefore, in this section we utilize learning
automata to present LAMR as a novel multicast routing pro-
tocol for MCMR WMN. LAMR protocol is run on different
NICs independently in parallel. The operation of LAMR for
each NIC is composed of two phases; in the first phase, the
minimal end-to-end delay multicast tree is constructed and
in the second phase the initial tree is optimized from overall
interference point of view. In what follows, both phases are
discussed.

4.2.1 First phase

The operation of the first phase is organized into several
steps which described as follows; Initially, the learning au-
tomata residing at the DNICs of multicast source node
which is indexed by j , are activated in parallel. The acti-
vated learning automaton LAij , picks an action according
to its APV. As mentioned in Sect. 4.1, the chosen action
specifies that using which channel, Rij should communi-
cate with UNIC Rim, where m ∈ P(j). Afterwards, a RReq
message is generated by multicast source and then the cho-
sen channel by LAij and index of the associated node are
inserted in fields ChannelList and IDList of the message,
respectively. The generated message is then sent by Rij to
all Rim. This process is done by all learning automata resid-
ing on all DNICs of multicast source node in parallel.

The LAim residing on i-th DNIC of every intermediate
nodes m is activated upon receiving RReq message at i-th
UNIC Rim. Then it chooses one of its actions according to
its APV. The chosen channel and ID of the corresponding
node, say m, are appended to fields ChannelList and IDList,
respectively. Also the value of TTL field of the message is

Table 1 Data structure of the customized control messages

Type Enumerative field that specifies the type of message; 0 for RReq, 1 for RRep, and 2 for Reward

MS Determines ID of the multicast source

MRList Array-structured field contained all multicast receivers’ ID

DR Specifies the ID of discovered multicast receiver

TTL Time-To-Live of the message

IdList Array-structured field to store the nodes ID during the path discovery

ChannelList Array-structured field to register the selected channels in each node
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decreased by one and finally the incoming message is sent
to all radios Rik , where k ∈ P(m).

The RReq messages are relayed across the i-th Up and
Down NICs of network nodes until reach one of multicast
receivers. Upon receiving this message in a multicast re-
ceiver, the receiver performs two tasks; First, it acts like an
intermediate node. That is, it decreases the TTL of the ar-
riving message and relays it to its one-hop neighbors. The
reason is that maybe there exist another receiver near that.
In this case, many hops from source to these two receivers
may be common and hence, the extra duplication of packets
is avoided. The second task is that the receiver node dupli-
cates the message and changes its type to RRep. Also, its ID
as a discovered receiver node is inserted into field DR of du-
plicated message and then duplicated message is sent to i-th
UNIC of multicast source using dijkstra algorithm.

As its feedback mechanism, upon receiving the RRep
message on i-th UNIC, the multicast source examines the
DR field of the arriving message. Incoming message is dis-
carded in case the RRep message has been previously re-
ceived from the receiver node whose ID is inserted into
field DR. The reason is that round trip time of the previ-
ously RReq message is less than recently arriving message
which implies less end-to-end delay. Otherwise, the mul-
ticast source sends a Reward message to all of the nodes
whose IDs have been stored in field IDList of the RRep mes-
sage which form a new discovered path from the source to
the receiver.

Intermediate nodes update their routing tables as well as
their APVs according to the learning rule LRI upon receiv-
ing the Reward message. In this step, the radio-channel as-
sociation using the field ChannelList of the Reward message
(i.e. the channels previously chosen by the LAs) is tuned too.

Multicast source then waits t time steps to receive RRep
messages from other multicast receivers on its i-th UNIC.

Once the multicast source receives a RRep message from
all multicast receivers on all its k UNICs, where 2k is the
whole number of NICs per each node, above process is ter-
minated. In this case, the initial multicast tree has been con-
structed and the second phase starts.

4.2.2 Second phase

The minimal-end-to-end-delay multicast tree constructed in
the first phase would be optimized with respect to inter-
channel contention. The operation of this phase organized
into a number of rounds. In continue, specification of one
round is presented.

At first, the messages RReq are sent by the multicast
source on all DNICs across the network using the routing
tables constructed in the first phase. In each node, the resid-
ing LA on the each DNIC makes a decision about the proper
channel-radio association to communicate with correspond-
ing UNIC of its downlink neighbors. The RReq messages

are relayed until they reach multicast receivers. The receiver
nodes then send back the RRep to associated UNIC of the
node that sends the RReq message to it. The RRep messages
are sent back until reach multicast source. It should be noted
that this path is minimal-delay path constructed in the first
phase. Along the reverse path to source, the radio of nodes
is tuned to chosen channels by LAs. Once a RRep message
is returned by all the receivers on all k UNICs of source
node, the newly constructed tree is evaluated in terms of to-
tal tree contention. If the contention is less than that of be-
fore initiation of RReq by source, it sends a Reward message
to all of the nodes forming the new tree. Then, intermediate
nodes update their routing tables as well as APVs according
to learning rule LRI upon receiving this message. It should
be noted that in case the resultant interference aggravates,
chosen actions by LAs is “penalized” by getting no reward.

The above algorithm iteratively runs until it provides a
stable multicast tree.

4.3 Reliability in LAMR

It may occur a situation in which a path from the multicast
source to one or more receivers is not discovered after t time
steps waiting. In this situation, the probability is that the re-
ceiver is out of order. This situation can be examined by
the central limit theorem in probability theory [55]. Central
limit theorem asserts that if there are n independent random
variables with the same distribution in which μ and s de-
note mean and standard deviation respectively, the probabil-
ity of being the (n + 1)-th variable in the range of μ ∓ 4σ

is 0.999936657516. Availability of each multicast receiver
within our protocol can effectively be checked using a sim-
ilar initiative. Clearly, to cope with the mentioned problem
in proposed scheme, using the BFS algorithm, mesh nodes
are placed on different levels. A unicast message is then sent
to the nodes placed in the lowest level n times. Afterwards,
μ and σ of their corresponding n round trip times (RTT)
is computed. Now, if the waiting time for any receiver is
greater than μ ∓ 4σ , it implies that the receiver with proba-
bility close to 1, is out of order and thus, the algorithm con-
tinues regardless of this receiver. Otherwise, it may the value
of TTL of the messages is less than required. In this case, the
value of TTL is increased and then the algorithm is initiated
again.

The corresponding algorithms for multicast source ini-
tialization, multicast source handle message, and intermedi-
ate nodes handle message are shown in Figs. 2, 3, and 4,
respectively. Figures 5 and 6 depict the flow charts of the
algorithms ran on multicast source and intermediate nodes.

5 Experimental results

To study the efficiency of LAMR we have conducted sev-
eral simulations in OMNET++ [56] which is a component-
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Fig. 2 Initialing algorithm of
multicast source

MulticastSource_Initialize ()

1-All LAs residing on all DNICs are activated in parallel.
2-Each activated LA, chooses an action according to its APV.
3-For each DNICs a RReq message is created.
4-The ID of the multicast source and the chosen channel are inserted in the fields IDList

and ChannelList of RReq message, respectively.
5-The messages are sent to associated UNIC of their one-hop downlink neighbors.
6-Detected [all interface][all receivers] = false;

MulticastSource_handlemessage (message msg, interface i, phase p)

Switch (p)
{
Case first: // Means the first phase

if (Detected[i][msg.DR]==true) // the msg is repetitive
Then

message.Discard();
Else

{
Detected[i][msg.DR]=true;
msg.kind=Reward;
For all nodes n in msg.NodeList

msg.Send(n, i); // arriving msg is sent to i-th UNIC of mesh node n
}
For x from all interfaces

For r from all receivers
If (Detected[x][r]==true)

Then
{
P = second; // the second phase should be started
Detected [all interface][all receivers]=false;
Return;
}

Wait (t);
receiver. alive = CLT(); /*Check the availability of un-discovered receiver using Central Limit Theorem.*/
If (receiver. alive)

Then
Increment TTL and initiate a new RReq message

Else
{
P = second;
Detected [all interface][all receivers]=false;
Return;
}

Case second:
Detected[i][msg.DR]=true;
If (Detected[all interfaces][ all receivers]==true)

Then
{
Contention=Tree.evaluate();
If (Contention ≤ PContention)

{
msg.type = Reward;
For all nodes n forming tree

msg.Send(n, i);
Detected [all interface][all receivers]=false;
PContention =Contention;
}

}
}

Fig. 3 Handle message algorithm of multicast source
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Relay nodes_handlemessage (message msg, interface i, phase p)

Switch (msg.kind){
Case RReq:

If the node is one of the multicast receivers
Then
{

dmsg=msg.duplicate();
dmsg.type=RRep;
dmsg.DR=ID;
dmsg.send(multicast source, i);

}
If (msg.TTL== expired)
Then

Msg.discard();
Else
{

LA residing on i-th DNIC is activated;
channel= LA.choose();
msg.TTL–;
msg.IDList= ID;
msg.ChannelList=channel;
If ( p==first)

For all nodes n placed in its one-hop downlink neighbors
msg.send(n, i);

else
For all nodes n appeared in its routing table entries as next hop

msg.send(n, i);
}

Case Reward:
if (p==one)

{
LA.update();
RoutingTable.update();
i.channel=channel; // interface i is tuned to the chosen channel by LA
}
Else

LA.update();
Case RRep:

msg.Backward();
i.channel=channel;

}

Fig. 4 Handle message algorithm of intermediate nodes

based, modular and open-architecture discrete event net-
work simulation framework. A 50-node MCMR WMN was
randomly generated and used in all conducted experiments.
Also, each data point reported in this paper has been aver-
aged over the results of ten different runs.

In conducted experiments, the performance of different
methods is measured in terms of the end-to-end delay, aver-
age throughput, average packet delivery ratio, and total tree
cost with the following definitions;

• Average packet delivery ratio
Packet delivery ratio is defined as the number of pack-

ets received at multicast receivers over the number of the
packets sent by the multicast source averaged on all multi-
cast receivers. This criterion specifies the number of pack-
ets delivered to the multicast receivers over the number of
packets expected to be received by the multicast receivers.

• Average end-to-end delay
End-to-end delay is defined as the average time elapsed

between sending the packets by the multicast source and
receiving at all the multicast receivers. This criterion is
averaged on all multicast receivers.

• Average throughput
Throughput is defined as the number of packets re-

ceived by the receiver over the required time to deliver
this number of packets averaged on all multicast re-
ceivers.

Average throughput = 1

|MRS| × RT

|MRS|∑

i=1

NRP(MRi )

Where NRP(MRi ) denotes the number of received packet
at i-th multicast receiver. Also |MRS| specifies cardinality
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Fig. 5 Flow chart of multicast source algorithm

of multicast receiver set and RT is the required time to
deliver the number of packets.

• Total cost
Total cost is defined as the number of links forming the

multicast routing tree.

In continue, the results of conducted experiments are pre-
sented. Experiments 1 to 4 are essentially conduced to as-

sess the efficiency of LAMR compared with LCA and two
versions of MCM [31, 32] as well as genetic algorithm—,
simulated annealing—, and tabu search-based methods [36–
38] in terms of aforementioned criteria. In this experiment,
each node of MCMR WMN is equipped with just two ra-
dio interfaces. It is noted that the simulations configura-
tion for the above comparable methods is tuned accord-
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Fig. 6 Flow chart of relay nodes algorithm
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Fig. 7 Average end-to-end
delay as a function of channel
number variations for different
algorithms while the number of
multicast receivers is 4

Fig. 8 Average end-to-end
delay as a function of channel
number variations for different
algorithms while the number of
multicast receivers is 10

Fig. 9 Average end-to-end
delay as a function of channel
number variations for different
algorithms while the number of
multicast receivers is 15

ing to proffered parameter setting in their associated refer-
ences.

In Experiment 5, we study the achieved throughput while
LAMR is utilized in 4-radio configuration network com-
pared with 2-radio. The rest of the experiments are dedicated
to evaluate the efficiency of LAMR compared with MCM
[32] in terms of above criteria.

Experiment 1 To assess the average end-to-end delay for
different multicast routing protocols, we have conducted
three sets of simulations related to 4, 10, and 15 multicast
receiver nodes in MCMR WMN. In each set, the number

of channels is set to 4, 7, 10, and 13. From the results re-
ported in Figs. 7 to 9, utilizing LAMR leads to the mini-
mum end-to-end delay of packets. The reason is that during
in phase 1 of the proposed method the path with minimum
round trip time has been considered. As shown in Fig. 7, the
end-to-end delays in both versions of MCM are the same.
There is a same situation in the obtained results for sim-
ulated annealing—(SA) and tabu search—(TS) based meth-
ods. The reason is that in this experiment the number of mul-
ticast receivers is small and hence, the efficiency of different
methods cannot be properly exploited. While we increase
the number of receivers to 10 and 15, we found that SA-

Author's personal copy



LAMR: learning automata based multicast routing protocol for multi-channel multi-radio wireless mesh

Fig. 10 Average throughput as
a function of channel number
variations for different
algorithms while the number of
multicast receivers is 4

Fig. 11 Average throughput as
a function of channel number
variations for different
algorithms while the number of
multicast receivers is 10

Fig. 12 Average throughput as
a function of channel number
variations for different
algorithms while the number of
multicast receivers is 15

based method is more effective than TS-based method (see
Figs. 8 and 9). This superiority thanks to inherent feature
of SA search technique. That is, during the annealing if the
new state is achieved it is accepted, otherwise it is rejected
by a probability dependent on the elapsed time of annealing
process not certainly.

Experiment 2 This experiment was conducted to evaluate
the average throughput in different methods. From the re-
sults reported in Fig. 10, LAMR provides the most attained
throughput compared with the other approaches. The reason
is that LAMR tries to construct the multicast tree with mini-
mal contention during the rounds. Throughput improvement
in the LAMR is highlighted when the number of receivers
reaches 10 (Fig. 11). As it is seen in Fig. 12, when we in-

crease the number of receivers to 15, the local contention
of the links will increase and thus, the assessment of differ-
ent methods will be more complicated. Nonetheless, LAMR
still leads to highest throughput.

Experiment 3 This experiment is mainly conducted to
evaluate the achieved average packet delivery ratio in
LAMR compared with the other methods. The configura-
tions in this experiment are the same as two prior experi-
ments. As it is observed in Figs. 13, 14, 15, LAMR provides
the highest average packet delivery ratio among the com-
pared schemes in all scenarios. The superiority of LAMR
over the other methods is more highlighted when the num-
ber of receivers is 15 (Fig. 15). The reason is that, unlike the
other representative methods in which channels are assigned

Author's personal copy



M. Jahanshahi et al.

Fig. 13 Average packet
delivery ratio as a function of
channel number variations for
different algorithms while the
number of multicast receivers
is 4

Fig. 14 Average packet
delivery ratio as a function of
channel number variations for
different algorithms while the
number of multicast receivers
is 10

Fig. 15 Average packet
delivery ratio as a function of
channel number variations for
different algorithms while the
number of multicast receivers
is 15

to the links in ascending order, LAMR effectively utilizes
all available channel pool so that the minimal interference
multicast tree is constructed and hence, the average packet
delivery ratio rises with increasing the number of available
channels.

Experiment 4 The objective of this experiment is to mea-
sure the cost of multicast tree in terms of total number of
link forming the tree. From the results shown in Fig. 16,
the cost of tree in SA-based method is the highest among
the other methods. Tree costs in the other methods are ap-

proximately the same (Figs. 16, 17, 18). The reason is that
SA-based technique might be fall in local optima.

Experiment 5 Equipping the mesh nodes with more in-
terfaces could further improve the network throughput. As
mentioned in Introduction, the number of available chan-
nels is limited and in the other hand, the number of inter-
faces is less than or equal to the number of channels. Cur-
rently, the number of interfaces usually is 2, 3, or 4 due
to economical considerations [32]. Accordingly, in this ex-
periment we equipped the nodes with four radios and the
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Fig. 16 Total tree cost as a
function of channel number
variations for different
algorithms while the number of
multicast receivers is 4

Fig. 17 Total tree cost as a
function of channel number
variations for different
algorithms while the number of
multicast receivers is 10

Fig. 18 Total tree cost as a
function of channel number
variations for different
algorithms while the number of
multicast receivers is 15

objective is to study the achieved throughput comparing
two-radio nodes. While the members of multicast receiver
set are close to each other, using more interfaces leads to
more local flow interference. In this case, if the number of
available channels is not enough, then the extra contention
caused by extra interfaces degrades the network throughput.
That is why, in Fig. 19 with 4 and 10 channels, LAMR-2
works better than LAMR-4. But as it is discussed in [32]
and also seen in Fig. 19 when the number of channels is high
enough, utilizing the more radios significantly improves the
achieved throughput. This improvement is more highlighted
in a network with the more multicast receivers as depicted
in Figs. 20 and 21 for the number of 10 and 15 receivers,
respectively.

Experiment 6 In this experiment, we evaluate the resul-
tant average throughput of the LAMR compared with 4-
radio version of MCM. From Figs. 22, 23, 24, we found
that LAMR significantly outperforms the MCM in terms of
achieved throughput. As it is seen in these results, with in-
creasing the number of channels the variation of achieved
throughput in MCM is approximately constant. The reason
is that in this scheme, given a network with 2k-interface
nodes, in each round of channel assignment the number of
channels is restricted to C

k
, where C and k are in turn the

number of channels and radios. in other words, in MCM
method channels are assigned to the radio interfaces in as-
cending order and it is obvious that the channel pool is not
properly exploited.
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Fig. 19 Average throughput in 2- and 4-radio nodes as a function of
channel number variations while the number of multicast receivers is 4

Fig. 20 Average throughput in 2- and 4-radio nodes as a function
of channel number variations while the number of multicast receivers
is 10

Fig. 21 Average throughput in 2- and 4-radio nodes as a function
of channel number variations while the number of multicast receivers
is 15

Fig. 22 Average throughput in 4-radio versions of LAMR and MCM
as a function of channel number variations while the number of multi-
cast receivers is 4

Fig. 23 Average throughput in 4-radio versions of LAMR and MCM
as a function of channel number variations while the number of multi-
cast receivers is 10

Fig. 24 Average throughput in 4-radios versions of LAMR and MCM
as a function of channel number variations while the number of multi-
cast receivers is 15

Fig. 25 Average end-to-end delay in 4-radio versions of LAMR and
MCM as a function of channel number variations while the number of
multicast receivers is 4

Experiment 7 In this experiment we study the efficacy of
the proposed solution with respect to end-to-end delay cri-
terion while each node is equipped with 4 radios. As it is
observed in Figs. 25, 26, 27, the end-to-end delay in the
proposed protocol is less than MCM. In our method route
request messages are relayed in the network until they reach
receivers and then route reply messages are sent back to
multicast source. The first coming packets imply the paths
with the least end-to-end delays. That is why the end-to-end
delay in LAMR is less than that of MCM. As it is depicted
in Fig. 27, if the number of multicast receivers increases
to 15, end-to-end delay in our method is dramatically de-
creased.
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Fig. 26 Average end-to-end delay in 4-radio versions of LAMR and
MCM as a function of channel number variations while the number of
multicast receivers is 10

Fig. 27 Average end-to-end delay in 4-radio versions of LAMR and
MCM as a function of channel number variations while the number of
multicast receivers is 15

Fig. 28 Average packet delivery ratio in 4-radio versions of LAMR
and MCM as a function of channel number variations while the number
of multicast receivers is 4

Experiment 8 In this experiment, our aim is to observe
the attained average packet delivery ratio in LAMR com-
pared with MCM. From the results shown in Fig. 28, it
is realized that applying both methods to a 4-receiver net-
work will result in the same average packet delivery ratio. In
case of more receiver nodes (Figs. 29 and 30), the proposed
method significantly outperforms the MCM in terms of av-
erage packet delivery ratio. This superiority thanks to mini-
mal interference multicast tree construction idea of LAMR.
Clearly, during the rounds LAMR tries to optimize the tree
with respect to the overall interference. Less interference,
more average packet delivery ratio.

Fig. 29 Average packet delivery ratio in 4-radio versions of LAMR
and MCM as a function of channel number variations while the number
of multicast receivers is 10

Fig. 30 Average packet delivery ratio in 4-radio versions of LAMR
and MCM as a function of channel number variations while the number
of multicast receivers is 15

Fig. 31 Total tree cost in 4-radio versions of LAMR and MCM as a
function of channel number variations while the number of multicast
receivers is 4

Experiment 9 MCM just takes into account the interfer-
ence reduction in resultant tree. In addition to this criterion,
LAMR tries to construct minimal end-to-end delay multicast
tree. But both of them don’t directly consider number of the
links forming the tree. Nonetheless, this experiment is con-
ducted to examine the number of links forming the multicast
tree in both 4-radio version of LAMR and MCM. Obtained
results in Figs. 31, 32, 33 show that tree total costs in both
methods are approximately identical.

6 Discussion

Learning automata learn how to choose the optimal action
by iteratively acting and receiving stochastic reinforcement
signals from the environment. Using the received signal
which exhibits desirability of the chosen actions, learning
automata modify the probability of the taken action in fa-
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Fig. 32 Total tree cost in 4-radio versions of LAMR and MCM as a
function of channel number variations while the number of multicast
receivers is 10

Fig. 33 Total tree cost in 4-radio versions of LAMR and MCM as a
function of channel number variations while the number of multicast
receivers is 15

vor of the most promising action. Particularly, in case of our
scheme learning automata iteratively tune channel-radio as-
sociations by searching the solution space of the problem to
learn the most admissible actions. Clearly, during the sec-
ond phase of the LAMR protocol, the learning automaton
residing on each radio gradually learns which association is
the optimal choice. That is, in spite of their effectiveness in
various domains, learning automata have been criticized for
having a slow convergence rate [52].

7 Conclusion

In this paper, we investigated the problem of multicast rout-
ing in multi-channel multi-radio wireless mesh network
which is known as NP-hard. Therefore, we proposed a
new scheme based on learning automata to overcome this
problem. Experimental results demonstrate that our method
called LAMR significantly outperforms the existing meth-
ods in terms of achieved throughput, average end-to-end de-
lay, average packet delivery ratio, and total cost. Further-
more, we analyzed the efficacy of LAMR in configurations
with four radio interfaces per each node. Analyzing the
results indicates using more interfaces along with enough
channels can significantly improve the achieved throughput.
Also, extensive performance studies conducted for this con-
figuration show the superiority of our design over the proto-
col proposed by Zeng et al. [32].
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