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Abstract
Cellular learning automata (CLA) is a distributed computational model which was introduced in the last decade. This model
combines the computational power of the cellular automata with the learning power of the learning automata. Cellular learning
automata is composed from a lattice of cells working together to accomplish their computational task; in which each cell is
equipped with some learning automata. Wide range of applications utilizes CLA such as image processing, wireless networks,
evolutionary computation and cellular networks. However, the only input to this model is a reinforcement signal and so it cannot
receive another input such as the state of the environment. In this paper, we introduce a new model of CLA such that each cell
receives extra information from the environment in addition to the reinforcement signal. The ability of getting an extra input
from the environment results in an increase in the computational power and flexibility of the model. We designed some new
algorithms for solving famous problems in pattern recognition and machine learning such as classification, clustering and image
segmentation. All of them are based on the proposed CLA. We investigated performance of these algorithms through several
computer simulations. Results of the new clustering algorithm shows acceptable performance on various data sets. CLA-based
classification algorithm gets average precision 84% on eight data sets in comparison with SVM, KNN and Naive Bayes with
average precision 88%, 84% and 75%, respectively. Similar results are obtained for semi-supervised classification based on the
proposed CLA.

Keywords: Cellular learning automata, cellular automata, learning automata, external input, clustering, classification, selforganizing map, image segmentation.
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Introduction

Since the introduction of the cellular learning automata (CLA) [1], various types of this computational model have been invented
and each of them has been used for solving different problems. The main idea of the CLA is to combine the learning power of
the learning automata (LA) with the computational power of the cellular automata (CA) to produce a distributed computational
model. Variation of this model have been used in several applications. In the rest of this section, the motivation behind the idea
given in the paper is explained and then the contribution of this paper is presented.

1.1

Motivation

Cellular learning automata is a distributed model for learning behaviour of complicated systems. CLA consists of a large number
of simple identical units, which make a global complex behaviour through the interaction with each other. One can assume these
units, which called cells, are placed nearby in a lattice structure and communicate with their neighbours. Each cell in the CLA
consists of one or more LAs. These LAs change state of the cell based on the local rule and the reinforcement signal. CLA
works as follows: at the first step each LA in each cell chooses an action based on its action probability vector. At the second
step, the environment passes a reinforcement signal to the LAs residing in each cell on the basis of the CLA local rule. In CLA,
neighbouring LAs of any cell constitute its local environment. At the third step each LA of each cell updates its internal state
based on its current state and the received reinforcement signal. This process continues until the desired behaviour is obtained.
There are several applications that use the CLA as a basic computational element. Image segmentation [2, 3], resource
allocation in mobile networks [4, 5], multi-agent systems [6], wireless sensor networks [7, 8] and numerical optimization [9, 10]
are examples of such applications. However, none of the previous models can receive extra information from the environment.
Indeed, the only input to each cell is a reinforcement signal; while some tasks in pattern recognition need to such ability that
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each cell in the CLA gets more information from the environment. This information is necessary in the process of learning and
computing.

1.2

Contribution

In the standard model of the CLA, each cell only receives a reinforcement signal. The other information about the environment
should be encoded in the initial state of the cells, local rule or the updating algorithms of LAs. Thus, augmentation of the CLA
with the ability of receiving extra input increases flexibility and computational power of it. In this paper, a new model for CLA
is proposed. The main feature of the proposed model is the ability of receiving external input from the environment. This new
model for CLA is called associative CLA. Associative CLA can be utilized in pattern recognition tasks such as classification,
semi-supervised classification, clustering and image segmentation. In this paper, an algorithm is proposed for each of these tasks
to show some of the potential usage of the proposed model. Experimental results show the efficiency of the associative CLA in
contrast to the similar methods.
The rest of this paper is organized as follows: In section 2, the basic concepts and equations are presented. Section 3
introduces the new model of the CLA and its components. Section 4 is devoted to design of some algorithms based on the
proposed model of the CLA, consisting of the clustering, image segmentation, classification and semi-supervised classification.
Results of comparing the proposed algorithms with the other related algorithms are reported in section 5. Finally, section 6
represent the conclusion remarks and future works.

2

Background

In what follows a brief introduction to the learning automata and cellular automata are given. Next, the combination of these
models into the cellular learning automata is reviewed briefly.

2.1

Learning Automata

Learning Automaton (LA) is an adaptive decision-making agent which learns an optimal action out of a set of allowable actions
through repeated interactions with a random environment. At each step the LA chooses an action from its action set using its
action probability distribution and applies it to the random environment. The random environment provides a stochastic response,
which is called reinforcement signal, to the LA. Then the LA uses the reinforcement signal together with a learning algorithm to
update the action probability distribution.
Various learning automata have been proposed in the literature for usage in different applications. LAs can be classified into
two main groups: finite action-set learning automata (FALA) [11] and continuous action-set learning automata (CALA) [12, 13].
In the former, the action set from which agent chooses its action is finite. This is the original model of LA. However, in some
situations the objective of learning is to find a continuous valued parameter and the value of which cannot be discretized. So in
latter, the action set corresponds to an interval over the real line. In general, there are two classes of LAs: associative LAs and
non-associative LAs. If the interaction of the LA with the environment limited to the reinforcement signal and doesn’t receive
any other input, LA belongs to the non-associative class and vice versa.
Learning automata have been used in different applications such as graph partitioning [14], cellular mobile networks [15, 16],
shortest path problem [17, 18], and topology and parameter tunning of neural networks [19, 20, 21], to mention a few.

2.2

Cellular Automata

Cellular Automata (CA) is a distributed computing model providing a platform for performing complex computation with the
help of local interactions. CA is a lattice of simple identical units, called cell. When a large number of cells are put together,
complex behavioural patterns can be produced through the interaction of cells with their neighbours. The state of each cell is
updated according to the current state of itself and its neighbours, based on the updating rule of the CA.
A d-dimensional CA is defined by hZ d , Φ, N, Fi, where Z d is a lattice of d-tuples of integer numbers. Each cell in Z d is
shown with (z1 , z2 , ..., zd ) and Φ = {1, 2, .., k} is a finite set of cell states. N = {x1 , x2 , ..., xm }, which is called neighbour vector,
is a finite subset of the Z d . Neighbour vector determines the relative positions of neighbouring cells for any given cell in the Z d .
Neighbours of a cell u are the set {u + xi |i = 1, 2, ..., m}, and finally, F : Φm → Φ is the local rule of the CA which gives the new
state of the cell according to the current state of its neighbours.
Since its inception, different structural variations of CA have been proposed. CAs can be classified based on different features.
According to the possible states for the cells, one can classify CAs as the binary and multi-valued. The local rule applied to each
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cell may be identical or different. These two possibilities are termed as uniform and hybrid CAs, respectively. In general local
rule is deterministic; however, there are variations in which the local rule is probabilistic [22] or fuzzy [23]. The local rule often
depends on the state of the cells, and thus, all cells update their state simultaneously. These CAs are called synchronized. In
contrast, local rule may be state and time dependent, which results in asynchronous CA. Choosing appropriate model depends
on the given application.

2.3

Cellular Learning Automata

A cellular learning automata (CLA) is a cellular automata in which a set of learning automata is assigned to its every cell. The
learning automata residing in each cell determine state of the corresponding cell on the basis of their action probability vectors.
Like cellular automata, there is a rule that CLA operates according to it. The rule of CLA and the actions selected by the
neighbouring learning automata of any cell determine the reinforcement signal to the learning automata residing in that cell. In
CLA neighbouring learning automata of any cell constitute its local environment. This environment is non-stationary because of
the fact that it changes as the action probability vectors of neighbouring learning automata vary [24].
A d-dimensional cellular learning automata is a structure hZ d , Φ, A, N, Fi, where Z d is a lattice of d-tuples of integer numbers,
Φ is the set of cell states, A is a set of LAs assigned to cells of the CLA, N = {x1 , x2 , ..., xm }, is a finite subset of the Z d , which
is called neighbour vector, and finally, F : Φm → β is a function which computes the reinforcement signal for each LA based on
the state of the neighbouring LAs, where β is the possible values for the reinforcement signal.
CLA works as follows: at the first, state of each cell is determined according to the probability vectors of the LAs residing
on that cell. Initial state of the CLA is determined based on previous experiments or at random. At the second stage, local rule
of each cell determines the reinforcement signal of that cell, and finally, each LA updates its probability vector according to the
reinforcement signal and the chosen action by the cell. This process continues until some condition is satisfied.
In the most of applications, all cells are synchronized with a global clock and operate at the same time instances. However,
in some cases LAs of different cells are activated asynchronously. This type of CLA is called asynchronous cellular learning
automata (ACLA) [25]. Standard CLA is called close CLA, since each cell only interacts with its local environment consisting
of the neighbouring cells. In some applications, in addition to local environments, there is one global environment. Each cell
interacts with both its local environment and global external environment. This type of CLA is called open cellular learning
automata (OCLA) [26]. Another type of the CLA is CLA with multiple LAs at each cell. In this form of CLA, each cell is
equipped with several LAs and these LAs may be activated synchronously or asynchronously. For more information about CLA
with multiple LAs in each cell refer to [27].
Due to the computational power of the CLA, this model has been used in various applications. In [3], CLA was used for edge
detection and image segmentation. CLA also has been used for solving NP-complete problems. In [4, 5], CLA was used for
resource allocation in mobile networks. In [28], a new algorithm for solving graph colouring problem has been proposed, which
uses CLA. In [29], a scheduling algorithm, which is based on CLA, is presented for solving the set cover problem. Another
field, which has used CLA as its computational element, is wireless sensor networks. In [30], a CLA-based algorithm for solving
deployment strategy for mobile wireless sensor networks has been presented. In [31], based on CLA, a self-organized protocol
for wireless sensor networks was proposed. In [32], a new continuous action-set LA is proposed and based on it, a adaptive and
autonomous call admission algorithm for cellular mobile networks was proposed.

3

The Proposed Model

In all CLA models mentioned so far the only input cells receive from their environment is a reinforcement signal. This characteristic puts some limitation on using of CLA in the applications such as pattern recognitions. The main idea of the proposed
model is adding the ability of getting extra information from environment to the traditional model of CLA. In the proposed model
each cell can receive external input in addition to the reinforcement signal. This ability increases the computational power and
the flexibility of the CLA. In what follows, we first introduce the associative CLA and explain its components. Then a new
associative LA is proposed, which is used later together with the proposed CLA.

3.1

Associative Cellular Learning Automata

There are two types of environment in the traditional model of the CLA: the local environment, which consists of the neighbouring
LAs, and the global environment. The CLA has one global environment that influences all cells, whereas the neighbouring cells
of a cell make its local environment [26]. In the proposed model each cell receives an input vector from the global environment
in addition to the reinforcement signal. Input vector can be state of the global environment or a feature vector of input data.
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Figure 1: General structure of the proposed model.

Behaviour of the proposed associative CLA is described as follows: at each time step, initial state of the cells is specified
based on the action probability vector of the LA residing in that cell. Then each cell receives an input vector from the environment
and LA residing in the cell chooses an action according to its decision function. The chosen action is applied to the environment.
The environment gives a reinforcement signal to that cell based on its local rule. At the final step, each LA updates its internal
state on considering the reinforcement signal and the learning algorithm. This process continues until a specific goal is obtained.
The general structure of the proposed model is shown in Fig 1.
A d-dimensional associative CLA is a structure hZ d , Φ, A, X, N, F, T, Gi, where:
• Z d is a lattice of d-tuples of integer numbers,
• Φ is a set of states for cells,
• A is the set of LAs, each of them is assigned to one cell of the CLA,
• X is the set of states of the global environment,
• N = {x1 , x2 , . . . , xk } is the neighbourhood vector such that xi ∈ Z d ,
• F : Φk → β is the local rule of CLA, where β is the set of values which reinforcement signal can takes,
• T : X × Φ × β → Φ is a learning algorithm for the learning automata,
• G : X × Φ → α is the probabilistic decision function. Based on this function, each LA chooses an action from its action
set.
In what follows, different components of the proposed method are explained.
• Structure of cellular learning automata: CLA’s cells can be arranged in one dimension (linear), two dimension (grid) or
n-dimension (lattice). One can use each of possible structures depending on the nature of the problem. For example, in the
image processing applications, two dimensional CLA is used often.
• Input: Each cell in this model has a learning automaton that gets its input vector from the global environment. Input vector
can be state of the global environment or a feature vector. Also, the input can be discrete or continuous.
• Learning algorithm: Learning algorithm of the learning automaton residing in each cell should be an associative algorithm. This family of algorithms updates cell’s state according to the reinforcement signal and the environment’s state.
AR−P [33] and parametrized learning algorithm (PLA) [34] are two examples of such algorithms.
• Environment: The environment under which the proposed model works, can be stationary or non-stationary.
• Neighbourhood: Each cell in this model has some neighbours. According to the state of neighbouring cells, reinforcement
signal of a cell is generated. The neighbouring vector of any cell may be fixed or variable.
• Local rule: Local rule determines the reinforcement signal for each cell according to the states of neighbouring cells.
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Figure 2: Overall structure of the proposed associative learning automata.

• Reinforcement signal: Reinforcement signal can be binary (zero or one representing punishment or reward, respectively),
multi-valued or continuous.
• Action: The action set from which LA residing on each cell can selects an action. Action set may be a discrete set or a
continuous interval.
The proposed model is similar to the self organizing map (SOM). The cells in the proposed model are as the cells of SOM
and there is neighbourhood concept in both of them. However, the proposed model has stochastic nature in contrast with the
SOM. Thus, decisions in the proposed model are probabilistic, while in the SOM are deterministic. As a result, the proposed
model can be regarded as probabilistic SOM. Algorithm 1 shows the algorithmic description of the proposed model.
Algorithm 1 Operation of the proposed model
1: Initialize state of each cell in the CLA.
2: for each cell i in the CLA do
3:
Give the input vector from the environment to cell i.
4:
Cell i selects an action according to its decision function.
5:
Apply the selected action to the environment.
6:
Apply the local rule and give the reinforcement signal to the cell i.
7:
Update the state of the cell i according to the reinforcement signal.
8: end for

3.2

Associative Learning Automata

Those LAs which receive input from the environment, beside of the reinforcement signal, called Associative Learning Automata.
These LAs update their states considering both the reinforcement signal and input vector. In this section, a new associative LA is
proposed which is used later together with the associative CLA in the applications such as clustering. Figure 2 shows the overall
structure of the proposed associative learning automata.
The proposed LA is represented by a tuple {β, X, Φ, α, G}, where β is the set of reinforcement signal, X is the set of input
vectors, Φ is the set of states, α is the set of actions and G is updating function for internal state of the LA. At time step i, the
environment gives an input vector x to all cells, and the proposed LA selects its actions according to equation (1):
αi = distance(Φi , x) + ηi ,

(1)

where ηi is a random variable, which shows noise, and distance is a function shows the distance between current state of the LA,
denoted by Φi , and the input vector x. Learning algorithm of the LA updates the state of LA using the following rule:

Φi + a(x − Φi )
if βi = 1 (reward),
Φi+1 =
(2)
Φi
if βi = 0 (punishment).
where a is the learning rate. When LA receives reward from environment, the state of the LA approaches the input vector with
rate a which belongs to the interval [0, 1]. When a is large, the state approaches the input with higher speed. According to
equation (2), LA updates its state when receiving the reward and doesn’t change it on receiving the punishment.
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4

Applications of the Associative CLA

In this section some algorithms are presented, which are based on the proposed model for CLA. These algorithms include data
clustering, image segmentation, classification and semi-supervised classification. Next, the performance of each algorithm is
evaluated through the computer simulations and the results are presented and analysed.

4.1

Clustering Algorithm based on the Proposed CLA

Clustering is a technique for partitioning a set of data into classes or clusters based on a similarity measure between them. Goal
of the clustering is to divide a given data set such that data instances assigned to the each cluster should be as similar as possible,
whereas data instances from different clusters should be as dissimilar as possible.
In this section, a clustering algorithm based on the proposed model is introduced. First, an associative CLA is constructed.
At the beginning, the cells are arranged in a d-dimensional regular structure, where d is dimension of the data points. State of the
cells represents their coordinates in the Euclidean space. So updating state of a cell means that cell moves in the Euclidean space.
The aim of the such design is that at the completion of the learning process, the state vectors of the cells represent centres of the
clusters. Now, an associative LA, which has been described in the section 3.2, is assigned to each cell. After the preprocessing
phase, such as normalization of the input data, at each step, one data instance is given to all cells synchronously as an external
input. Each cell selects an action according to the decision function defined in its LA. Local rule of the CLA is defined so that
if the chosen action by a cell is smaller than the neighbours, that cell receives a reward, otherwise gets a penalty. Learning
algorithm of the proposed LA is defined so that upon receiving reward, LAs update its state and become nearer to the input data,
while receiving penalty doesn’t effect on the cell’s state. Since the function used for action selection (equation (1)), works based
on the distance of the current state of the cell and the input vector, the smallest action is chosen by the nearest cell to the input
data. So, it is expected that, after some iterations, the state vectors of cells lie on the centres of the clusters and after that don’t
change. The proposed clustering algorithm is shown in Algorithm 2.
Algorithm 2 Clustering algorithm based on the proposed associative CLA
1:
2:
3:
4:
5:
6:
7:
8:
9:
10:
11:
12:
13:

Establish an associative CLA.
Initialize state of cells.
for each cell i in the CLA do
Let x be a data sample from the data set, give x to cell i
Cell i selects an action αi
Apply the following local rule and give the reinforcement signal β to cell i
if β = 1 then
Reward cell i
else
Penalize cell i
end if
Update state of the cell i according to the reinforcement signal β.
end for

In order to evaluate the learning process of the proposed clustering algorithm, the following two measures are used.
1. Inter similarity measure, which is defined as the average of distance between data instances inside the cluster.
2. Intra similarity measure, which is defined as the average of distance between centers of different clusters.
In the learning process, changes of these measures are evaluated. When cell’s state changes, these measures also changed. After
some iteration, states of the cells are fixed and these measures obtain their final value. As the inter similarity is smaller and intra
similarity is greater, the result of the clustering is better.

4.2

Image Segmentation Algorithm based on the Proposed CLA

In computer vision, image segmentation is the process of partitioning an image into multiple segments, so that each segment
represents a meaningful thing. Image segmentation can be viewed as a clustering task such that pixels of the image is the input
data and the aim of the segmentation is to partition pixels so that similar pixels stand in the same segment. So it is needed
to define some criteria to describe the similarity between pixels. Difference between intensity, color and location of pixels are
examples of the similarity measures.
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In this section, a segmentation algorithm is proposed, which utilizes the proposed associative CLA. Similar to the proposed
clustering algorithm, each cell has one proposed associative LA. Since images have two dimensions, CLA is defined as a two
dimensional regular structure. At the beginning of the algorithm, the input image is transformed from RGB to HSV and the result
is given to the algorithm. Input to the CLA is the pixels of the image. Every pixel is specified by vector hx, y, h, s, vi, where x, y
show the location of the pixel and h, s, v show HSV items of the pixel.
Now, the initial state of the cells should be determined. Considering CLA size, image is divided into equal-sized blocks.
Then, CLA is mapped into image pixels so that CLA’s cells cover entire image and the distances between cells are equal. Initial
state of each cell is determined based on its nearest neighbour pixel. HSV value of this pixel is assigned to the cell. CLA is
evolved as follows: at each step, one pixel is given to all cells. Each cell calculates Euclidean distance between the input vector
and its state and adds it with a random noise in the interval [−η, η], where η is a constant. This value is considered as the action of
the cell. Now local environment of each cell generates a reinforcement signal to that cell using the following rules: if the chosen
action by the cell is smaller than its neighbours, a reward signal is generated; otherwise, the cell should receive a punishment.
Cells update their state based on the reinforcement signal. The number of cells in the CLA shows the maximum number of the
segments which can be found by the CLA. At the end of the algorithm, each pixel should be assigned to a cell. So, the distance
between a pixel and all cells is calculated and that pixel is assigned to the cell with smallest distance. The proposed clustering
algorithm is shown in Algorithm 3.
Algorithm 3 Segmentation algorithm based on the proposed associative CLA
1:
2:
3:
4:
5:
6:
7:
8:
9:
10:
11:
12:
13:

Establish an associative CLA.
Initialize the state of cells.
Convert image from RGB to HSV space.
for each cell i in the CLA do
Let x be a pixel of the image in form of hx, y, h, s, vi.
Cell i selects an action αi
if the selected action of the LA in cell i is smaller than actions of neighbours of cell i then
Reward cell i
else
Penalize cell i
end if
Update the state of the cell i according to the reinforcement signal β.
end for

4.3

Classification Algorithm based on the Proposed CLA

Classification is a two-phase learning task. In the training phase, the algorithm creates a classifier using training data. Such
classifier is used in the test phase to predict class of each test data. In the classification with more than two classes, one versus
one or one versus all strategies can be used with the binary classifiers. In one versus one strategy, one classifier is designed for
every pair of classes and class of a test data is decided using majority voting. In contrast,
 one versus all strategy designs one
classifier for separating each class of data from all other classes. So, there would be n2 and n classifiers, respectively. The
strategy used in this section is one versus all. Another approach to deal with multi-class prediction is to use error-correcting
codes; Each class is assigned a unique binary string of length n, which is refered as "codewords". Then n binary functions are
learned, one for each bit position in these binary strings. During training for an example from class i, the desired outputs of these
n binary functions are specified by the codeword for class i. New data instances are classified by evaluating each of the n binary
functions to generate an n-bit string s. This string is then compared to each of codewords, and new data instance is assigned to
the class whose codeword is closest, according to some distance measure, to the generated string s [35].
Now, a classification algorithm based on the associative CLA is proposed. This associative CLA uses associative reward
penalty learning automaton (AR−P ) introduced in [33] in each cell, which is described in the next section.
4.3.1

AR−P Learning Automaton

AR−P is an associative LA and receives input vector X from the environment. AR−P has action set α = {1, −1}. State of the
LA is represented as a vector Φ which is same-size with the input vector X. On receiving input vector X, LA selects one action
according to its decision function and updates its state using the reinforcement signal β. Decision function of the LA is defined
as follows:
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α=

+1
−1

if ΦX + κ > 0,
if ΦX + κ <= 0,

(3)

in which, κ is a random variable and shows the noise. Usually, it is assumed that the noise has uniform distribution. The state of
the LA is updated as follows:

Φ + γ(E{α|Φ, X} − βα)X
if β = 1 (reward)
0
Φ =
(4)
Φ + bγ(E{α|Φ, X} − βα)X
if β = −1 (penalty),
where, γ is learning rate and b is penalty parameter. When b 6= 0, LA is called AR−P , and when b = 0 LA is called AR−I .
4.3.2

Classification algorithm

In this section an algorithm for classification based on the proposed CLA is introduced. Training phase of the algorithm is as
follows: first, the algorithm builds a two-dimensional CLA with n × k cells, where parameter n is the number of rows and is equal
to the number of classes. Those cells, that placed in row i, are responsible for separating data in class i from the other classes.
Parameter k is the number of columns and is an experimental parameter, so it intuitively shows the required cells to distinguish
data of one class against data of the other classes. Since, later in the test phase of the algorithm, majority voting between cells
of each row is done to determine the class of data, parameter k must be large enough to represent the real decision of that row.
Neighbours of each cell are its adjacent cells placed on the same row. Neighbourhood radius is chosen to be small.
The proposed method uses one versus all strategy, so n classifiers must be created. The main idea is to use AR−P for separating
data of different classes. AR−P has two actions {1, −1}. If LA chooses action 1, the given instance belongs to the corresponding
class and if LA chooses action -1, then, the given instance is not belong to the corresponding class. Initial states of the cells are
chosen randomly and training data are given to the all cells synchronously. Each cell chooses one action according to its decision
function. After applying local rule, the reinforcement signal is generated and the states of the cells are updated. Suppose the
training data belongs to the class i. Local rule of cell j in row i is defined as follows:
• If cell j in row i chooses action 1 and half or more than half of its neighbours also choose action 1, a reward is given to the
selected action of the cell j.
• If cell j in row i chooses action 1 and half or more than half of its neighbours choose action -1, a penalty is given to the
selected action of the cell j.
• If cell j in row i chooses action -1, a penalty is given to the selected action of the cell j.
This local rule is based on this intuition: when the training data belongs to the class i, if cell j in row i choose an action 1, this
means it assigns data to the correct class, so it should be rewarded. Now, if half or more than half of its neighbours also choose
action 1, this is a good situation and that cell is rewarded. However, if more than half of its neighbours choose action -1, that cell
is penalized. At final, if cell j chooses action -1, regardless of it neighbours, it should be penalized.
When the training data belongs to class i, local rule of cells in the other rows rather than i, is defined as follows: choosing
action 1 results in penalty for cells and choosing action -1 results in reward, provided that majority of neighbours also choose
action -1. Algorithm 4 shows the training phase of the learning algorithm.
In test phase, a test data is given to all cells of the CLA. Each cell chooses one action according to its decision function.
Decision functions of LAs were trained before in the training phase. In each row, an action, which is chosen by majority of cells,
is considered as the representative action of that row. If the representative action is 1, it means that the test data can be assigned
to the corresponding class of that row. After determining representative action of all rows, the class of the test data should be
decided. In the ideal case, only one representative action is 1 and all other representative actions are -1. In such case, the class
of test data is clear. In other cases, more than one representative action is 1. Then the row with maximum number of votes in 1,
is chosen as the winner row. As a result, class of the test data is the corresponding class of the winner row. In the case of equal
votes in two or more rows, the class can be any of them and so is chosen randomly among them. Algorithm 5 shows the test
phase of the proposed algorithm.

4.4

Semi-supervised Classification Algorithm based on the Proposed CLA

In this section, a simple semi-supervised classification algorithm based on the classification algorithm given in the previous
section is proposed. Semi-supervised algorithms uses training data, which some of them are labelled, while the others are not.
Label of each data specifies its class and semi-supervised algorithm should use such data to build a classifier.
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Algorithm 4 Training phase of the proposed classification algorithm
1:
2:
3:
4:
5:
6:
7:
8:
9:
10:
11:
12:
13:
14:
15:
16:
17:
18:
19:
20:

Establish an associative CLA.
Initialize the state of cells in CLA.
for each cell j in the CLA do
Let x be a data sample from the data set, give x to cell j
Let i be the class of data x
Cell j selects an action α j
if Cell j is in row i then
if α j = 1 AND half or more neighbours of cell j selects action 1 then
Reward the selected action of LA in the cell j
else
Penalize the selected action of LA in the cell j
end if
else
if α j = -1 AND half or more neighbours of cell j selects action -1 then
Penalize the selected action of LA in the cell j
else
Reward the selected action of LA in the cell j
end if
end if
end for

Algorithm 5 Test phase of the proposed classification algorithm
1: for each cell j in the CLA do
2:
Let x be a data sample from the data set, give x to cell j
3:
Cell j selects an action α j
4:
for Each row i of the CLA do
5:
Select representative action
6:
end for
7:
Assign a class to data according to representative actions of rows.
8: end for
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The proposed semi-supervised algorithm works as follows: first the algorithm uses the proposed classification method, which
was introduced in the previous section, to train a classifier for labelled data. Next, an unlabelled data is given to the algorithm.
Algorithm assigns a label to the given data. Now, the algorithm adds that data to the labelled data set and train the classifier
again. This procedure continues until all unlabelled data would be added to the labelled data set. At the end all data have label
and so the algorithm can consume them to build the final classifier. Test phase of the proposed semi-supervised algorithm is the
same as the test phase of the proposed classification algorithm. Algorithm 6 shows the train phase of the proposed method.
Algorithm 6 Train phase of the proposed semi-supervised classification algorithm
1:
2:
3:
4:
5:
6:
7:
8:
9:

Establish an associative CLA .
Initialize the state of cells in CLA.
Divide the data set into labelled data set and unlabelled data set.
Train an associative CLA with the labelled data.
for each data x in unlabelled data do
Classify x using the CLA and find the label of x
Add x to the labelled data set
Train the CLA with the new labelled data set
end for

5

Experimental Results

In this section, performance of the associative CLA is examined through computer experiments. As described in previous
sections, associative CLA can be used in pattern recognition tasks such as classification, clustering and image segmentation. In
each application, the other related methods are selected for comparison.

5.1

Clustering Algorithm

In this section associative CLA is examined on various clustering data sets and the results are compared with Self Organizing
Map (SOM) and K-Means algorithms. K-Means is one of ten top algorithms in data mining [36]. Despite its simplicity, KMeans outperforms most of clustering algorithms. On the other hand, the proposed classification algorithm can be regarded as
the probabilistic version of SOM as mentioned in the section 3.1. Therefore it would be beneficial to compare the proposed
clustering algorithm against K-Means and SOM.
K-Means receives parameter K as the number of clusters. Next in an iterative refinement process it assigns each data to
the nearest cluster and updates cluster centers. Iterations stop until no cluster center changes. SOM is a type of artificial neural
networks that is trained using unsupervised learning to produce a low-dimensional representation of the input space of the training
data which is called map.
To study the proposed CLA, six experiments are designed. Each of them follows different aims and tries to assess the
capability of the proposed method in dealing with different clustering problem. Most of data sets used in these experiments are
two-dimensional, so the result could be visualized. For getting reliability in results, the proposed algorithm was repeated ten
times and the average results are reported. In CLA’s figures, red points show data points. Blue points show final position of
CLA’s cells. Yellow points show the path that cells move from their initial position until reside in cluster centres. In SOM’s
figures, lines represent neighbourhood relation between neurons. In K-Means’ figures, cross marks show center of clusters.
5.1.1

Experiment 1: Well-Separated Mass Type Clusters

In the first experiment, the proposed clustering algorithm was examined on two simple data sets. Each data set has well-separated
mass type clusters. The first data set contains 42 samples and the second contains 65 samples. The dimension of CLA for the
first data set is 4 × 3 and for the second data set is 3 × 3. So, the maximum number of clusters CLA can find is 12 and 9 clusters
for these data sets, respectively. Figure 3 shows the result of the proposed clustering algorithm which is compared by SOM and
K-Means. Top row shows the results on the first data set and the bottom row shows the results on the second data set.
The number of clusters in K-Means algorithm was set to six for both data sets. Results of the first data set show that, the
state vectors of three cells are not changing over the execution of the algorithm and so they did not participate in the learning
process. The other cells moved from their initial state to the center of clusters. As an improvement in the output of the proposed
algorithm, we suggest to apply post process on the results: Those cells, that do not have data, should be removed and adjacent

10

(a) Associative CLA

(b) K-Means

(c) SOM

Figure 3: Comparison of associative CLA with K-Means and SOM on mass-type clustered data set.

cells should be merged. State vectors of the merged cells are the average of state vectors of the initial cells. So, the final result
contains the same clusters, which can be detected by human.
On the first data set, cluster which lies on the top of image, was recognized as two separate clusters by K-Means. On the
second data set, SOM algorithm puts three neurons in two clusters which lie in bottom of the image, while K-Means detects only
one cluster. So, the performance of the associative CLA is better than K-Means and SOM on these data sets.
The proposed algorithm stops when intra similarity and intra similarity measures reach to a nearly stable value. Intra similarity
is calculated as the square of distance between data and center of cluster which data belongs to it. Inter similarity measure also
computed as the square of distance between centres of clusters. Figures 4 and 5 show changing of stop criteria versus epoch
number. These figures show that the proposed clustering algorithm converges after some iterations for these two data sets.
5.1.2

Experiment 2: Hard-Separable Clusters

The aim of this experiment is to study the performance of the associative CLA on data sets with hard-separable clusters. Two
data sets are used for this experiment, which are taken from clustering data set of Florida University [37]. The first data set has
twelve clusters, while the second one has ten. The size of CLA for both data set is 3 × 4.
Figure 6 shows the result of the proposed algorithm, SOM and K-Means. As it can be seen, no clear cluster can be found
on data set. Results of the associative CLA on the first data set show that all cells except one, which lie in left bottom corner,
moved to the focal points of data, where data aggregation is more than other places. Results on the second data set show that cells
distributed in data space uniformly and covered whole of data area. Of course, distribution of cells is similar to the distribution
of data, such that area which has more data has more cells and sparse area attract fewer cells. Results of SOM and K-Means is
similar to the proposed method.
Figures 7 and 8 show the inter similarity and intra similarity measure for the first and the second data set of this experiment.
According to these figures, two measures for both data sets converge to their final values. Thus, after twenty iterations the
position of cells are fixed and cells reside in the center of data.
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(a) Intra similarity

(b) Inter similarity

Figure 4: The change of convergence measures in the proposed clustering algorithm for the first data set with mass-type clusters

(a) Intra similarity

(b) Inter similarity

Figure 5: The change of convergence measures in the proposed clustering algorithm for the second data set with mass-type clusters
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(a) Associative CLA

(b) K-Means

(c) SOM

Figure 6: Comparison of associative CLA with K-Means and SOM on hard-separable data set.

(a) Intra similarity

(b) Inter similarity

Figure 7: The change of convergence measures in proposed clustering algorithm for the first data set on hard-separable data set
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(a) Intra similarity

(b) Inter similarity

Figure 8: The change of convergence measures in proposed clustering algorithm for the second data set on hard-separable data

5.1.3

Experiment 3: Prototype-based Clusters

Data sets which are used for this experiment, have prototype based shapes. In such clusters, points are not necessary close to
the cluster center, but to the prototype of the cluster. For example, consider a cluster in two-dimensional space, in which data
arranged environs a circle. Such circle is prototype of the cluster and center of the circle is center of the cluster according to
symmetry of the cluster’s shape. Every point in the cluster is close to the prototype rather than to the center of cluster. Difference
between cluster’s center and cluster’s prototype becomes clear if a mass cluster exists also on the center of that circle. Now, the
measure, which should be used to assign data to a cluster, is closeness to the cluster’s prototype, not closeness to the cluster’s
center.
First data set contains 479 samples, which make two crescent clusters and is shown in the first row of the Figure 9. Second
data set contains 272 samples, which make two spiral clusters and is shown in the second row of the Figure 9. In each data set,
two clusters are intertwined. CLA for this experiment has 5 × 5 cells with neighbourhood radius of two, for both data sets. The
maximum number of iterations is set to 500 and the algorithm is repeated ten times. Dimension of SOM is 5 × 5 for both data
sets. K-Means cluster number is set to 12 for both data sets. Figure 9 shows the results of this experiment.
Figure 9 shows that on the crescent-like clusters, SOM and K-Means algorithms spread their cluster centres on the entire
of data clusters uniformly. So instead of two crescent-like clusters, many small clusters are detected. Indeed, K-Means is most
suited for convex clusters, since it assigns each data point to the cluster with least distance to the centroid.
On the spiral data set, K-Means and SOM divide each spiral cluster into several small clusters, so their results are far from
the true shape of the clusters. Results of the associative CLA show many nearby cells located on the right side of clusters; while
few cells located on the left side of the clusters. If nearby cells treated as a unique cluster, the proposed algorithm would find
the spiral clusters better than the other algorithms. Figures 10 and 11 show intra similarity and inter similarity measure for spiral
and crescent-like data set. Algorithm converged after nearly 60 iterations. As can be seen, inter similarity measure converges to
a stable value faster than intra similarity.
5.1.4

Experiment 4: Labelled Data

In previous experiments, data are not labelled. When data is unlabelled, there are not exact criteria for evaluation of clustering
result. So, in this experiment, labelled data are chosen and output of the algorithms is compared with real label of data. As the
result, analysis and evaluation of experimental results is more precise and more reliable.
In this experiment five data sets are used. These data sets were selected from UCI machine learning repository [38] and
consist of IRIS, WINE, SOYBEAN, IONOSPHERE and SEGMENT. IRIS data set is perhaps the best known data set in pattern
recognition. This data set contains 3 classes of 50 instances each, where each class refers to a type of iris plant. One class is
linearly separable from the other classes; while the two other classes are not linearly separable from each other [38]. WINE
data set is the results of a chemical analysis of wines grown in the same region in Italy but derived from three different cultivars.
The analysis determined the quantities of 13 constituents found in each of the three types of wines. SOYBEAN data set are
used for Soybean disease diagnosis and has four classes. IONOSPHERE data set consist of radar data. This data set has two
classes: "Good" and "Bad". "Good" radar returns are those showing evidence of some type of structure in the ionosphere. "Bad"
returns are those that do not; their signals pass through the ionosphere. SEGMENT data set is an image segmentation database.
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(a) Associative CLA

(b) K-Means

(c) SOM

Figure 9: Comparison of associative CLA with K-Means and SOM on prototype-base clustered data sets.

(a) Intra similarity

(b) Inter similarity

Figure 10: The change of convergence measures in the proposed clustering algorithm for the first data set on prototype-base clustered data
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(a) Intra similarity

(b) Inter similarity

Figure 11: The change of convergence measures in the proposed clustering algorithm for the second data set on prototype-base clustered data

The instances were drawn randomly from a database of seven outdoor images. The images were hand-segmented to create a
classification for every pixel.
Table 1 displays five data sets and output of associative CLA and SOM algorithms. Dimensions of CLA and SOM were
chosen such as the capability of the model to distinguish data of different classes, fits to data set. For example, CLA with
dimension 3 × 3 can find at most nine clusters. SOM with dimension 3 × 3 find also at most nine clusters. For each data set,
mapping between real classes and clusters detected by algorithms is shown as k → Ci . It means cluster k contains data of class
Ci .
Table 1 demonstrates that associative CLA has better performance than SOM algorithm on labelled data sets. Result of SOM
is random in most cases, while associative CLA could detect most of real classes. Also the number of clusters of associative
CLA is more close to the actual number of classes than the SOM.
5.1.5

Experiment 5: Effect of Random Noise

Aim of this and the next experiments is to study sensitivity of the proposed clustering algorithm to learning rate and random noise
parameters. Data set used in these experiments is the first data set of experiment one. We used the simplest data set for these
experiments, in order to only evaluate the effect of parameters and nothing else. First, the effect of random noise on the proposed
clustering algorithm is studied. Random noise in Equation (1) influences on the action which is chose by the associative LAs
residing in cells. To study effect of the random noise, other parameters were fixed and values of random noise were changed in
the interval [0, 1]. Learning rate is set to 0.1, CLA’s dimension is 3 × 3 and neighbourhood radius is set to 1.
In Figure 12, the output of the proposed clustering algorithm when value of random noise changes, is shown. As Figure
12 demonstrates, the best result of the proposed clustering algorithm is obtained for random noise 0.1. In this case, algorithm
converges after some epochs. As the value of noise increases, the results becomes worse and intra similarity and inter similarity
diagrams have more fluctuation, such that algorithm does not converge even after 100 epochs. Another effect of random noise is
on the movement of cells. As the noise increases, yellow area becomes wider. This means the movement of cells becomes more.
For noise 0.05, cells have least movement and so could not detect the true clusters. As a result, random noise is an important
parameter, which has great impact and value of it should be kept small, near to 0.1.
5.1.6

Experiment 6: Effect of Learning Rate

In this section, we study the effect of learning rate on the proposed clustering algorithm. Learning rate is an important parameter
which controls the speed of the convergence for the algorithm. Learning rate appears in updating schema for state vector of cells.
As it is inferred from Equation (2), as learning rate becomes closer to 1, then the amount of change in the state vectors also
become more. So, centres of clusters move in space with more speed. As the previous experiment, other parameters are fixed
and the value of learning rate changes in interval [0, 1]. Data set used for this experiment, is the same as the previous experiment.
Figure 13 shows the result of algorithm. According to this figure, the best result of the algorithm is obtained for learning rate
equal to or smaller than 0.1. As the learning rate increases, the performance of the algorithm decreases. So the proper value for
learning rate for this data set is near to 0.1.
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Table 1: Comparison performance of associative CLA with SOM algorithm on labelled data.

Data Set

IRIS

WINE

SOYBEAN

Number of classes

3

3

4

IONOSPHERE

2

SEGMENT

7

Associative CLA
Dimension of CLA: 3 × 3
Number of Clusters: 2
Mapping of Classes to Clusters:
1 → C1
2 → C2 ,C3
Dimension of CLA: 3 × 3
Number of Clusters: 2
Mapping of Classes to Clusters:
1 → C1
2 → C2 ,C3
Dimension of CLA: 3 × 3
Number of Clusters: 2
Mapping of Classes to Clusters:
1 → C1 ,C2
2 → C3 ,C4
Dimension of CLA: 2 × 3,
Number of Clusters: 3,
Mapping of Classes to Clusters:
random
Dimension of CLA: 3 × 3
Number of Clusters: 6
Mapping of Classes to Clusters:
1 → C2
2 → C7
3 → C7
4 → C4 ,C6
5 → C1 ,C3 ,C5 ,C7
6 → C1 ,C3 ,C4 ,C5
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SOM
Dimension of network: 3 × 3
Number of Clusters: 6
Mapping of Classes to Clusters:
random
Dimension of network: 3 × 3
Number of Clusters: 9
Mapping of Classes to Clusters:
random
Dimension of network: 3 × 3
Number of Clusters: 5
Mapping of Classes to Clusters:
1 → C1
2 → C1
3 → C1
4 → C2
5 → C3 ,C4
Dimension of network: 2 × 3,
Number of Clusters: 6,
Mapping of Classes to Clusters:
random
Dimension of network: 3 × 3
Number of Clusters: 7
Mapping of Classes to Clusters:
1 → C2
2 → C4
3 → C7
4 → C6
5 → C3 ,C5
6 → C2 ,C4 ,C6
cluster 7: random

Noise

Output

Intra similarity

Inter similarity

0.05

0.1

0.2

0.3

0.7

1
Figure 12: Effect of random noise on the output of the proposed clustering algorithm, intra similarity and inter similarity.
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Learning Rate

Output

Intra similarity

Inter similarity

0.05

0.1

0.3

0.5

0.7

1
Figure 13: Effect of learning rate on the output of the proposed clustering algorithm, intra similarity and inter similarity.
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5.2

Image Segmentation

In order to evaluate the performance of the associative CLA in image segmentation, several standard images are prepared. These
images have been taken from Berkeley University repository for image segmentation [39]. In this experiment, associative CLA
is applied on test data. Considering test data, dimension of CLA is selected as 4 × 4. This dimension is fixed for all images. So,
each test image is segmented to 16 partitions at most. For better representation of the output, each segment is coloured differently.
The proposed algorithm is iterated 30 times.
K-Means algorithm can be used in image segmentation, because image segmentation is as a clustering task on pixels of
the image. K-Means algorithm for image segmentation is as follows: Same as in the proposed CLA, each pixel of the image
is represented as a hx, y, h, s, vi. These five values are normalized and lie in [0, 1] interval. Set of image’s pixels are given to
K-Means algorithm and output of the algorithm is clusters of similar pixels. Number of clusters (K) must be determined before
execution of the algorithm and is given to it. Figure 14 shows result of applying associative CLA and K-Means on test images.
In figure 14, parameter K for K-Means algorithm is set from top to bottom as follows: 5, 8, 6, 4, 4, 4, and 7, respectively.
If parameter K is set to more or less than real number of segments, that a person can detect in image, the result of the K-Means
would not be acceptable. In all experiments, parameter K is set to the best value, so that the algorithm generate its best result. In
the other side, K-Means has stochastic nature and generate different results on different runs. So, we reported the best of all.
Comparing the results of the proposed model with those of K-Means shows that the associative CLA performs better in almost
all cases. Result of the CLA, unlike the K-Means, is such that structure of the image is conserved. Moreover, the proposed CLA
is independent of the number of clusters and has a fixed structure in all experiments, while K-Means need to be given number of
clusters in each experiment.

5.3

Classification Algorithm

Classification is task of identifying to which of a set of categories a new observation belongs, on the basis of a training set of
data. In order to evaluate performance of the proposed CLA in classification task, two experiments are designed. In the first
experiment, associative CLA is applied on eight data sets. Result of the proposed CLA is compared with three famous and
successful classifiers: SVM, KNN and Naive Bayes classifier. In the next experiments, effect of parameters of the CLA on the
performance of classification is investigated.
5.3.1

Accuracy of the Proposed algorithm

In experiment one, eight data set are used which consist of IRIS, WINE, WDBC, PROTEIN, SOYBEAN, IONOSPHERE,
DIABETES and SEGMENT. WDBC data set is extracted from digitized images of breast mass. This data set is used for diagnosis
of breast cancer and has two classes of "Yes" or "No". PROTEIN data set is collected to study the structure of the protein
molecules and has six classes. DIABETES data set is collected from many diabetics. This data set is used for separating diabetes
type one from type two.
One of the powerful methods in classification is support vector machine (SVM). SVMs consider task of classification as an
optimization problem and solve it by quadratic programming. Kernel function, which is used in our experiment, is a polynomial
function with order three. KNN is another efficient classification algorithm. KNN classifier finds k nearest neighbours of a test
data and puts it on the class which has the majority of votes among k neighbours. If k is set to a small or a large value, accuracy of
the classifier decreased. Because small values prevent the voting to show the real class and large values allow the interference of
irrelevant data. So parameter k should be selected as a medium value, which of course depends on the data set. In this experiment,
k is set to seven. Another classifier, which used for comparison, is Naive Bayes classifier. In the Bayesian framework, decision
function for class Ci is defined in equation (5).
gi (x) = P(Ci ) × P(x|Ci ),

(5)

where, P(Ci ) and P(x|Ci ) show prior probability and liklihood of data given class Ci , respectively. For computing liklihood
distribution of class Ci over x should be known. Since these data sets are collected from natural events, distributions P(x|Ci ) is
regarded as normal distribution and parameters of this distribution, µ and Σ, are estimated from mean and variance of data set.
So, probability of each test data is computed for each class of data set. Class which has the most probability is selected for test
data.
The proposed CLA is configured as follows: cells were arranged in n × 20 structure in two-dimensional Euclidean space,
which n is number of classes of data set. In general, the number of columns is an experimental parameter and should be
determined through trial and error. Later the effect of this parameter on the result of algorithm is studied. Neighbourhood vector
is set to N = {−5, −4, −3, −2, −1, 0, 1, 2, 3, 4, 5}. The number of iteration is set to 1000. For fair evaluation, 10-fold cross
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(a) Test Image

(b) Associative CLA

(c) K-Means

Figure 14: Result of applying the proposed CLA versus K-Means on the image data set.
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Table 2: Comparison of the proposed classifier with SVM, KNN and Naive Bayes according to the CCR measure.

(a) Learning Rate

Data set

Associative CLA

SVM

KNN

Naive Bayes

IRIS
WINE
WDBC
PROTEIN
SOYBEAN
IONOSPHERE
DIABETES
SEGMENT

0.95
0.81
0.91
0.72
0.94
0.85
0.72
0.87

0.97
0.95
0.95
0.74
0.97
0.87
0.76
0.88

0.97
0.69
0.93
0.76
0.95
0.83
0.73
0.88

0.84
0.67
0.83
0.61
0.88
0.75
0.68
0.76

average

0.84

0.88

0.84

0.75

(b) Size of CLA

(c) Noise

Figure 15: Effect of input parameters on proposed classification algorithm.

validation method is employed: each classification algorithm is repeated ten times. In each repetition, ten percent of the data set
is used for the test and the remaining is used for the training. Correct classification rate (CCR) of classifier is computed in each
repetition and the average of all CCRs is reported. Table 2 shows the results of four classifiers on the eight data sets.
The results in Table 2 show that the average CCR of the proposed classifier is better than Naive Bayes classifier and is similar
to the KNN. SVM classifier is the best among four algorithms. Although, SVM results are better than associative CLA, the
difference is small and these algorithms have similar CCRs in most cases.
5.3.2

Sensitivity of the proposed algorithm to its parameters

In this and the next experiments, the effect of parameters on the performance of the proposed classifier is investigated. Parameters
under study include size of the CLA, learning rate and noise. First, the sensitivity of the proposed classification algorithm to the
learning rate is examined. This parameter appears in updating function of cells. Same as the previous experiment, dimension of
the CLA is 3 × 20, neighbourhood radius is five, random noise is chosen uniformly in the interval [0, 1], the number of iteration
is set to 1000. Learning rate belongs to the interval [0, 10] and 10-fold cross validation was employed on WINE data set. Figure
15a represents the precision of classification versus different values of learning rate. Increasing learning rate from zero to three,
rapidly increases accuracy of the algorithm and then does not change it. For values larger than three, precision of classification
decreases. This results are expectable, because for small values of learning rate, change of cell’s state is slowly and negligible.
For large values of learning rate, state of cell changes rapidly and could model the discriminant function. As a result, learning
rate is an important parameter of the algorithm and should set to a value not too small and not too large.
In the next experiment, the effect of CLA’s size is studied. Size of CLA is another important parameter of the algorithm. In
this experiment, dimension of CLA is 2 × k, where k changes from 10 to 300. Random noise is chosen uniformly in the interval
[0, 1] and the learning rate is 0.5. Neighbourhood radius is set to five and the number of iterations is set to 1000. IONOSPHERE
is used for evaluation and 10-fold cross validation is used for evaluation. As Figure 15b shows, increasing size parameter till 120
causes increasing precision of the algorithm. After 120, precision decreases slowly. This result implies that the best value for
size is near 120 and small or large values for size lead to decreasing precision of the algorithm. This is because size of CLA is a
structural parameter which determines the learning power of the classifier model. When the number of parameters for the model
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Table 3: Comparison of the semi-supervised classifier based on the proposed CLA with semi-supervised SVM, KNN and Bayesian according
to CCR measure, p = 0.3.

Data set

Associative CLA

SVM

KNN

Bayesian classifier

IRIS
WINE
WDBC
PROTEIN
SOYBEAN
IONOSPHERE
DIABETES
SEGMENT

0.92
0.87
0.91
0.71
0.92
0.82
0.77
0.86

0.98
0.92
0.95
0.73
0.98
0.87
0.78
0.96

0.96
0.67
0.93
0.78
0.97
0.77
0.75
0.93

0.90
0.72
0.83
0.69
0.78
0.72
0.64
0.81

average

0.84

0.88

0.83

0.76

Table 4: Comparison of semi-supervised classifier based on the proposed CLA with semi-supervised SVM, KNN and Bayesian according to
CCR measure, p = 0.5.

Data set

Associative CLA

SVM

KNN

Bayesian classifier

IRIS
WINE
WDBC
PROTEIN
SOYBEAN
IONOSPHERE
DIABETES
SEGMENT

0.90
0.83
0.88
0.69
0.90
0.80
0.70
0.85

0.97
0.95
0.94
0.72
1
0.88
0.75
0.95

0.96
0.68
0.94
0.64
0.90
0.87
0.72
0.92

0.88
0.70
0.79
0.63
0.71
0.65
0.59
0.80

average

0.81

0.88

0.81

0.71

is small, that model cannot learn patterns in data well. Meanwhile, when a model is excessively complex, such as having too
many parameters, overfitting may occurs and so the prediction performance of the model decreases. As a result, size of CLA in
the proposed classification algorithm is an important parameter, which should be determined according to the nature of the data.
The last experiment of this section is devoted to effect of noise on the proposed classification algorithm. Data set for this
experiment is IRIS. Dimension of CLA is set to 3 × 20 and the neighbourhood radius is five. Learning rate is set to 0.5 and the
number of iterations is 1000. Value of the noise is chosen to be in the interval [0, 10]. Method of validation is 10-fold cross
validation. Figure 15c demonstrates the result. Value of η for the noise means that the random noise parameter, which is used
in AR−P , is chosen in the interval [−η, η] with uniform distribution. So, larger value for η causes the longer interval of random
noise. Increasing noise from zero to two, does not change precision of the proposed algorithm significantly. However, for values
larger than two, precision decreases until it reaches zero. This is because large values of random noise cause to cells select actions
randomly and so their selection is not based on their previous learning. The primary idea of random noise is to give chance to
cells to escape from local optimums. So the value of random noise should not be large to prevent from random walk of cells.

5.4

Semi-supervised Classification Algorithm

Evaluation of the associative CLA for semi-supervised classification problem is done on same data sets which are used for
classification problem. Semi-supervised methods used for comparison are SVM, KNN and Bayesian classifier. Associative CLA
for this problem configured so it has n × 20 cells, with neighbourhood radius five. CLA algorithm is iterated 1000 times on each
data set. To prepare data sets for semi-supervised classification, label of some percent of data is removed and the experiment is
repeated for different values. This value denoted by p, is written in caption each table. For ensuring reliability of the results, each
of four algorithms is repeated ten times and the average of ten results is reported as correct classification rate of that algorithm.
As tables 3, 4 and 5 show, as percent of unlabelled data increases, CCR of four algorithm decrease. This is because accuracy
of training samples decreases and so error rate on test samples increases. Proposed CLA has average accuracy less than SVM
algorithm, greater than Bayesian classifier in all cases and better than KNN in some cases. To sum up, above tables show that,
the associative CLA have an acceptable performance in semi-supervise classification task.
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Table 5: Comparison of semi-supervised classifier based on the proposed CLA with semi-supervised SVM, KNN and Bayesian according to
CCR measure, p = 0.8.

6

Data set

Associative CLA

SVM

KNN

Bayesian classifier

IRIS
WINE
WDBC
PROTEIN
SOYBEAN
IONOSPHERE
DIABETES
SEGMENT

0.84
0.80
0.85
0.59
0.74
0.78
0.61
0.82

0.87
0.93
0.88
0.56
0.78
0.85
0.65
0.93

0.95
0.67
0.93
0.61
0.73
0.82
0.73
0.91

0.72
0.61
0.64
0.58
0.62
0.52
0.51
0.79

average

0.75

0.78

0.77

0.62

Conclusion and Future Works

In this paper a new model for CLA was proposed. The main characteristic of this model is that it can receive additional information from the environment as the input vector. The external input is given to all cells of the CLA. Each cell uses the input in
the learning process. This augmentation increases flexibility and computational power of the CLA. Decision based on local information, distribution of computation and stochastic nature of decisions are the main features of the associative CLA. Although
each cell decides based on its local information, adding external input vector causes synchronization among cells.
Associative CLA can be utilized in pattern recognition applications. In this paper, some of these applications have been
introduced and performance of the proposed algorithms has been investigated through several experiments on various data sets.
Results of computer simulations show that the associative CLA outperforms successful algorithms in the studied applications. In
the clustering and image segmentation tasks the results were compared intuitively. In the most of cases associative CLA beats
its rivals in detecting coherent clusters of the data and meaningful segments of the images. In the classification task, precision
of the proposed algorithm on eight data sets is 84% in average, which is better than KNN and Naive Bayes algorithms with
precision 83% and 75%, respectively. Meanwhile associative CLA acts worse than SVM with precision 88% . The similar result
is obtained when the proposed semi-supervised algorithm competes with semi-supervised SVM, KNN and Bayesian classifiers
on the same data sets. At all configurations, associative CLA outperforms Naive Bayes with significant difference; while its
performance is close to semi-supervised KNN and is lower than semi-supervised SVM with narrow margin.
Experimental results on effect of the parameters of the algorithms demonstrated that the size of CLA is a structural parameter,
which determines generalization power of the model. Random noise parameter, which used in choosing action function of LAs,
helps the model to escape from local optimums and get the chance to reach the global optimum of the input space.
As the future work, we propose to design and implement some algorithms based of the associative CLA for the other tasks of
the machine learning such as regression and dimension reduction. Comparing the resulting algorithms with the other successful
algorithms of the pattern recognition such as artificial neural networks is suggested. Also, it would be beneficial to use the
other learning algorithms, instead of the LA, inside each cell of the CLA to produce new learning models and compare their
performance with the associative CLA .
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