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a  b  s  t  r  a  c  t

Community  structure  is one  of  the  common  and  fundamental  characteristics  of  many  real-world  networks
such as information  and  social  networks.  The  structure,  function,  evolution  and  dynamics  of  complex
social  networks  can  be  explored  through  detecting  the  community  structure  of  networks.  In this  paper,
a  new  community  detection  algorithm  based  on cellular  learning  automata  (CLA),  in  which  a number  of
learning  automata  (LA)  cooperate  with  each  other,  is  proposed.  The  proposed  algorithm  taking  advantage
of irregular  CLA  finds  a partial spanning  tree  and  then  forms  the  local  communities  on the  found  the  partial
spanning  tree  at each  step  in order  to  reduce  the  network  size.  As the  proposed  algorithm  proceeds,  LA
are  interacted  with  both  local  and global  environments  to modify  the  found  communities  that  gradually
ommunity detection
earning automata
ellular learning automata

yielded  the near-optimal  community  structure  of  the  network  through  the  evolution  of the  CLA.  To
evaluate  the  efficiency  of the  proposed  algorithm,  several  experiments  are  conducted  on synthetic  and
real  networks.  Experimental  results  confirm  the  superiority  and  effectiveness  of the proposed  CLA-based
algorithm  in  terms  of  various  evaluation  measures  comprising  Conductance,  Modularity,  Normalized
Mutual  Information,  Purity  and Rand-index.

© 2017  Published  by  Elsevier  B.V.
. Introduction

Many real-world phenomena and systems can be represented
s a network with a set of nodes and links, where the node set
ndicates the entities and the link set indicates any type of connec-
ion between nodes. Studies on complex network models [1–4] and
eal-world networks [5] help researchers to understand and reveal
he structure, dynamics and behavior of many real network sys-
ems, such as resilience [6], controllability [7] and network design
8]. Different universal characteristics comprising of small-world
henomena [2], small shortest path length [9], power-law degree
istribution [10] and existing community structure [11] have been
bserved in many real-world networks. One of the most impor-
ant and common features of networks, reported in many studies is

ommunity structure [5,11,12]. A community can be represented
s a group of nodes with dense inner connections and relatively
parse connections outside the group. Detecting the structure of
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A. Rezvanian), mmeybodi@aut.ac.ir (M.R. Meybodi).
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877-7503/© 2017 Published by Elsevier B.V.
communities plays a significant role in the analysis of complex
social networks because it contains useful information and impor-
tant characteristics for analyzing the organization and function of
systems. Furthermore, the community detection problem is a well-
known problem in different domains such as sociology, biology and
computer science, which all provide example of systems that can
be modeled by networks or graphs.

A Cellular Learning Automaton (CLA) [13] is a hybrid model based
on cellular automata and learning automata. A cellular automaton
(CA) is composed of a set of uniform components called cells, each
of which corresponds to a node of a regular network. CA is a discrete
dynamical model, which is composed of a large number of indepen-
dent and identical cells, each of which corresponds to a node of a
regular network. Each cell selects a state from a set of states. In a cell,
the previous states of the set of cells, including that cell itself, and
its neighbors, determines the new state of that cell [14]. A learning
automaton (LA) [15] is an abstract model for adaptive online deci-
sion making in unknown environments. An LA has a finite set of

actions and its goal is to learn the optimal action through repeated
interactions with the environment. An optimal action is an action
with the highest probability of obtaining reward from the environ-
ment. The real power of an LA is obtained when a group of them

https://doi.org/10.1016/j.jocs.2017.10.009
http://www.sciencedirect.com/science/journal/18777503
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ooperate with each other. Beigy et al. [13] presented a new model
btained from the combination of learning automata and cellular
utomata, which they called cellular learning automata. It is a cel-
ular automaton with one or more learning automata residing in
ach of its cells. Therefore, the cells of CLA have learning abilities
nd can also interact with each other in a cellular manner. Because
f its learning capabilities and the cooperation among its elements,
his model is considered superior to both CA and LA. Since CLA mod-
ls inherit the distributed computation from the CA and the ability
o learn in unknown environments from the LA, they can be useful
n many problems relating to complex networks and systems [16].

In this paper, we propose a new cellular learning automata-
ased algorithm to detect communities in a network called CLACD.
riefly, the CLACD algorithm works as follows: the whole net-
ork is regarded as an isomorphic to an irregular cellular learning

utomaton (ICLA), where each node corresponds to a cell of the cel-
ular learning automaton and each cell has a learning automaton
ssigned to it. Through interactions with both the global and local
nvironments, a partial spanning tree finds that forms local com-
unities, the CLA evolves and gradually detects the near-optimal

ommunity structure in the network.
The rest of the paper is organized as follows. In Section 2, an

verview of related work on community detection algorithms is
rovided. In Section 3, learning automata and cellular learning
utomata are briefly introduced. The proposed cellular learning
utomata-based algorithm for community detection (CLACD) is
escribed in Section 4. Section 5 shows the performance of the
LACD algorithm through computer simulation on synthetic and
eal networks and comparison with existing community detection
lgorithms. Finally, Section 6 gives the concluding remarks.

. Related work

Since detecting community structure in a network is an impor-
ant research area for analysis of real-networks, in recent years,

any community detection algorithms have been developed to
eveal community structures in complex social networks [5,17].
n this section, some existing community detection algorithms
re briefly introduced. These algorithms can be classified into six
ifferent categories including spectral and clustering methods,
ierarchical algorithms, modularity-based methods, model-based
ethods, local methods and feature-based methods [5]. Among

ll the types of community detection algorithms, there exist some
tochastic models such as stochastic block model (SBM) for inves-
igating communities. SBMs are model-based and probabilistic
lgorithms that explain the connection between pairs of nodes in
he networks.

Hierarchical clustering algorithms are widely used techniques,
hich can be classified into two major classes, i.e., agglomerative

nd divisive. An effective agglomerative algorithm for clustering
etworks was first introduced by Girvan and Newman [18]. The
irvan and Newman (GN) algorithm computes the link between-
ess centrality value of each link, then sorts and removes links with

arge betweenness values in an iterative manner, until the commu-
ity structures of the networks are detected. The intuition behind
he GN algorithm is used links correspond to bridges connecting
ifferent modules, whereas low-betweenness links are correspond
o internal modules. Using of the edge clustering value, Rahman
t al. [19] developed an agglomerative algorithm called HC-PIN, for
iscovering communities in protein interaction networks (PINs),
hich achieves promising results.
Most agglomerative algorithms select the best partition that
aximizes a typical quality objective function. One of the best-

nown and the most widely used quality functions is the
odularity Q metric, which is proposed by Newman and Girvan
tational Science 24 (2018) 413–426

[20]. A partition with high modularity should be one where the
number of links within communities is significantly higher than
random expectation. Although using modularity optimization has
achieved many promising results, it has been shown that the tech-
nique is subject to a serious problem known as a resolution limit
[21]. For example, in the extreme case, modularity optimization
algorithms fail to perform correctly for a network with several
cliques connected by a single link. Li et al. [22] proposed a new
quantitative function called bipartite partition density for evaluat-
ing the community partition of bipartite networks. They showed
that bipartite partition density can overcome the problem of reso-
lution limit of modularity. The authors also designed a heuristic and
adapted label propagation algorithm (BiLPA) to optimize the bipar-
tite partition density function for solving the community detection
problem. Elyasi et al. [23] presented a two-phase community detec-
tion algorithm using Louvain method and applying a belonging
matrix. In this algorithm belonging matrix determines how much
a node belongs to a community and finally, some of the found
communities are merged based on the modularity measure.

Raghavan et al. [24] proposed label propagation algorithm (LPA)
with nearly linear time complexity for community detection. How-
ever, the performance of LPA is dependent to the update order
of label information, whose assigned to the nodes of graph ran-
domly in initialization. Hosseini et al. [25] proposes an improved
label propagation algorithm called memory-based label propaga-
tion algorithm (MLPA) for finding community structure in social
networks. In their algorithm, a simple memory element is designed
for each node of graph and this element store the most frequent
common adoption of labels iteratively. Le Martelot et al. [26] inves-
tigate a stability measure for the quality of partitioning, as an
optimization criterion that exploits a Markov process view of net-
works. Another approach to detecting community structures in
networks is the clique percolation method (CPM) [27]. Briefly, this
algorithm works by finding all the maximal cliques in a network
and then forming communities by merging cliques with common
nodes.

Due to the wide spread of applications for community detec-
tion, evolutionary and swarm intelligence-based algorithms could
be used for solving the community detection problem using an
appropriate objective function. Compared to earlier algorithms,
meta-heuristic optimization algorithms can effectively find a
proper, high-quality solution within a reasonable period of time
[28]. In addition, in [29] an ant colony-based algorithm is pre-
sented for discovering communities, where each node is modeled
by an ant. To detect a community, a new fitness function is pro-
posed, which updates the pheromone diffusion by considering
the feedback signal, to investigate the interaction between ants.
A multi-objective genetic algorithm to uncover community struc-
ture in complex networks, called MOGA-Net, was proposed in
[30]. MOGA-Net optimizes two  objective functions able to iden-
tify densely connected communities of nodes having sparse inter
connections. MOGA-Net generates a set of network divisions at
different hierarchical levels such that solutions at deeper levels
are contained within solutions having a lower number of com-
munities. The number of modules is automatically determined
by the objective functions. In [31] a multi-objective evolution-
ary algorithm, called MOEA/D-Net, was proposed to investigate
community detection in networks. MOEA/D-Net optimizes two
conflicting objective functions made up from modularity density.
MOEA/D-Net maximizes the density of internal degrees, and mini-
mizes the density of external degrees concurrently. Recently, many
community detection algorithms based on reinforcement learning

have been developed.

Khomami et al. [32] investigated a distributed learning
automaton-based algorithm for detecting communities in deter-
ministic graphs. According to this algorithm, a set of learning
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utomata interact with each other in order to identify high-density
ocal communities by updating the action probability vector of a
etwork of cooperative learning automata. The improved version
f this algorithm for community detection has also been devel-
ped by Ghamgosar et al. [33] using extended distributed learning
utomata. Mirsaleh et al. [34] suggested a new Michigan memetic
lgorithm called MLAMA-Net for solving the community detection
n complex networks. MLAMA-Net is a distributed evolutionary
lgorithm in which each chromosome, without any prior informa-
ion, locally evolves by evolutionary operators and improves by a
ocal search. MLAMA-Net also introduces the priority concept to
olve the resolution limit of modularity optimization in community
etection problem.

Zhao et al. [35] proposed an open cellular learning automaton
alled CLA-Net for solving the community detection problem. Based
n CLA-Net, the network is formulated with the aid of cellular learn-
ng automata. Then, the solution is constituted from current actions
hosen by the learning automata in the network. The authors have
hown experimentally that their algorithm can solve the problem
f the resolution limit of modularity optimization. However, in this
aper, a new version of cellular learning automata based algorithm

s proposed for community detection. In the proposed algorithm,
ocal communities are formed on a partial spanning tree of net-

ork found by the algorithm in order to reduce the network size.
urthermore, in the proposed community detection algorithm, two
mportant types of information related to the network topology are
sed by ICLA: global information, which relies on the importance of
odes in the whole network and local information, which presents
he similarities between nodes. It would be of great value to deter-

ine the two  types of information in ICLA simultaneously, making
t more accurate and scalable.

. Theory of automata

In this section, we first outline cellular automata (CA) and learn-
ng automata (LA) in brief. Then, cellular learning automaton (CLA)
s a combination of cellular automata and learning automata will
lso be introduced. Finally, we present irregular cellular learning
utomaton (ICLA), which differs from traditional CLA in that the
estriction of a rectangular grid structure is removed.

.1. Cellular automata

Cellular automaton (CA) [36] is a mathematical model for system
ith a large number of simple and similar components that inter-

cts locally. A CA is a nonlinear space/time-discretized dynamical
ystem. In the term cellular automaton, the cellular part implies
hat it consists of a grid of points in a lattice (made up of cells
ike points in a lattice or like squares on a checker-board) and the
utomaton part denotes the fact that it performs based on a simple
ule.

By interacting, these simple components generate complicated
atterns of behavior. CA is shown to be robust and efficient for
omplex computations. More specifically, they perform well for
odeling natural systems including massive collections of simple

bjects with local interact [37]. Informally, a d-dimensional CA con-
ists of an infinite d-dimensional lattice of identical cells. Each cell
an choose a state from a finite set of states. The cells update their
tates synchronously in discrete steps according to a local rule. The
ew state of each cell depends on the previous states of itself and

he cells in its neighborhood. The state of all cells in the lattice
s described by a configuration. The rule and the initial configu-
ation of the CA specify the evolution of CA to indicate how each
onfiguration is changed in each step.
Fig. 1. A learning automata and the relationship with its random environment.

3.2. Learning automata

A learning automaton [15] is defined to be an adaptive decision-
making unit whose performance is improved by learning how to
choose the optimal action from a finite set of allowed actions dur-
ing repeated interactions with a random environment. The action is
chosen randomly based on a probability distribution over the action
set and at each instant the given action serves as the input to a ran-
dom environment. The environment responds in turn to the action
taken with a reinforcement signal. The action probability vector is
updated with regard to reinforcement feedback from the environ-
ment. The goal of a learning automaton is to find the optimal action
from the action set so that the average penalty received from the
environment is minimized.

The environment is modeled by a triple E =
{

˛, ˇ, c
}

where
 ̨ = {˛1, ˛2, . . .,  ˛r} represents the finite set of inputs,  ̌ ={
ˇ1, ˇ2, . . .,  ˇr

}
denotes the set of values that can be taken by

the reinforcement signal and c = {c1, c2, ..., cr} refers to the set of
penalty probabilities, which is associated with the given action
�i. A random environment is called a stationary environment if
the penalty probabilities are constant and if they vary with time
it is called a non-stationary environment. The environments are
classified into three groups, i.e.,  P-models, Q-models and S-models
depending on the nature of the reinforcement signal ˇ. A P-model
is an environment, in which the reinforcement signal only takes
one of two  binary values 0 and 1. The second class of environments
allowing a finite number of values in the interval [0, 1] to be taken
by the reinforcement signal is referred to as a Q-model. In S-model
environments, the reinforcement signal lies in the interval [0, 1].
Fig. 1 shows the relation between a learning automaton and its
random environment.

In systems with incomplete information about the environment,
the learning automaton has been shown to perform appropriately.
Learning automata have even proved to be helpful in model-
ing complex, dynamic and random environments with significant
uncertainties. A wide variety of applications in complex social net-
works [38–42] are approached using learning automata.

Learning automata can be characterized by a triple with ele-
ments ˇ, � and T, where  ̌ denotes the set of inputs, � is the set of
actions and T is the learning algorithm. The learning algorithm T is
an iterative recurrence relation, which is used to update the action
probability vector. Let ˛i (t) be the action selected by the learning
automaton and p (t) denote the probability vector defined for the
action set at instant t. Let r be the number of possible actions to
be taken by the learning automaton, at each instant t the action
probability vector p (t) is updated by the linear learning algorithm
as given in (1) when the selected action ai (t) is rewarded (i.e.,
ˇ (t) = 0) by the random environment and it is updated using (2) if
the action taken is penalized (i.e., ˇ (t) = 1).

{
pj (t) + a (t)

(
1 − pj (t)

)
j = i
pj (t + 1) =
(1 − a (t)) pj (t) ∀j /= i

(1)
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j (t + 1) =

⎧⎪⎨
⎪⎩

(1 − b (t)) pj (t) j = i

(
b (t)
r − 1

)
(1 − b (t)) pj (t) ∀j /= i

(2)

here a (t) and b (t) denote the reward and penalty parameters
espectively, thus determining the increases and decreases of the
ction probabilities. If a (t) = b (t),  the recurrence consisting of (1)
nd (2) is called a linear reward-penalty (LR-P) algorithm. If a (t) �
(t), the given equations form a linear reward-penalty (LR-εP)
lgorithm and finally, if b (t) = 0, they represent a linear reward-
naction (LR-I) algorithm. In the latter group, the action probability
ectors remain constant in the case where the action is penalized
y the environment.

In recent years, several learning automata-based algorithms
ave been developed to solve graph problems and successful results
ave been reported in the literature, for such problems as shortest
ath problem [43], maximum independent set problem [44], vertex
overing problem [45], vertex coloring problem [46]. More recently,
A have been utilized in optimization [47,48], grid computing [49],
mage processing [50], machine vision [51] and network sampling
52,53].

.3. Cellular learning automata

Combinations of cellular automata and learning automata are
alled cellular learning automata (CLA). CLA is served as a proper
athematical model for many decentralized problems and events.

n a CLA, the state transition probability is updated using the learn-
ng automata. Hence, CLA is a mathematical tool for modeling
ynamical complex systems consisting of a large number of simple
omponents. These components cooperate to produce complicated
ehavioral patterns. In fact, the learning capability helps to produce
uch complicated patterns.

More precisely, a CLA is composed of a CA with one or more
earning automata assigned to each cell. The learning automa-
on corresponding to a particular cell determines its state (action)
ased on its action probability vector. Similar to CA, a CLA also
perates under a simple rule. This rule, together with the actions
elected by the multiple neighboring learning automata of any
articular LA determines the reinforcement signal. In a CLA, any
articular learning automaton and its neighbors together consti-
ute the local environment. The action probability vector of the
eighboring learning automata varies during the evolution of the
LA, and therefore the local environment is non-stationary. CLA has
een shown to perform extremely well in a variety of applications
uch as network sampling [54], data mining [55], peer to peer net-
orks [56], optimization [57] and adaptive Petri net [58] to name

nly a few.
The main operational steps of cellular learning automata can be

escribed as follows. First, the internal state of every cell is deter-
ined on the basis of the action probability vectors of the learning

utomata residing in that cell. The initial value of the states (action
robability vectors) may  also be chosen based on past experiences,
r even randomly. In the second step, the rules of cellular automata
etermine the reinforcement signal of each learning automaton
esiding in that cell. Finally, each learning automaton updates its
ction probability vector according to both the reinforcement signal
btained and the chosen action. This process is continued until the
esired result is obtained. In the following paragraph, we formally
xplain a d-dimensional CLA

A d-dimensional cellular learning automaton is a structure A =)

Zd, ˚, A, N, F such that:

. Zd is a lattice of d-tuples of integer numbers.

.  ̊ is a finite set of states.
tational Science 24 (2018) 413–426

3. A is the set of LAs, each of which is assigned to the corresponding
cell of the CA.

4. N = {x1, x2, . . .,  xm} is a finite subset of Zd called the neighbor-
hood vector, where xi ∈ Zd.

5. F: ˚m →  ̌ is the local rule of cellular learning automata, where
 ̌ is the set of values that the reinforcement signals can take. It

determines the reward (reinforcement) signal for each LA from
the current actions selected by its neighboring. In the following
subsection, we will review in detail the different types of CLA
reported in the literature.

3.4. Irregular cellular learning automata

A CLA is represented by a rectangular structure, in which each
cell is equipped with a learning automaton. To remove the restric-
tion of the rectangular grid structure in traditional CLA, an irregular
cellular learning automaton (ICLA) [59] is proposed. We  note that
in many applications such as wireless sensor networks, immune
network systems and graph-related applications, it is not possible
to model the environment adequately with rectangular grids. An
ICLA is defined as an undirected graph with the same cell represen-
tation for the nodes as CLA. The learning automaton corresponding
to a particular cell determines its state (action) based on the action
probability vector. In addition, there is a rule under which the ICLA
operates. The reinforcement signal to the LA residing in a cell is
determined according to this rule and by the actions selected by
the learning automata in the neighboring cells. The local environ-
ment is called non-stationary because the action probability vectors
of the neighboring learning automata vary during the evolution of
the ICLA.

The CLA models studied so far are regarded as closed, because
they do not take into account the interaction between the CLA and
the external environments. In this paper, a new class of CLA called
open CLA (OSCLA), in which the evolution of a CLA is influenced by
both the internal and external environments, is investigated. Two
types of environments can be considered in the open CLA, i.e., global
environment and the local environment. Each CLA has one global
environment that influences all cells and a local environment for
each particular cell. The interconnections of a typical cell in the
open CLA is shown in Fig. 2.

Recently several models of CLA have been suggested in the liter-
ature, based on their structure and function as summarized below.
The reported models can be classified into two main classes as
described in the following paragraphs.

• Static CLA (SCLA): In an SCLA, the structure of the cells remains
unchanged during the evolution process of the SCLA [35,60]. An
SCLA can be either closed or open. In a closed SCLA, the local
environment (i.e., the states of the neighboring cells of each
cell) impacts on the action selection process of the LA of that
cell, whereas in an open SCLA, the local environment of each
cell, the global environment and an exclusive environment all
affect the action selection process of the LA of that cell. In an
open SCLA, each cell has its own exclusive environment and one
global environment is defined for the whole SCLA. An SCLA can
be further classified as either synchronous or asynchronous. In
a synchronous SCLA, all cells implement their local rules at the
same time [61]. This model assumes that there is an external
clock, which triggers synchronous events for the cells. In an asyn-
chronous SCLA, at a given time, only some cells are activated and
the states of the rest of the cells remain unchanged [62]. In [60],

a model of SCLA with multiple learning automata in each cell
was  reported. In this model, the set of learning automata in a cell
remains fixed during the evolution of the SCLA. An SCLA can also
be classified as regular [13] or irregular [59], depending on its
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structure. In irregular SCLA, the structural regularity assumption
is removed.
Dynamic CLA (DCLA): In a DCLA, one of its aspects such as
the structure, local rule, attributes or neighborhood radius may
change over time. A DCLA can be classified as either a closed
DCLA [63,64,56] or an open DCLA. A DCLA can also be classified as
synchronous or asynchronous DCLA. In a synchronous DCLA, all
learning automata in different cells are activated synchronously
whereas in an asynchronous DCLA the learning automata in dif-
ferent cells are activated asynchronously. An asynchronous DCLA
can be either time-driven or step-driven [63]. In a time-driven
asynchronous DCLA, each cell is assumed to have an internal
clock, which wakes up the LA associated with that cell, while in
a step-driven asynchronous DCLA; a cell is selected in a fixed
or random sequence. Note that the problem of the definition of
an asynchronous DCLA is dependent on the application. All the
reported DCLAs are closed and asynchronous [56,63]. A DCLA can
also be classified as an interest-based DCLA [63] or an attribute-
based DCLA [64]. In an interest-based DCLA, a set of interests
is defined for describing the dynamicity of the CLA, and in an
attribute-based DCLA, a set of attributes is defined for describing
the dynamicity of the CLA. A main drawback of both interest-
based DCLA and attribute-based DCLA is that there are no formal
definitions for the rules, which determine the changes in the
attributes or interests of the cells. Therefore, the existing mod-
els of DCLA are unable to support dynamicity in a wide range of
applications with changing attributes or interests.

. Proposed algorithm

In this section, we propose an irregular cellular learning
utomata-based algorithm called CLACD for revealing the com-
unities in a network. The CLACD algorithm is locally and

ndependently run at each cell of the CLA, which means the deci-
ion made by each cell is local and is independent of others. The
LACD algorithm is also a fully distributed algorithm, which avoids

emaining in local solutions. We  will further detail how it is possible
o detect communities with the aid of cellular learning automata in

ore depth. To achieve this goal, we first describe the whole struc-
ure of the algorithm in brief. The CLACD algorithm, consisting of
ellular learning automaton.

four steps, tries to reveal the community structures in the networks.
It is assumed that G = V, E is undirected and unweighted graph, in
which V = {v1, v2, . . ., vn} is the set of nodes and E ⊆ V × V is the set
of links in the input network. For a graph G, there are many possible
partitions. The main goal of the community detection in the graph
G is to reveal sub-graphs CP =

{
C1, . . .,  Ck

}
of the set V of nodes

divided into k disjoint partition such that a quality function �(CP)
is optimal. We  note that there is no assumption that provides either
the number or the size of the communities of the proper partition.
To achieve this goal, after the initialization step, the CLACD algo-
rithm tries to find communities in an iterative manner by finding
partial spanning tree. The process of detecting communities from
the nodes is guided by the set of learning automata residing at the
nodes and by selecting neighbor nodes as an action selection of the
input networks. With the aid of cellular learning automata, the set
of obtained communities is evaluated by both the reinforcement
signal of local and global environments, and their action probabil-
ity vectors are updated until the stopping criteria are satisfied. It is
necessary to point out that, the asynchronous structure for the cel-
lular learning automata is adopted for the implementation aspect in
the interests of simplicity. The pseudo-code of the CLACD algorithm
is given in Fig. 3.

4.1. Community detection algorithm based on cellular learning
automata (CLACD)

The proposed algorithm called community detection algorithm
based on cellular learning automata (CLACD) as described as the
following steps.

4.1.1. Initialization
To initialize the algorithm, an asynchronous ICLA is created,

which is isomorphic to the input network. To construct such an
ICLA, each node is associated with a cell of CLA, and then an LA is
assigned to each cell (hereafter vi may  be used interchangeably for
cell v or node v ). The resulting ICLA can be described by a duple

< A, a >,  where A = A1, A2, . . .,  An denotes the set of LAs resid-

ing in each cell (node) of ICLA (network) and a =
{

a1, a2, · · ·,  an

}
denotes the action set, in which ai =

{
a1

i
, a2

i
, · · ·,  ari

i

}
(for each
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Fig. 3. Pseudo-code of th

i ∈ a) represents the set of actions that can be taken by learn-
ng automaton Ai. Learning automaton Ai, which is residing in node
i has ri actions, each of which corresponds to selecting one of the
djacent nodes. Let p (vi) =

{
p1

i
, p2

i
, . . .,  pri

i

}
be the action probabil-

ty vector of learning automaton Ai and pi
j
= 1

ri
be equally initialized

or all j.
.1.2. Construction of communities
In this step, a partial spanning tree of network is constructed

nd several local communities are formed on the partial spanning
ree found by the algorithm. At first, learning automaton Ai in cell
osed algorithm (CLACD).

vi selects an action based on its action probability vector, which
corresponds to selecting learning automata Aj. Let Tt be the span-
ning tree at iteration t. The current node vi and the selected node
vj is added to Tt if this addition constructs a partial spanning tree.
Then, learning automaton Aj in cell vj selects an action. The process
of selecting an action by each LA in each cell of CLA, adding the
selected node vi to Tt is continued until either the set of remain-
ing available LA is empty or the new selected action is one of the

actions that is previously added to Tt. After selecting an action by
all LAs, the algorithm constructs local communities on the found
partial spanning tree of the network. The partial spanning tree of
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he network is used in the algorithm in order to reduce the net-
ork size and computational cost for detecting communities due

o the low time complexity of finding partial spanning tree. A set of
ocal communities CP =

{
C1, . . .,  Cq, . . .,  Ck

}
are formed based on

ocal connectivity of cells, in which Cq is the qth local community
y merging neighboring cells, in such a way that the number of

nternal connections for merging cell vi with cell vj or a local com-
unity Cq is greater than the number of internal connections for

urrent community Cq then vi and vj are formed a local community
r assigned to the current community Cq. In this step, most of nodes
re formed a set of local communities CP,  however the remaining
nassigned nodes assigned to the kth community (i.e., Ck).

.1.3. Computation of the objective function
In this step, both reinforcement signals of local and global envi-

onments are used to evaluate the set of communities CP found
y the algorithm. The conductance �t (CP) is used for generating
einforcement signal of global environment, in order to evaluate
he quality of the current communities found by the algorithm at
teration t in the network. Let vol

(
Cq

)
denote the total number of

inks within community Cq and Cut
(

Cq

)
denote the number of links

alling between different community partitions (cut sizes) where
ne endpoint is inside community Cq. The quality of the found com-
unity CP at iteration t can be calculated using conductance as an

bjective function, as defined by following equation:

t (CP) = 1
k

k∑
q=1

Cut
(

Cq

)
min

(
vol

(
Cq

)
, vol

(
Cq

)) (3)

here Cq refers to the complement community Cq (or the rest of
he network). In brief, the conductance computes the fraction of
he total link volume that points outside the community. The aver-
ge conductance at iteration t (i.e., �t), which is the average of all
btained conductance values found up to that point is calculated
s follows:

t = (t  − 1) �t−1 + �t (CP)
t

(4)

We used the conductance due to the fact that it can be simply
alculated. Furthermore, it exhibits proper performance in general.

e  note that, the lower value of conductance reflects the better it
s. Hence, the reinforcement signal for the global environment, ˇg

an be computed as follows

g =
{

0 �t ≤ �t−1

1 Otherwise
(5)

The local environment of a learning automaton is configured
ased on the cellular learning automata in the neighboring cells
nd incorporates the neighboring nodes in the network. The rein-
orcement signal for local environment, ˇi for learning automaton
i in cell vi of cellular learning automata is defined according to

i =

⎧⎨
⎩

0
∑
i ∈ Cq

Kin
i

(
Cq

)
>

∑
i ∈ Cq

Kout
i

(
Cq

)
1 Otherwise

(6)

here Kin
i

(
Cq

)
and Kout

i

(
Cq

)
are the summation of number of inter-

al and external links for node vi in community Cq with respect to
he given input network, respectively.

.1.4. Updating the action probabilities

At every iteration t, for each cell, if both the reinforcement signal

f local and global environment are favorable (i.e., ˇi = 0 and ˇg = 0),
hen the action probabilities of learning automaton in each cell
re updated depending upon the internal state, the actions chosen
tational Science 24 (2018) 413–426 419

by all learning automata are rewarded. Each learning automaton
in each cell updates its action probability vector by using an LR−I

reinforcement scheme.

4.1.5. Stopping condition
Here, we aim to describe the stopping condition for the CLACD

algorithm. A simple criterion for a stopping condition is the num-
ber of iterations, i.e., the algorithm terminates after a predefined
number of iterations Kmax. Furthermore, Entropy also used as an
another criterion for stopping condition for an LA, which is defined
as

E (p) = −
∑
i ∈ C

pilogpi (7)

where pi is the probability of selecting action �i by an LA. If the
entropy value is less than a predefined threshold it can be concluded
that the algorithm has converged to an action and it is therefore
terminated. In the simulation, we compute Entropy for all LAs in
CLA.

As mentioned in previous section, the CLACD algorithm can be
locally performed at each cell independent of the other cells to
create local communities. As the CLACD algorithm proceeds, each
LA in each cell of CLA learns how to select a neighboring cell to
create a local community. Since the local internal and external con-
nection of each node in a local community is considered by local
reinforcement signal and the set of communities is compared with
the best set of communities which it has created so far by global
reinforcement signal, the CLACD algorithm gradually yields the
near-optimal community structures. Pseudo-code of the proposed
algorithm (CLACD) is given in Fig. 3.

4.2. Complexity analysis

The space complexity of the CLACD algorithm is O (n) where n
is the number of nodes in the social network. Because, the data
must be storing during the iterations of CLACD include: the proba-
bility vector, which consist of n elements, the computed values of
ϕ, which are stored in a vector and two n-element vectors repre-
senting internal and external degree respectively. Hence the whole
space complexity of CLACD is S = 3n + t where t the number of nec-
essary iterations is. In most cases the algorithm converges in t < n
iterations and in this case the space complexity would be S 	 O (n).

5. Experiments

To demonstrate the efficiency of the CLACD algorithm for
detection of community structures, a number of experiments are
conducted on several real (i.e., Karate, Dolphins, Books, Football, Net-
science and Power-grid) and synthetic (i.e.,  LFR benchmark [65])
networks as described in Table 1. In LFR benchmark, N indicates the
number of nodes in the network, k indicates the average degree of
nodes, Maxk indicates maximum degree of nodes, Minc indicates
the number of nodes that the smallest community contains, Maxc

indicates the maximum size of the communities and � as mixing
parameter indicates the probability that nodes are connected with
nodes of the external community. For synthetic modular networks,
we set the LFR benchmark parameters as N = 1000, k ∈

{
15,  100

}
,

maxk ∈ 50, minc = 10, maxc = 50 and � =
{

0.00, 0.50
}

with a span
of 0.05.
5.1. Evaluation measures

In this subsection, we will describe evaluation measures includ-
ing: Modularity [20], Normalized Mutual information (NMI) [32],
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Table 1
Characteristics of real test networks.

Networks Nodes Links Description

Karate 34 78 Network of Zachary’s karate club.
Dolphins 62 159 Network of Lusseau’s dolphins.
Books  105 441 Network of books about US politics.
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Net-science 1589 2742 

Power-grid 4941 6594 

urity [66] and Rand-index [17] for assessing found communities
y the algorithms.

.1.1. Modularity
The Modularity Q is another measure for evaluating the set of

ommunities with a known structure in the network found by the
lgorithm. This measure is defined as follows:

 = 1
2m

∑
C ∈ P

∑
vivj ∈ C

[
Ai,j − kikj

2m

]
(8)

here A is the adjacency matrix and Ai,j is equal to unity if there is
 link between node vi and node vj and zero otherwise. The degree

f node vi is ki =
∑

j

Ai,j and m is the total number of links in the

etwork. The summation is over all pairs of nodes that are member
f the same community C with partitioning P [20].

.1.2. Normalized mutual information (NMI)
NMI  is used for networks with known community structures

hat measures the similarity between real community structure
nd community structure found by the algorithm. NMI  is calculated
s follows:

MI (A, B) =
−2

∑
a ∈ A

∑
b ∈ B|a∩ b|log

( |a∩ b|n
|a||b|

)
∑

a ∈ A|a| log
( |a|

n

)
+

∑
b ∈ B|b|log

( |b|
n

) (9)

here A and B are two partitions of the input networks, and NMI  is
 value in the range [0, 1], where the higher value indicates that the
artitions A and B are totally independent. This measure is useful for
ynthetic networks where there is prior knowledge about built-in
ommunities [32].

.1.3. Purity
Purity is used to evaluate the prediction performance of com-

unity detection algorithm. This measure is defined as follows:

urity (R, C) = 1
n

∑
m

max
k

(Rm∩ Ck) (10)

here n is the number of nodes, Rm is the set of clusters and Ck is the
et of classes. In order to compute the purity, a label is considered
or each of the communities that occur most frequently, and then
he cardinality of well-assigned nodes is computed with respect to
round-truth communities. Purity takes values in the range [0, 1].

 value of 1 shows the highest accuracy and low values indicate
hat communities are poorly detected [66].

.1.4. Rand–index
The Rand-index measure is applied by investigating the similar-

ty between the two types of partitions in the network. The index

s bound in the range [0, 1] with the upper bound denoting a per-
ect match. Let A be defined as the set of communities obtained
y the proposed community detection algorithm and B be the true
ommunities of the network. During the execution of the algorithm
Network of American College football union
Coauthor-ship network of scientists working on network theory
The topology of the Power Grid of the United State

two groups may  show different behavior. The Rand-index for two
partitions of A and B is defined as follows:

Rand − index (A, B) = (p + s)
(p + q + r + s)

(11)

where p is the number of pairs of nodes which are in the same com-
munity in both partitions, q and r are the number of pairs of nodes
which are in the same community in A and in different communi-
ties in B and s is the number of pairs of nodes that are in different
communities in both partitions [17].

5.2. Experimental results

5.2.1. Experiment I
This experiment is conducted to evaluate the performance of

the CLACD algorithm for finding the communities in terms of the
modularity Q. The results are compared with some popular algo-
rithms such as community finding algorithm of Clauset, Newman
and Moore termed as CNM [67], genetic algorithm for commu-
nity detection termed as GA-Net [68], multi-objective evolutionary
algorithm with decomposition, termed as MOEA/D-Net [31], multi-
objective genetic algorithm, termed as MOGA-Net [30], community
detection method based on modularity and an improved genetic
algorithm, termed as MIGA [69], cellular learning automata based
algorithm for community detection termed as CLA-Net [35] and
michigan memetic algorithm for community detection termed as
MLAMA-Net [34]. The results reported in Table 2 consist of both the
maximum (Max) and average (Avg.) values of modularity. As can
be seen from Table 2, for Football, Net-science and Power-grid net-
works, the CLACD reveals community structures with larger value
of Modularity in comparison with CNM, GA-Net and MOGA-Net.
For Dolphins network CLACD algorithm produces similar results to
MLALA-Net and CLA-Net. The revealed similar results are mainly
due to an overlapping community structures in some networks.

5.2.2. Experiment II
This experiment is conducted to study the convergence behavior

of the CLACD algorithm during the process of community find-
ing in terms of conductance and entropy. For this experiment,
we present the plot of entropy and conductance versus iteration
number for real and synthetic LFR benchmark network. For LFR
network, the mixing parameter varies from � = 0.0 to � = 0.5 with
a 0.1 interval. The results of both plot for entropy and conductance
are taken average over 100 runs. The plots of entropy for real and
synthetic networks are given in Figs. 4 and 5 respectively. Also the
plots of conductance for real and synthetic networks are given in
Figs. 6 and 7 respectively.

From the results in Figs. 4 and 6, once can observe that for all val-
ues of mixing parameters the entropy and conductance have high
values equal to unity in early iterations and it gradually decreases to
converge to a small value. This means that for all types of modular
synthetic networks the algorithm smoothly reveals the communi-

ties after a finite number of iterations. From Figs. 5 and 7, one may
conclude that the value of entropy and conductance starts from a
value of unity and gradually decreases. Since a lower conductance
value indicates that more links are within the community found by
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Table  2
Comparison of the community detection algorithms on real networks in terms of maximum (Max) and average (Avg.) modularity.

Network Q CNM GA-Net MOGA-Net MOEA/D-Net MLAMA-Net CLA-Net CLACD

Karate Max  0.3807 0.4059 0.4198 0.4198 0.4198 0.4188 0.4188
Avg.  0.3807 0.4059 0.4158 0.4198 0.4136 0.4175 0.4039

Dolphins Max  0.4955 0.5014 0.5258 0.5210 0.5277 0.5277 0.5277
Avg.  0.4938 0.4046 0.5215 0.5189 0.5222 0.5268 0.5198

Football Max  0.5733 0.5940 0.5280 0.6044 0.6058 0.6046 0.6044
Avg.  0.5706 0.5830 0.5173 0.6032 0.6050 0.6042 0.5864

Book Max  0.5181 0.5230 0.5272 0.5268 0.5272 0.5268 0.5223
Avg.  0.5178 0.5230 0.5255 0.5236 0.5255 0.5254 0.5188

Net-science Max  0.9555 0.8581 0.8916 0.9143 0.9550 0.9346 0.9553
Avg.  0.9554 0.8473 0.8810 0.9060 0.9544 0.9177 0.9541

Power-grid Max  0.9345 0.6660 0.7035 0.6880 0.9357 0.7505 0.8654
Avg.  0.9338 0.6571 0.6949 0.6815 0.9336 0.7350 0.8124

Fig. 4. The plot of entropy versus iteration for synthetic LFR benchmark networks.

ersus
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f
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Fig. 5. The plot of entropy v

he algorithm, the trend of these plots indicates that the community
ound by the algorithm has a proper quality.

Moreover, one may  observe that in most of the curves, as mix-

ng parameter � increases, the detection of communities becomes

 more difficult task; therefore it leads to higher values in the corre-
ponding conductance plot. These plots for both conductance and
ntropy versus iteration number indicate the important role of the
 iteration for real networks.

learning automata in guiding the process of finding communities
in networks.
5.2.3. Experiment III
This experiment is carried out to study the performance of the

CLACD algorithm compared with other well-known community
detection algorithms (CNM [67], GA-Net [68], MIGA [69], MOGA-
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Fig. 6. The plot of conductance versus iteration for synthetic LFR benchmark networks.

Fig. 7. The plot of conductance versus iteration for real networks.

algori

N
w

Fig. 8. Results of NMI  for different 
et [30] MOEA/D-Net [31]) for synthetic LFR benchmark network
ith varying values of the mixing parameters in terms of NMI,
thms on LFR benchmark networks.
Purity and Rand-index. For this purpose, we plot these measures for
varying values of the mixing parameters from � = 0.00 to � = 0.50
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Fig. 9. Results of Purity for different algorithms on LFR benchmark networks.
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Fig. 10. Results of Rand-index for differ

ith a 0.05 interval. The results obtained for different mixing
arameters in terms of NMI, Purity and Rand-index are given in
igs. 8–10, respectively.

From the results shown in Figs. 8–10 the following observations
an be made:

For a mixing parameter value of less than 0.2 the community
structure of networks is clear, and hence the obtained NMI, Purity
and Rand-index values are close to unity.
For mixing parameters between 0.2 and 0.4, it is expected that all
algorithms will attain a lower NMI, Purity and Rand-index val-
ues because when the mixing parameter increases, the detection
of communities becomes a more difficult task. However, CLACD
outperforms all the other algorithms with respect to NMI, Purity
and Rand-index.
For a mixing parameter value greater than 0.4, the performance of
CLACD is superior to all other algorithms in terms of NMI, Purity
and Rand-index.
Overall, the CLACD algorithm outperforms the other algorithms
or different mixing parameters in the range [0, 0.5] in terms of

entioned measures.
gorithms on LFR benchmark networks.

5.2.4. Experiment IV
This experiment is designed to study the impact of the resolu-

tion limit problem on the performance of the community structure
found by the CLACD. For this purpose, we use two  networks; one
network as given in Fig. 11, consisting of 125 nodes and 25 distinct
cliques as 25 communities; one network as given in Fig. 12, con-
sisting of 2 cliques as 2 communities with 54 nodes and 4 nodes,
respectively. In the second network for each community, a node is
connected with all the other nodes in the same community and a
single link connects the two  communities to each other between
node u in community 1 and node v in community 2.

The output of the CLACD algorithm for the first network is visu-
alized in Fig. 11 where the algorithm properly found the cliques
as communities. Also, the visualization of the second test network
is shown in Fig. 12. The modularity of the community structure
in this network is 0.00845. However, according to basic modu-
larity optimization, node u would be assigned to Community 2,
because this partitioning of the network achieves a larger modular-
ity value of 0.01203. This phenomenon is due to the resolution limit

of modularity optimization. We  run the CLACD algorithm on the
test network 100 times. Since the other algorithm such as MIGA and
CNM algorithms are based on modularity optimization, they always
incorrectly find node u as a member of Community 2. On other hand,
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Fig. 11. The synthetic test networks with 25 communities with same size for evaluation of resolution limit problem. The communities found by the algorithm are surrounded
by  circles.
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ig. 12. The synthetic test networks with 2 communities with different size for evalu
y  circles.

he CLACD algorithm always finds the correct communities in the
etwork due to use of both local and global reinforcement signal for
pdating action probabilities of learning automata in cells of CLA.

. Conclusion

In this paper, a new CLA-based algorithm called CLACD is pro-
osed, to reveal community structure in complex social networks.
he CLACD algorithm with the aid of CLA has many proper charac-
eristics such as scalability, accuracy and applicability, and its most
mportant advantage is its ability to consider both local and global
nvironments, which makes detecting the communities possible
ven in complicated cases such as relatively small communities.
n order to investigate the performance of the CLACD algorithm, a

umber of experiments conducted on real and synthetic modular
etworks. In the experimental, the CLACD algorithm is compared
ith some well-known community detection algorithms in terms

f Conductance, Modularity, NMI, Purity and Rand-index. Simu-
f resolution limit problem. The communities found by the algorithm are surrounded

lation results reveals that the CLACD algorithm can successfully
solve the resolution limit problem and also can detect communi-
ties precisely even in cases where existing basic algorithms fail to
do so. The CLACD algorithm, not only provides a solution for com-
munity detection for deterministic and static networks, but also
can be developed for dynamic and stochastic networks for future
researches and developments of new directions of social network
analysis.
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