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ABSTRACT Cluster analysis using metaheuristic algorithms has earned increasing popularity over recent
years due to the great success of these algorithms in finding high-quality clusters in complex real-world
problems. This paper proposes a novel framework for automatic data clustering with the capability of gen-
erating clusters with approximately the same maximum distortion using nature-inspired binary optimization
algorithms. The inherent problem with clustering using such algorithms is having a huge search space.
Therefore, we have also proposed a binary encoding scheme for the particle representation to alleviate
this problem. The proposed clustering solution requires no prior knowledge of the number of clusters and
proceed with the process based on re-clustering, merging, and modifying the small clusters to compensate
for the distortion gap between groups with different sizes. The proposed framework’s performance has been
evaluated over a wide range of synthetic, real-life, and higher dimensional datasets first by considering
four different binary optimization algorithms for the optimizer module. Then, it has also been compared to
multiple classical and new clustering solutions and two other automatic clustering techniques in continuous
search space in terms of separation and compactness of the clusters by utilizing internal validity measures.
The experimental results show the proposed solution is highly efficient in creating well-separated and
compact clusters with approximately the same distortion in most datasets. Moreover, the application of
the proposed framework to the correlated binary dataset is also reported as a case study. The presence
of correlation in a dataset results from the similarity between data points in the same category, such as
repeated measurements in remote sensing, crowdsourced multi-view video uploading, and augmented reality.
Simplicity, customizability, and flexibility in adding extra conditions to the proposed solution and having a
dynamic number of clusters are the advantages of the proposed framework.

INDEX TERMS Automatic data clustering, binary search space, binary clustering, cluster-level constraint,
distortion, dynamic clusters, nature-inspired optimization algorithms.

I. INTRODUCTION

The increasing penetration of artificial intelligence tech-
nologies and the widespread usage of sensors, networking
devices, and IoT smart applications in people’s daily lives
impose massive amounts of unstructured data into wireless
networks every day. This massive volume of data is extremely
beneficial in data analysis, social sciences, and many other
modern applications if it is appropriately classified and ana-
lyzed in a meaningful way [1], [2]. Clustering is a popular
unsupervised data analysis technique that captures the nat-
ural structure of a dataset and places similar objects into
a set of groups to simplify the process of analyzing and
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understanding information coming from different sources.
As a result, objects within a cluster are expected to be more
similar to each other. Nowadays, clustering analysis methods
are being widely used in many fields such as wireless sensor
networks, mobile networks, image and video processing, and
data summarization [3]. In some applications of wireless sen-
sor networks, having clusters with approximately the same
distortion (radius) is desirable, while there is no prior infor-
mation to specify the exact number of clusters in most cases.
One example is designing compression schemes for the nodes
in distributed source coding problems [4], [5]. Distributed
source coding problem considers the compression of multiple
correlated information sources that are statistically dependent
but physically distinct. Requiring an appropriate clustering
solution in such applications motivated us to propose an
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automatic clustering framework that can create compact and
well-separated clusters with approximately the same distor-
tion without requiring any extra information.

Assigning all objects correctly to different groups and
determining the optimal number of clusters are the two funda-
mental challenges in automatic data clustering problems [6].
The number of combinations in assigning m objects into K
groups is calculated by the Stirling number of the second

kind:
1 .
s k)= XL, (Hom

On the other hand, the size of the search space for deter-
mining the optimal number of clusters is calculated by the
Bell numbers described by:

Bm)=Y""_ Som,K) @)

Moreover, it has been shown [3], [6] that finding an opti-
mal solution for the clustering problem is NP-hard when
K > 3. These problems become evident, especially in the
case of having a high-dimensional dataset or dealing with
non-overlapping clusters having the potential of being differ-
ent in density, size, and shape.

Over the years, an extensive number of clustering algo-
rithms have been proposed for different types of data, algo-
rithms, and applications. In general, partitional and hierarchal
clustering algorithms are two main approaches for cluster
analysis in the literature [3], [6]-[12]. The partitional algo-
rithms can be performed in two different modes: hard and
fuzzy. In the hard-clustering algorithm, each pattern only
belongs to one cluster, while in the fuzzy clustering algo-
rithm, different membership degrees are assigned to each
pattern in a group. Partitional algorithms are often non-
deterministic. These algorithms require a priori knowledge
of the number of non-overlapping clusters [3], [7]. The well-
known K-means method is a famous example of this type that
is initialized with a random solution and tries to partition a
given dataset into a predefined number of clusters. Although
it is an efficient and robust algorithm, the results are strongly
dependent on the initial random guesses. Furthermore, this
algorithm computes the local minimum and cannot guarantee
the global optimum solution [8]-[10].

The hierarchical clustering algorithm, on the other hand,
develops a tree-based data structure to reach the exact number
of clusters by splitting the tree at different levels. This algo-
rithm creates a more deterministic and flexible mechanism
compared to the partitional approach. However, the final
grouping is static since each cluster’s assigned objects can-
not move to other groups. Besides, hierarchical clustering
exhibits poor performance when the separation of overlap-
ping clusters is carried out [3], [9], [11]. In this case, the fuzzy
clustering algorithm can express the overlapping nature of
clusters much better than the hierarchical model. The fuzzy
C-mean (FCM) algorithm [12] is a widely used clustering
algorithm that divides objects into a C number of clusters.
This number is determined by trial and error in advance.
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Although FCM is a powerful method, it is highly dependent
on initial guesses; thus, it can be easily entrapped within local
optima [3], [7], [12].

Being sensitive to initial solutions, entrapping in local
optima, and requiring a priori knowledge of the number
of clusters in most classical clustering algorithms made it
challenging to handle this task in some applications. On the
other hand, most of the real-world clustering problems can be
described as a typical optimization problem that tries to opti-
mize a criterion and specify the clustering quality [9]. There-
fore, the use of nature-inspired metaheuristic algorithms in
automatic clustering has been proposed as a superb solution
to work with different applications and datasets and over-
come the weaknesses of the classical approaches in recent
years [13], [14].

In a nutshell, metaheuristic algorithms can address the
clustering problem via two main approaches. In one
approach, the optimization algorithm tries to find the opti-
mum centroids for the desired dataset. Then, it divides data
points into predetermined clusters according to the identi-
fied centroids. This approach requires a priori knowledge
of the exact number of clusters. In another approach, the
optimization algorithm assigns each data point directly to a
group and tries to reach the best possible solution over the
course of iterations. The second approach is more convenient
since the number of clusters is not required to be predefined,
and a sufficient number of clusters evolve during the entire
clustering process. However, it suffers from a huge search
space, which makes the overall solution extremely difficult
without providing additional insights.

The advantage of not requiring predefined information in
the second approach motivated us to develop our clustering
problem based on this solution. In this regard, we have for-
mulated the clustering problem as an optimization problem
and adopted a dynamic range of clusters in accordance with
the input data to improve the convergence speed.

One of the main contributions of this paper is that the
obtained clusters will have approximately the same distor-
tion. Therefore, as mentioned earlier, it is highly beneficial
in applications such as compression schemes that need to
have relatively close values for the maximum distortion in
each cluster. Another contribution is that we have consid-
ered a merge and modify step in the objective function to
compensate for the distortion gap between clusters of dif-
ferent sizes without increasing the number of clusters. This
step significantly improves the convergence speed of the
proposed framework compared to similar solutions without
this assumption. Example 1 can elaborate on this effect.
Since we believe assigning a cluster number to each data
point has a discrete nature, another contribution is propos-
ing a binary encoding scheme for the particle representa-
tion. In most of the previous work, such as [15], [16], this
problem is usually carried out by considering a continuous
encoding algorithm requiring additional assumptions. More-
over, the proposed framework is a customizable solution that
can effectively work considering other assumptions or using
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different datasets and distance measures. The correlation-
aware clustering scheme discussed in section VI shows this
capability.

The performance of the proposed framework has been
evaluated over a wide range of synthetic, real-life, and higher-
dimensional datasets. This evaluation has been performed
in two parts; At first, the performance of the proposed
framework has been examined by considering four different
binary optimization algorithms, including binary bat algo-
rithm (BBA) [17], binary particle swarm optimization algo-
rithm (BPSO) [18], binary genetic algorithm (BGA) [19],
and binary dragonfly algorithm (BDA) [20]. Then, the perfor-
mance of the proposed solution has been compared to other
classical and new clustering algorithms as well. Moreover,
a correlation-aware clustering scheme for a binary dataset
is proposed and discussed as a case study. In this sense,
the proposed framework has been tailored to the binary case
and provided a solution for the automatic clustering prob-
lem in applications with correlated binary sources. Binary
data is the simplest case of categorical data in which only
two possible values describe discrete attributes and can be
reflected as a special case of quantitative data. Binary data
clustering is a challenging task due to its high dimensionality
and sparsity [21]. The correlated binary clustering solution
is beneficial in various disciplines such as medical sciences,
machine learning, big data, pattern recognition, image analy-
sis [3], [7], and many other recent applications such as cache-
aided networks and edge caching [22]. In such cases, taking
advantage of the similarity between the sample sets in the
clustering solution can improve efficiency and reduce the
delivery load [23].

The rest of this paper is organized as follows. Section II
presents a literature review on automatic clustering using
nature-inspired optimization algorithms and cluster-level
constraints. Section III briefly presents data clustering
problem definitions. In Section IV, the proposed frame-
work and the problem formulation are described in detail.
Section V addresses the experimental results and discussions.
Section VI discusses a correlation-aware clustering scheme
for the binary dataset as one of the applications of the pro-
posed solution. Finally, Section VII presents the conclusion
and some directions for future work.

II. LITERATURE REVIEW

Over the years, many optimization algorithms have been
proposed to overcome the problems caused by traditional
algorithms in cluster analysis. Tabu search algorithm [24],
the simulated annealing (SA) algorithm [25], and the par-
ticle swarm optimization (PSO) algorithm [26], which is
one of the most powerful optimization algorithms for data
clustering in complex problems, are some of the well-known
examples in this area. Van der Merwe and Engelbrecht [27]
have investigated the capability of several swarm intelligence
algorithms in partitioning different types of datasets. They
have also proposed a novel approach for clustering differ-
ent datasets into an optimal number of clusters through an
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optimization process. In [28], the data clustering problem
has been formulated as a single objective problem, and the
standard gbest of the PSO algorithm has been used to identify
the centroid of the clusters. Evolutionary algorithms have
also been among the most frequently used metaheuristic algo-
rithms for the clustering problem [29]. Hence, different types
of this algorithm have been studied in the literature, ranging
from a straightforward encoding, when the i gene coding
for clustering membership of the i object, to a more sophis-
ticated solution similar to Falkenauer’s grouping genetic
algorithm [30].

Although many optimization algorithms have been used to
solve the traditional clustering problems, only a few studies
have focused on applying nature-inspired metaheuristic tech-
niques to solve automatic data clustering. In [13], the auto-
matic data clustering problem has been addressed by utilizing
a hybrid solution called FAPSO based on an improved firefly
algorithm and the particle swarm optimization algorithm.
The authors also investigate the applicability of the proposed
solution in detecting the correct number of clusters according
to the Davis-Bouldin index (DB-index) [31] and the compact-
separated index (CS-index) [32] as the validity measure. The
proposed algorithm’s performance has been evaluated on
thirteen benchmark datasets, and it has also been compared
to other well-known clustering algorithms. The experimental
results indicated that the FAPSO outperforms the compar-
ative studies in most cases in terms of the accuracy of the
results.

In [33], an automatic data clustering algorithm using an
improved PSO algorithm (ACPSO) has been proposed to
address the clustering problem. The focus of the proposed
algorithm is determining the correct number of clusters
and adjusting the centroids. The authors have considered
the K-means algorithm and a sigmoid function to adjust
the cluster centroids and manage the infeasible solutions.
This algorithm has been evaluated by considering four
benchmark datasets in terms of consistency and accuracy.
Abraham et al. [34] proposed a kernel-based automatic clus-
tering using a modified PSO algorithm. This approach
employs a kernel-induced similarity measure instead of the
sum of square distances. They believed that using a kernel
function in this solution leads to clustering linearly non-
separable data into homogenous clusters in a high dimen-
sional feature space transformation. This algorithm has been
evaluated by considering five synthetic and three real-life
datasets in terms of convergence, accuracy, and robust-
ness. In [35], Nanda and Panda proposed a multi-objective
automatic clustering algorithm called MOIMPSO to clas-
sify actions of 3D human models. This algorithm provides
a Pareto optimal archive for automatic clustering prob-
lems by considering a developed hybrid evolutionary algo-
rithm immunized PSO and two objective functions. Besides,
a single best solution from the Pareto optimal archive has
been provided to satisfy the users’ requirements. They have
also evaluated the proposed algorithm on eleven benchmark
datasets in terms of computation time and accuracy.
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Liu et al. [36] proposed a solution based on the genetic
algorithm with unknown K called AGCUK. They employed
the DB-index as the validity measure of clusters. The per-
formance of this algorithm has been evaluated on several
artificial and real-life datasets in terms of determining the
correct number of clusters and the accuracy of the clustering.
Then, He and Tan [37] proposed a novel two-stage genetic
algorithm called TGCA to solve the clustering problem. This
algorithm uses the selection and the mutation operators of the
original genetic algorithm. The TGCA algorithm attempts to
gradually reach globally optimal cluster heads by focusing
on determining the correct number of clusters for each input.
The experimental results on four artificial and seven real-
life datasets in this study indicate this algorithm shows high
performance in determining the number of clusters and the
clustering solution’s accuracy.

In [38], the application of the differential evaluation (DE)
algorithm is described for the clustering problem with an un-
labelled large dataset. The proposed algorithm is called the
ACDE algorithm and used an improved differential evalua-
tion algorithm for the data clustering problem. The ACDE
algorithm has been evaluated by considering five benchmark
datasets via DB-measure and CS-measure. The authors also
reported the application of the ACDE algorithm to the auto-
matic segmentation of images. Then, in [39], a new hybrid
algorithm based on differential evaluation and fuzzy cluster-
ing called ADEFC has been proposed to solve the automatic
clustering problem. In this algorithm, the cluster heads are
encoded in the vectors. The data points are then assigned
to different clusters based on the Xie-Beni index, a validity
measure for the clustering validation. The performance of the
ADEFC algorithm has been evaluated on two synthetic and
two real-life datasets. It has also been compared to the fuzzy
C-mean algorithm and the variable-length genetic algorithm
based on fuzzy clustering. The authors indicated that the
ADEFC has the capability of being considered for micro-
array data clustering. An improved differential evaluation
algorithm with cluster number oscillation called ACDE-O
has been proposed in [40]. Since poor initial guesses lead to
inefficient clusters, a cluster number oscillation mechanism
is used in this algorithm to improve searching and finding
more possible clusters. This algorithm’s efficiency has been
evaluated on three real-life datasets compared to the ACDE
algorithm and reported better performance. Kuo et al. [41]
proposed automatic kernel clustering with bee colony
optimization (AKC-BCO) to address the weaknesses of the
automatic clustering problem in determining the number
of clusters and the accuracy of the clustering. The authors
employed a kernel function to increase the capability of the
clustering algorithm. The performance of the AKC-BCO has
been evaluated on several benchmark datasets compared to
three other clustering algorithms. The experimental results
indicate that the AKC-BCO algorithm demonstrates superior
performance in terms of not trapping in local optima, con-
vergence speed, and accurate and stable clustering results.
Then, in [42], Kuo and Zulvia proposed a hybrid solution of
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an improved artificial bee colony optimization and K-means
algorithm called iABC for the automatic clustering prob-
lem and the customer segmentation problem. In this study,
the onlooker bee exploration in the original ABC algorithm
is improved by guiding their movements to a better location,
leading to a better initial centroid in the K-means algorithm.
Then, to increase the algorithm’s efficiency, only the worst
cluster centroid will be improved through an updating pro-
cess. The experimental results on several benchmark datasets
show that the iABC algorithm provides better performance
than the classical ABC algorithm. They mentioned that the
average value of the computational time for some datasets
is less than the original ABC algorithm. The reason is that
the iABC algorithm generates better solutions compared to
the original ABC algorithm. However, its performance is not
faster than the PSO and GA-based algorithms.

In [43], the harmony search algorithm has been employed
by Kumar ef al. to present a parameter adaptive harmony
search algorithm called ACPAHS for automatic data clus-
tering problems. The number of clusters in the proposed
algorithm is determined by using a real-coded variable-length
harmony vector. The data points are assigned to clusters
according to the developed weighted Euclidean distance. The
authors also reported the application of the proposed algo-
rithm to the automatic segmentation of images. The efficiency
of the ACPAHS algorithm has been evaluated on several
real-life datasets and compared to four other well-known
clustering techniques in terms of the determined number of
clusters and the accuracy of the clustering solution.

In [44], the problem of automatic data clustering has been
solved based on an evolutionary metaheuristic algorithm
known as invasive weed optimization (IWO). This algorithm
can perform the clustering task without requiring any prior
knowledge of the datasets and employs the genetic algo-
rithm’s fitness function as the validity measure. The algo-
rithm’s proficiency has been evaluated on nine artificial and
four real-life datasets, and the results are compared to three
other clustering algorithms. The experimental results have
indicated that the IWO algorithm shows great performance
in population size and computation time.

Qaddoura et al. [45] proposed an open-source and cross-
platform framework called EvoCluster for data clustering.
EvoCluster is a customizable framework that can employ var-
ious objective functions in addition to different well-known
nature-inspired optimizers developed by other researchers to
perform partitional clustering tasks. It can also evaluate the
result according to different validity measures such as Purity,
Entropy, the sum of squared error, and some other common
validity measures. Since this framework covers a different set
of algorithms and measures, it can be useful in different appli-
cations. Although it is a comprehensive framework, it does
not overlap with what we have proposed since our main focus
is elsewhere, and we are not in the same direction.

A comprehensive survey on data clustering using meta-
heuristic algorithms can also be found in [6], [14], [38],
[46], [47].
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Reaching clusters with the same radius can be discussed
under the cluster-level constraint as well and has many prac-
tical applications. The cluster-level constraint considers some
available information about the underlying cluster structures
in the form of limitations [48], [49]. The facility location
problem discussed in [50] is similar to the clustering prob-
lem with a cluster-level constraint. In this study, the authors
propose two heuristics algorithms for the facility location
problems that can be interpreted as a clustering problem
with upper bounds on the radius of the clusters. In [51],
the authors study two types of cluster-level constraints in
a search-based agglomerative hierarchical clustering algo-
rithm. This algorithm forms initial partitioning using the
must-link constraints and then merges some groups by taking
constraints into account to meet the stopping criteria. Finally,
they mentioned creating a feasible dendrogram is intractable
since solving the clustering problem with unspecified K is
NP-complete under these constraints. One of the other excit-
ing applications using cluster-level constraint approaches is
discussed in [52] for a distributed sensor network. In such
applications, each sensor has one master node, and the aim
is to find balanced clusters of sensor nodes while attempting
to minimize the distance between master and sensor nodes.
The authors formulated the problem as a minimum cost flow
problem and optimally solved it.

We have reviewed many related studies that focus on the
clustering problem from different aspects in this section.
Since cluster analysis is being exploited in diverse research
fields, a unique algorithm cannot be a solution to all clus-
tering scenarios due to the differences in the nature of the
patterns and applications. Hence, considering this paper’s
main purpose, we remain focused on reaching clusters with
approximately the same distortion value while the number of
clusters is in accordance with the number of inputs. For this
purpose, we have utilized nature-inspired binary optimization
algorithms. This framework is highly beneficial in clustering
correlated binary sources used in distributed source coding
applications discussed as a case study in Section VI.

Ill. DATA CLUSTERING PROBLEM DEFINITION

Let P, x; represents a set of m patterns, each having / features.
Then, the data clustering problem considers a given dataset
Puxi = [P1, P2, P3,...,Py,] and attempts to partition it
into K clusters C = [Cy, C2, C3, ..., Ck] such that K < m.
In such partitioning, the following properties should be main-
tained:

e Vie{l,2,3,....K),Ci £ %
K
cyUc=r
=1
« GiNG=0VYijell,2,....K} andi#]

Given dataset P, x/, the fitness function f is defined as a
partitioning adequacy measure to quantify the goodness of a
partition based on the similarity of the patterns. Therefore,
the clustering problem turns into finding optimal partitions
among all other feasible solutions [7].
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Euclidean distance, which has also been used in this paper,
is widely used as a distance measure to evaluate the similarity
between data points in clustering problems. The Euclidean
distance between any two [-dimensional data point is
given by:

PGS TEN) SRRl gy o [

IV. PROPOSED DATA CLUSTERING FRAMEWORK

A. METHODOLOGY

The main idea of designing the proposed framework is reach-
ing a sufficient number of compact and well-separated clus-
ters with relatively close values for the maximum distortion
in each group without requiring any prior knowledge of the
clusters. To this end, we consider the clustering problem as an
optimization problem and solve it in a discrete search space
using nature-inspired binary algorithms for the optimizer
module. Furthermore, to overcome the inconvenience of hav-
ing a huge search space as well as not having a priori knowl-
edge of the adequate number of clusters, we propose a binary
encoding scheme for the particle representation of the opti-
mization algorithm in a predetermined range [Kin, Kmaxl,
where K,in =1, Kinax = |/m], and m is the total number of
data points.

Knax is considered as | /m| according to similar assump-
tions discussed in [53] for a clustering solution with fuzzy
C-mean model and [6] for an automatic clustering using
nature-inspired metaheuristics. It is mentioned in those stud-
ies that K = ,/m usually provides a decent answer for such
clustering solutions as a rule of thumb. Hence, we applied
this assumption to our dynamic range of clusters in the pro-
posed solution. We observed that considering this assump-
tion along with the proposed binary encoding scheme will
provide excellent results in our proposed framework. Overall,
the proposed framework works in two main steps: First, each
data point will be directly equipped with an initial cluster
number. Consequently, a primary clustering solution will
be formed in this step. The obtained clusters will then be
re-clustered, merged, and modified based on some conditions
to compensate for the distortion gap between groups with
different sizes and improve the result according to the desired
objectives.

The optimizer module, the binary encoding scheme, and
the objective function will be described in detail in the
following.

B. OPTIMIZER MODULE

The optimizer stands at the highest level of the proposed
approach and considers the clustering problem as a black
box that needs to be optimized iteratively. In this regard,
the automatic clustering problem will be formulated as an
objective function based on the problem’s desired goals. The
optimizer takes a binary vector as input and calculates the
corresponding output according to some merit factors while
minimizing this function during the entire process. In other
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words, the optimizer checks combinations of the input to
determine which input vector (cluster numbers) will yield
the minimum output of the function. A wide range of binary
optimization algorithms can be utilized for the optimizer. This
paper considers the BPSO algorithm, the BBA algorithm, the
BGA algorithm, and the BDA algorithm due to their excellent
performance discussed in the literature.

The most optimum

clustering solution Optimizer module

Merit factor(s)

Objective function
(clustering problem)

FIGURE 1. The relation between the objective function and the optimizer
module in the proposed clustering framework.

Fig. 1 shows how the optimizer and the objective function
are related to come up with the optimum solution for the
clustering problem.

C. BINARY ENCODING SCHEME

Similar to other iterative metaheuristic algorithms [6], our
approach requires a representation of a solution, which is
directly related to the objective function to be optimized.
Therefore, a binary encoding scheme for the particle rep-
resentation has also been proposed in this paper. The pro-
posed binary encoding scheme assigns binary vectors with
the length of m x L bits to each particle in the optimizer. L
is the number of required bits to address each cluster number
and calculates as L = Log,™

The candidate solution to be |10011100101010101011001010010111‘
evaluated (a binary vector):

|1|0\0\1I1\1|o|o\ [oTa]aTx]
Converted to decimal value: [ [ 1 ‘ | 1 ‘ 3 |
Cluster distribution: —s ——.
i @ Py P
By (PR B P

FIGURE 2. The proposed binary encoding scheme for the proposed
clustering framework.

The suggested binary vectors will be considered as the
candidate solution for the optimizer and evaluated by the
algorithm in each iteration. For this purpose, every L bit of
this vector will be converted to the decimal equivalent in
sequential order. These decimal numbers are assigned to data
points as the initial cluster numbers. Fig. 2 shows a simple
example of the proposed encoding scheme for m = 16 data
points. In this case, K4 = 4 and each particle is represented
by a binary vector of length N = m x L = 32 bits.
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D. OBJECTIVE FUNCTION

We formulate the data clustering problem as a single objec-

tive optimization problem that needs to be minimized. More

formally, let f be a single criterion function, and i be the

set of all feasible ways of clustering a given dataset Y =

{Cl, c?,...,CSmK) }.We aim to find the clustering solution
=[Cy, Ca, ..., Ckx] where f(C*) = min {f(C)|C ¢ }.

1) INITIAL CLUSTERING STAGE

Once the initial clustering solution is formed, a representative
is selected for each cluster. The representative is defined
as the nearest data point to the current centroid in each
group. The centroid is the mean of all data points in each
cluster. Then, data points will be re-clustered according to
the identified representatives of the clusters. Consequently,
the representatives will also be updated according to the
recent changes. These two steps, re-clustering and updating
the representatives, will be repeated several times until the
representatives do not change anymore.

2) MERGING AND MODIFYING STAGE

Although the achieved clustering solution up to this stage
consists of separated clusters, it is not well-organized yet and
needs to be revised to satisfy our goals. To reach clusters
with approximately the same maximum distortion' while
keeping the number of clusters less than K,,;, the distortion
gap between the largest and the smallest clusters must be
compensated. Therefore, the proposed framework tries to find
the smallest clusters and mark them as the defective ones that
need to be merged appropriately with the adjacent clusters.
To this end, first, the cluster that has the largest maximum
distortion is determined. Then, the maximum distortion of
other clusters will be compared to this value according to
inequality (4). Those clusters that are not true in this inequal-
ity will be considered defective and selected to be merged
with adjacent clusters two by two.

§€ < 0.9 max {6} 4)
Cey

where §Ci is the maximum distortion within the cluster C;.
Then, the process of re-clustering and updating the represen-
tatives will be repeated over again to stabilize the achieved
clustering solution. In this stage, the optimizer takes the cur-
rent clustering solution as the best result for the correspond-
ing input vector and calculates the following parameters out
of it; Kyar as the maximum number of clusters, §€i as the
maximum intra-cluster distance within each cluster C;, A as
the distortion deviation over all clusters, d ~4X ag the average
of the maximum distortion over all clusters and Emln as the
average of minimum inter-cluster distances. The deflmtlon of
these parameters is given as follows.

Definition 1: Let 8¢ be the maximum distortion of cluster
C;, then c_lfcna" is defined as the average of the maximum

'In this paper, the maximum distortion and the maximum intra-cluster
distance are used interchangeably since both meaning the same in our
application.
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distortion over all clusters and is calculated as:
| X
Jmax __ Ci
g™ = — lea Q)
i=

wherei € {1,2,...,K},and C € [Cy, Cy, ..., Ck]
Definition 2: The distortion deviation A is defined as the

difference between the maximum and the minimum value of

maximum distortion over all clusters and is defined as:

A= 81 — min{sY 6
rcneaﬁ{ } rcnel3{ } (6)

wherei,j € {1,2,...,K},i#j,and C € [Cy, C3, ..., Ck]

Definition 3: Let Elg be the inter-cluster distance between
data point p within cluster i to the cluster-head j, where p €
Ci,ie{l,2,...,K},je{l,2,...,K —1}andi # .

We calculate this parameter for all data points in all clusters
to determine the inter-cluster distances. Then, we extract the
minimum of these distances for each cluster and denote it
with Ecml,in Next, we calculate Egﬁn as the average of the
minimum inter-cluster distances over all clusters as:

| K
Egnn — } ' Eg;m @)
i=1

Finally, the output of the function f will be calculated
according to the defined parameters, and the goal is to mini-
mize it.

max
f= Kma"}# )
c

The entire process is simply described in the flowchart (1).

Also, example (1) illustrates the process of evolving clus-
ters and migration of data points to other groups during dif-
ferent stages.” This evaluation has been performed on dataset
R15 with m = 320 points (Fig. (3-a)), which is one of the
standard datasets in UCI machine learning [54]. We have
considered the BBA optimization algorithm with 100 agents
and 200 iterations for this experiment. Fig. (3-b) shows the
result of initial clustering, where an initial cluster number
is assigned to each data point. Fig. (3-c) and (3-d) show the
result of clustering after two levels of re-clustering. Although
the clusters are distinguishable in this stage, the smallest
cluster and the largest cluster still have a considerable size
difference. During Stages (e) to (h), the process of merging
and modifying the small clusters is performed, and the result
is evaluated according to output. As can be seen, the proposed
framework provides a sufficient number of compact and well-
separated clusters with relatively close values for maximum
distortion.

Fig. (4) illustrates the convergence curve of this example.
As it is shown, the proposed framework demonstrates high
convergence speed in a small number of iterations when we
perform the merging and modifying steps to compensate for
the distortion gap.

2Supplementary information is available for this example at
https://github.com/BehnazMerikhi/Automatic-Framework from the
corresponding author upon request.
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evaluated (a binary vector):
Decoding initial cluster numbers according to the binary encoding scheme
Calculating the representatives of the clusters
Re-clustering data points according to the current representatives

- NO
Is the current clustering

the same as the previous
one?

YES

Finding the cluster with the maximum distortion (largest radius)

Are there clusters whose
radius 1s less than 0.9 of the
current maximum distortion?
(Inequality 4)

YES

Considering them as defective ones and merge them two by two

Re-clustering data points according to the current representatives

NO o
Is the current clustering
the same as the previous

one?
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Kmax »A+d™

Output=
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FLOWCHART 1. Flowchart of the objective function for the proposed
clustering framework.

FIGURE 3. Process of evolving clusters and migration of data points to
other clusters during different stages of the proposed clustering
framework.

V. RESULTS AND DISCUSSION
In this section, the performance of the proposed automatic
clustering framework has been evaluated on twenty-four
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FIGURE 4. Convergence curve of example 1 in three different stages.

benchmark datasets. The details of the used datasets and the
parameter settings for this performance evaluation have also
been presented here. Then, simulation results and compara-
tive study have been discussed. Finally, a correlation-aware
clustering scheme for the correlated binary dataset has been
reported as the application of the proposed clustering frame-
work in the binary case, and the result has been evaluated on
three artificial binary datasets.

A. DATASETS AND VALIDITY MEASURE
In this experiment, twenty-four different synthetic and real-
world datasets are collected from the UCI Machine learn-
ing [54] and KEEL repositories [55]. This collection includes
datasets with different shapes, densities, and dimensions
ranging from 2 to 512, with diverse data points from
106 to 3100. Table 1 describes the summary of the datasets.
We have used the internal validity measures to exam-
ine the quality of the proposed clustering. In this regard,
we have calculated the sum of intra-cluster and inter-cluster
distance validity measures [3], [7] to ensure the compactness
and the separation of the clusters. We have also evaluated
the proposed framework by utilizing the DB-index validity
measure [31], which describes a trade-off in maximizing
intra-cluster compactness and inter-cluster separation. In the
DB-index measure, the intra-cluster distances in the i cluster
and the inter-cluster distances between cluster i and j are
defined as (9) and (10).
1/q
A

1
Si,q = |:171 Z?’)GC,‘
d
dij = (32, |mir = mig[V = |7 = ], 10y
Siq+Siq

R; s = max {————= 11
= ma, (=02 an

—

1

Finally, the DB-index is given by (12).

1 K
DB(K) = + > Rig (12)

The smaller the value of the DB-index, the better the
compactness and the separation.
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TABLE 1. Summary of used datasets with different features.

Number of | Number | Number of
Dataset
features of points Clusters
Aggregation 2 788 6
Compound 2 399 6
D31 2 3100 31
Flame 2 240 2
Shape dataset
Jain 2 373 2
Pathbased 2 300
R15 2 600 15
Spiral 2 312 3
Appendicitis 7 106 2
Dermatology 34 358 6
Ecoli 7 336 8
Glass 9 214 7
Haberman 3 306 2
Real-World Housevotes 16 232 2
dataset Tonosphere 33 351 2
Iris 4 150 3
Segment 19 2310 7
Vehicle 18 846 4
Wdbc 30 569 2
Wine 13 178 3
Dime064 64 1024 16
Higher- .
Dimel28 128 1024 16
dimensional
Dime256 256 1024 16
dataset
Dime512 512 1024 16

B. EXPERIMENTAL RESULTS AND PARAMETER SETTINGS
The experiments have been carried out on a PC with
Windows 10 Professional 64-bit operating system, an Intel(R)
Core ™j7-6700HQ processor, and 16 GB RAM using
MATLAB software 2018 a. We have also used MATLAB
packages,? Yarpize packages,* and NPIR source code’ [59]
with its required python packages for the comparative study
during this experiment. Besides, the IBM SPSS Version 27
has been used for performing the statistical analysis test.
The comparison results are explained in two parts. The
first set of results describe the effect of considering different
binary optimization algorithms on the proposed framework.
In this regard, we have evaluated the proposed framework
performance using BBA, BPSO, BGA, and BDA algorithms
in the optimizer module and presented the result for different
cases. The parameter settings for the used algorithms are
represented in Table 2. For this evaluation, twenty indepen-
dent trials are performed on each dataset with each optimizer
module. Then the best and the worst cost, the average cost,
and the standard deviation are reported. These comparison
results are described in Tables 3, 4, and 5. The best entries

3https ://www.mathworks.com/products/matlab.html.
4 http://yarpiz.com/64/ypml101-evolutionary-clustering
Shttp://evo-ml.com/2019/10/28/npir/
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TABLE 2. Parameter configuration of the utilized optimization algorithms in the proposed framework and two of the comparison studies.

BBA BPSO BGA BDA GCUK DCPSO
Parameter Value Parameter Value Parameter Value Parameter Value Parameter Value Parameter Value
Pop size 100 Pop size 100 Pop size 100 Pop size 100 Pop size 100 Pop size 100
Iter Max 200 Iter Max 200 Iter Max 200 Iter Max 200 Iter Max 200 Iter Max 200

K ax \Nm K \Nm K ox \Nm Kax \Nm Kax Nm Kax \Nm
Kopins Kax 0.2 C, G 2 M 0.8 Wiy Waxe  0.2,0.9 e 0.8 C, G 1.494
A 0.25 w 0.85 y7. 0.001 a 0.01 7™ 0.001 P, 0.75
r 0.5 s 0.09
& [-1,1]
o,y 0.9
TABLE 3. Comparison results for the shape dataset considering BBA, BPSO, BGA, and BDA optimizer module in the proposed method.
BBA BPSO BGA BDA
Dataset
Best Worst Mean Std Best Worst Mean Std Best Worst Mean Std Best Worst Mean  Std
Aggregation | 5.6286  6.7689  6.5800 0.2584 | 6.7689  8.1609  6.9238  0.3257 | 64781 7.2546  6.6879  0.1685 | 6.4781  7.6638  6.7724 0.2227
Compound | 12.6988 22.4766 18.7042 29195 | 16.6346 24.0024 20.5652 2.3393 | 12.0882 21.8662 16.0338 2.5604 | 12.4404 24.0532 16.9529 2.8376
D31 2.1690  6.7443  4.8710 1.3991 | 3.6667 7.8899 6.5996 0.7892 | 2.1807 6.7345 54585 13507 | 2.1690 7.4051 6.2288 1.1587
Flame 35955  6.7825 53221 0.6692 | 5.1272 6.8180 6.0177 0.4533 | 3.5065 6.22141 53450 0.6802 | 54310 6.4252 59275 0.3365
Jain 6.0428 72892 62120 0.3579 | 6.0490 7.1225 6.1803  0.3209 | 59261 8.8739 6.5075 0.9012 | 5.7507 63269  6.0480 0.0935
Pathbased 8.5765 125244 11.3455 1.0841 | 8.9527 12.5116 11.7558 0.9447 | 10.0523 12.1479 11.6062 0.5856 | 9.5926 12.4449 11.8392 0.6363
RI15 3.0021 3.8371 3.5388 02193 | 2.6340 3.8192 3.5582  0.2825 | 1.5466 3.8050 2.9517 0.7958 | 1.5466 3.8192 3.4506 0.5104
Spiral 11.1800 16.6888 14.6587 1.5984 | 12.677 17.0282 14.9723 13290 | 11.1276 15.9285 14.1615 1.3276 | 12.7713 16.6763 14.9223 1.1180
TABLE 4. Comparison results for the real-life dataset considering BBA, BPSO, BGA, and BDA optimizer module in the proposed method.
BBA BPSO BGA BDA
Dataset
Best Worst Mean  Std Best  Worst Mean Std Best Worst Mean  Std Best ~ Worst Mean Std
Appendicitis | 1.6663 22850  1.9597 0.1371 | 2.2395  2.2395 2.0844 0.1163 [ 1.6663  2.2405 2.0387 0.1402 | 1.6663 2284  2.0043 0.1705
Dermatology | 26.6937 41.5398 36.3563 4.1693 | 43.5930 43.5930 39.4908 2.8080 | 35.4513 44.1318 38.0146 2.0354 | 31.1669 44.0455 38.077 3.2976
Ecoli 367.5194 484.5737 446.2215 29.7053| 501.2825 501.2825 466.992 27.1279 | 388.9087 487.4958 447.703 26.498 | 404.8281 524.5468 462.889 28.413
Glass 77872 8.1458  8.1278 0.0801 | 8.4200 8.4200 8.1869 0.1004 | 8.14580  8.4200 8.1732 0.0844 | 8.1458 8.4200 8.2006 0.1125
Haberman | 44.9230 46.8628 45.7959 0.9901 | 46.8628 46.8628 454079 0.8617 | 44.9230 46.8628 45.4079 0.8617 | 44.9230 46.8628 45.6019 0.9492
Housevotes | 2.2433  3.7942 29508 0.3882 | 5.4623 5.4623 35915 05192 | 2.0341 33358 28132 0.3898 | 2.3524  3.54983 2.9925 0.3449
Ionosphere | 34.9838 48.3501 41.4286 3.1067 | 50.7202 50.7202 454032 3.3889 | 36.0527 47.5674 42.1577 3.5839 | 36.8054 48.6534 43.0474 3.4169
Iris 2.01661 3.2029 2.6837 0.4001 | 3.3367 3.3367 29749  0.2204 | 2.1990 32036 2.7937 03042 | 2.24264  3.5215 2.8303 0.3869
Segment 145.1097 148.7357 145.291 0.8107 | 166.3688 166.3688 146.7165 4.8107 | 145.1097 168.9339 150.734 9.6130 | 145.1097 168.9339 150.552 9.6866
Vehicle 140.6836 141.7339 141.488 0.4133 | 226.5138 226.5138 151.8188 23.6805| 140.6836 141.7339 141.330 0.4871 | 140.6836 226.8402 148.115 21.234
Wdbc 1861.932 1869.163 1864.61 3.45 |1858.820 1867.877 1864.54 2398 |[1809.571 1928.531 1870.38 28.08 |1857.946 1871.547 1864.76 3.451
Wine 139.2747 296.3782 210.934 47.5699]296.3782 296.3782 244.106 32.781 | 139.2747 296.3782 215.248 52.866 | 116.0226 296.3782 178.401 37.980

are shown in boldface in all tables. From the results, we can
see the four binary optimization algorithms have reached a
very competitive result. However, the performance of the
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proposed framework by considering the BBA algorithm in
the optimizer module is more significant in most datasets.
We have also provided the convergence curve of the shape
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TABLE 5. Comparison results for the higher-dimensional dataset considering BBA, BPSO, BGA, and BDA optimizer module in The proposed method.

Dime256 3.5678 51516 4.24784 0.4043 | 3.8465 4.8430 4.3647

Dime512 3.0210  4.7812 3.9556 0.4858 | 3.5532 4.8709 4.1412

BBA BPSO BGA BDA
Dataset
Best  Worst Mean Std Best Worst Mean Best Worst Mean Std Best Worst  Mean Std
Dime064 13.0690 13.0705 13.0698 0.0004 | 13.1015 13.1818 13.1471 0.0192 | 13.1451 13.1454 13.1452 0.0001 | 13.1002 13.1094 13.1046 0.0023
Dimel28 129516 132021 13.0691 0.0512 | 13.0191 13.1438 13.0731 0.0365 | 12.9340 13.1293 13.0395 0.0418 | 13.6873 13.8159 13.7431 0.0386

0.2982 | 3.7436 49207 4.2541 02795 | 4.1234 50762 4.6114  0.2936

03805 | 3.2822  5.1432 4.2679 0.5051 | 3.0534 55435 42726  0.6290

and the real-world datasets by considering all four optimizer
modules in Fig. (5). The convergence curve is a useful tool to
visualize how an algorithm improved the gbest as the first best
path iteratively to reach the global optimum solution starting
from a random solution. In all these curves, the optimizer
that reaches the minimum cost after passing all iterations
is suitable for that specific dataset and can provide the best
solution. Fig. (6) shows the result of performing the proposed
framework on the shape datasets to visualize some results.
As seen in the figures, the proposed approach can generate
different well-separated clusters while keeping a trade-off
between the sufficient number of clusters and the shape of
the clusters.

In the second part of the comparison results, the per-
formance of the proposed framework has been compared
with other classical and new clustering algorithms in terms
of internal validity measures. To this end, we have con-
sidered the K-means +4 [56] as a representative of parti-
tional clustering and the Density-Based Spatial Clustering of
Applications with Noise (DBSCAN) algorithm [57] as a rep-
resentative of density-based models. Also, we have consid-
ered the Expectation-Maximization (EM) algorithm [58] and
the Nearest point with indexing ratio (NPIR) algorithm [59].
EM is a famous example of distribution-based clustering that
employs a fixed number of Gaussian distributions to reach the
distribution of the objects. NPIR is one of the latest clustering
algorithms and works based on finding the nearest neighbors.
Moreover, we have considered two well-known optimization
algorithms in the continuous search space. These two algo-
rithms are known as GCUK [60], a genetic-based cluster-
ing with an unknown number of clusters, and DCPSO [61],
the dynamic PSO.

In this comparison, we have evaluated the sum of intra-
cluster distances, the sum of inter-cluster distances, and
the DB-index for twenty independent trials with each
approach. We have also calculated the distortion deviation
in all clustering solutions and compared the result. The
distortion deviation, which is calculated in (6), shows the
difference in the size (radius) of groups in a clustering
approach. We wish to keep it minimized in our proposed
method. Based on the described results in Tables 3 to 5, both
BBA and BGA algorithms provide excellent performance as
the optimizer module in most datasets. We have considered
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the BBA algorithm as the optimizer module for the rest of the
experiment. For the comparative study, preliminary experi-
ments have been done to determine the best settings for the
required parameters to calculate internal validity measures.
For GCUK, and DCPSO the parameter settings are described
in Table 2. The EM algorithm needs to know the number of
clusters in advance. The NPIR algorithm also requires prior
knowledge of the number of clusters and the indexing ratio
(IR) [59]. Therefore, we have performed multiple runs with
various clusters in both algorithms and also have considered
different IR values suggested by the authors for the NPIR
to find the most appropriate parameters for each dataset in
these algorithms. The DBSCAN algorithm forms clusters
based on the density-based connectivity, and its performance
is affected by MinPts and eps parameters. The MinPts can
be selected based on dimensionality, and the eps can be
specified based on the elbow in the k-distance graph [57].
Authors in [62] suggest using larger MinPts for a noisy and
large dataset. Also, depending on the aim of clustering, you
can decrease eps to avoid large clusters or increase it to
avoid noise. Hence, we have run the DBSCAN with different
MinPts and eps for each dataset to find the value leading to
the best result in the mentioned validity measures.

The numerical results over twenty-four datasets have been
summarized in Tables 6, 7, and 8.

It can be seen that in comparison with k-needed cluster-
ing methods (NPIR, K-Means++, and EM), the proposed
framework has shown an excellent performance in most
of the datasets in terms of the DB-Index and the distor-
tion deviation measures as the main focus in our clustering
method. In some cases, such as D31 and R15 in the shape
datasets and Ionosphere, Iris, and vehicle in the Real-world
datasets, the NPIR algorithm has shown better performance
in the DB-index measure. However, the proposed method
has been yielded a smaller distortion deviation in all these
datasets.

The reason why the proposed framework has reached a bit
higher DB-index compared to the other algorithms in some
datasets can be explained as follows. The proposed frame-
work focuses mainly on reaching clusters with approximately
the same distortion while satisfying the other designed merit
factors. This goal has been achieved by dividing the dataset
into more or fewer groups compared to other algorithms
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FIGURE 5. Convergence curve of the shape and the real-life datasets considering BBA, BPSO, BGA, and BDA optimizer module. The algorithm

with the better performance is shown with thicker line. The color code for each algorithm is as follows: — %50
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FIGURE 6. Visual results of performing the proposed clustering framework on the shape dataset.
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TABLE 6. Mean and Standard Deviation of the Sum of Intra/Inter-Cluster Distances, DB-Index and Distortion Deviation Over 20 Independent Runs for the
Proposed Framework, DCPSO, GCUK, K-means++, DBSCAN, EM, and NPIR for the shape datasets.

Algorithm
Dataset Proposed DCPSO GCUK K-means++ DBSCAN EM NPIR
Measure
Intra-C Distances | 3182.75 + 124.67 | 3232.18 £262.5 | 3794.60 + 110.40 | 2936.75+2.25 |3807.66 + 536.65| 3250.73 +285.80 | 3158.3 = 142.19
. Inter-C Distances 327.39+7.62 31259+ 11.21 374.62 +482.97 270.68 + 0.49 207.02+96.88 | 271.12+13.47 | 307.10+52.86
Aggregation DB Index 0.57 £ 0.01 0.63 +0.05 0.69 + 0.06 0.64 +0.001 0.65 +0.06 0.65 +0.07 0.85 +0.06
Distortion Deviation 1.69 = 0.06 48+1.58 6.50 + 1.45 1.72+0.49 10.77 £ 1.28 7.06 +2.10 7.73 +£0.53
Intra-C Distances | 1449.76 +458.32 | 1507.7 + 135.48 | 1491.43 £302.96 | 1158.82 +61.31 870.87 = 0.00 1247.61 £79.60 | 1335.15 +41.53
Inter-C Distances 483.56 +307.79 | 303.39+42.11 798.29 +453.21 233.76 £7.08 130.83 +0.00 222.48 +18.02 179.76 +37.48
Compound DB Index 0.66 + 0.07 0.72+0.07 0.74 +£0.08 0.79 + 0.06 3.39+0.00 1.42+0.74 1.06 £0.13
Distortion Deviation 1.83 £ 0.04 3.54+1.44 2.46 +£0.75 4.81+0.86 5.18+0.00 6.52+1.22 3.88+0.14
Intra-C Distances | 9329.36 + 186.35 | 6453.9 +302.71 | 7334.47 +£373.03 | 3168.59 + 121.41 1172;): g; * 3031.76 +£200.29 | 2885.56 = 5.86
D31 Inter-C Distances 394.20+89.96 | 2791.8+338.56 | 1870.69 +952.76 | 6169.09 +103.59 | 365.35+89.62 | 6370.58 £ 152.51 | 6085.48 £97.31
DB Index 0.75 +£0.03 0.75+0.02 0.79 +0.00 0.65+0.04 0.76 £ 0.021 1.14+0.18 0.55+0.01
Distortion Deviation 0.37 +0.01 4.89+0.72 4.13+0.83 1.81+0.25 7.54 £0.022 4.13+0.90 1.76 £ 0.02
Intra-C Distances 318.17+21.14 | 527.19+142.83 | 411.27+67.50 783.22 +5.87 730.98 £30.00 | 819.22+12.69 | 766.06 + 96.36
Inter-C Distances 278.92 +12.02 158.44 +118.45 | 274.56 + 156.82 5.83+0.04 11.34+10.51 5.54+£0.05 11.99 +13.57
Flame DB Index 0.76 £ 0.09 0.69 + 0.05 0.76 + 0.04 1.11 +0.003 2.03 + 1.64 1.20 +£0.02 1.10 +£0.15
Distortion Deviation 0.48 +0.00 2.14+0.69 2.16 +£0.69 0.93+0.22 5.04 + 1.44 1.20 + 0.60 248 +1.25
Intra-C Distances 1006.77 + 81.14 | 1819.49+ 746.28 | 1427.06 £406.96 | 2622.99 +£3.81 |2808.77+11.29 | 2739.39+0.00 |2647.30 +60.98
. Inter-C Distances 653.40+34.02 | 268.53+181.08 | 553.44 +374.15 18.00 +0.01 53.97 £0.09 17.57+3.77 17.78 £ 0.05
fain DB Index 0.64 = 0.03 0.64 +0.03 0.69 +0.09 0.78 + 0.00 0.78 +£0.00 0.74 +1.39 0.76 £ 0.01
Distortion Deviation 1.04 £ 0.001 4.03 +2.21 4.89+230 2.41+0.13 53.97 +0.09 9.32+0.00 6.99 +1.59
Intra-C Distances 930.41 £ 6531 | 1266.95+215.84 | 975.13 + 184.00 143539 + 1.37 [1527.55+106.33| 1468.76 = 0.00 1699.18 + 1.45
Inter-C Distances 664.53 £47.95 | 340.25+205.02 | 908.05 +464.93 46.99 +0.07 46.63 +21.06 47.53 +£0.00 15.04 +£0.01
Pathbsed DB Index 0.66 + 0.00 0.66 + 0.03 0.73 £0.03 0.66 = 0.00 1.67 +£0.41 0.68 +0.07 0.75 +0.00
Distortion Deviation 0.57+0.18 330+ 1.54 435172 1.20+0.15 9.82+0.70 7.15+0.00 0.60 £0.27
Intra-C Distances 501.25+11.01 508.41 +41.02 512.16 £ 49.00 229.01+11.82 249.52 +£3.07 27320 +24.11 231.35+7.18
Inter-C Distances 655.50 + 59.00 622.21 +48.15 655.51 +63.12 643.96 +£11.30 572.44£0.27 674.47 £25.33 639.95 +0.39
RI3 DB Index 0.36 +0.07 0.41 +0.04 0.42+0.06 0.33 £0.02 0.37 £0.00 0.51+0.09 0.33 £0.02
Distortion Deviation 0.34 £ 00 0.78 £0.10 0.71 +0.00 0.34+0.18 0.84 +£0.07 1.27+£0.27 0.57 £0.20
Intra-C Distances | 1781.72 + 121.01 | 1823.39 +253.34 | 1968.14+197.68 1815.35+0.12 | 2907.78 +31.75 | 1829.30+0.00 | 1765.12 +70.26
Spiral Inter-C Distances 310.41 + 56.45 179.19 +£79.41 123.28 +32.74 40.47 £ 0.04 9.94 +0.04 36.39 +£0.00 64.25+19.26
DB Index 0.74 +£0.02 0.74 £ 0.01 0.74 + 0.00 0.87 +0.003 5.94+0.07 0.99 +0.00 0.94 +0.02
Distortion Deviation 0.84 +0.21 2.15+0.98 1.98 +0.99 0.34 +0.09 0.71 +0.08 0.83 +0.00 4.96 +2.64

Consequently, the sum of intra-cluster distances has signif-
icantly increased, while inter-cluster distances have consid-
erably decreased. As a result, we have reached a higher

in some cases; for example, D31, which contains several
spherical clusters with high overlap. The proposed framework
has divided D31 into fewer clusters compared to others.
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TABLE 7. Mean and Standard Deviation of the Sum of Intra/Inter-Cluster Distances, DB-Index and Distortion Deviation Over 20 Independent Runs for the
Proposed Framework, DCPSO, GCUK, K-means++, DBSCAN, EM, and NPIR for the Real-world Datasets.

Algorithm
Dataset Proposed DCPSO GCUK K-means++ DBSCAN EM NPIR
Measure
Intra-C Distances | 6626576 | 7237£591 | 6530+1178 | 3832007 | 3623+034 | 3879£010 | 36.86+224
Appendicitis | Inter-C Distances | 1.86+0.11 1.58£0.12 11.23£9.46 0.75+0.01 1.74%0.01 0.73 £ 0.00 176 £0.77
DB Index 0.74 £ 0.02 0.89+0.02 0.93+0.10 1008£0.03 | 0974001 1.06£0.01 0.97£030
Distortion Deviation|  0.20 % 0.09 0.59+0.22 0.53+0.26 0.20+0.10 1.73£0.00 0.13 £0.01 0.57+0.08
Intra-C Distances | 2977.37+170.39 | 2987£272.11 | 317257 £239.09 | 2038.78 + 38.63 | 2332.97 + 114.82 [3554.73 £ 303.89| 2282.80+ 105.79
Dermatology | Inter-C Distances | 1205.72+546.38 | 587.61+130.39 | 450.65+63.64 | 396.82+18.68 | 771.54+65.74 | 291.70+31.54 | 26238+ 54.15
DB Index 1.01+0.02 1.06 +0.03 1.02£0.05 1.01+0.02 1414011 2,56+ 0.59 1.67+0.66
Distortion Deviation| ~ 3.53 % 0.87 5304078 405£2.13 4024130 | 19274130 | 2720£427 12.02£2.11
Intra-C Distances | o PTas35 % |1as2925 £ 2054.47| 100286 17757 00120 027 % | 1269586435777
Ecoli | Inter-C Distances | 15595+ 11.72 |1848.06 + 1890.39| 3036.63 £ 2337.28 | 950.00£76.92 | 957.17+ 7111 [1792.92£72.61 | 105.71+58.31
DB Index 0.90 £ 0.01 0.91+0.06 1.06 +0.06 13540.11 134002 220£0.57 1.3840.19
Distortion Deviation|  5.27+3.44 | 34381727 | 30871487 | 2866+573 | 1819£033 | 440821060 | 1877501
Intra-C Distances | 375.61 £87.01 | 33349£2636 | 498.65+28.94 | 24325£630 | 187.94£093 | 23347+1311 | 22616321
Glass | Inter-CDistances | 1248242372 | 15408+32.01 | 157.98+29.66 | 13486666 | 1969279 | 10975+10.03 | 119.69+0.12
DB Index 0.68+0.18 0.60 % 0.13 0.88+0.02 0724009 | 083£0.13 116022 1.50£0.07
Distortion Deviation|  3.30 £ 0.92 4314108 4,85+ 1.06 4314040 | 433004 4274102 3784002
Intra-C Distances | 200148 + 124.67 | 2964.39 £ 595.71 | 2599.60 + 646.60 |3053.93 £253.51| 2472.11£0.00 | 3335.360.00 | 2715.88%0.00
Haberman | Inter-C Distances | 152.194232 | 301.23£281.28 | 699.66+664.06 | 1721034 | 1119000 8.700.00 18.55 £ 0.00
DB Index 0.59 £0.00 0.63 % 0.05 0.7240.07 1224015 1134000 2.54+0.00 0.91 +0.00
Distortion Deviation| ~ 7.49 1.5 1349458 11.53£4.57 5614365 | 21182000 | 19.72£0.00 22.48£0.00
Intra-C Distances | 341341954 | 399.69£21.14 | 40834£2025 | 33274£005 | 30469£009 | 332975000 | 449.96+034
Housevotes | Inter-CDistances | 3193£0.14 | 345422888 | 1021243443 | 2542000 | 2664000 2.54+0.00 0.67+0.09
DB Index 1.26%0.06 1444019 1.97+0.07 1.13£0.00 1.04+0.00 1.13 % 0.00 5.81£091
Distortion Deviation|  0.07+ 0.4 0.29:+0.12 039:+0.16 0.10£0.01 0.13£0.09 0.12£0.00 0.18 +0.02
Intra-C Distances | 1200.76 = 74.81 | 142734 266,54 | 14217125238 | 831447184 | 47861107 | 90403073 | 84540£3.52
Jonosphere | Inter-CDistances | 77.53£0.34 | 85165672 | 26172413208 | 3.64+116 | 240+0.00 1.88£0.00 11.08 £ 0.02
DB Index 1.2440.02 1344007 170 £ 0.04 130 +0.42 1.21£0.00 2824001 117 0.01
Distortion Deviation| ~ 0.28 +0.14 1424031 1424047 0.74+0.38 3.45+0.00 0.92+0.08 2.16+0.54
Intra-C Distances | 15696 +7.88 | 132191037 | 138851176 | 9733£0.00 | 90.76+11.71 | 104176866 | 128.14%0.00
Tris Inter-C Distances | 488 +0.16 10.95 + 6.64 7764837 10152001 |  465%1.85 930+ 0.21 3974001
DB Index 0.43 £ 0.008 0.55+0.9 0.44£0.10 0.66£0.00 | 040+0.15 0.77:0.03 0.38+0.00
Distortion Deviation| ~ 0.20 +0.05 0.60+0.28 0.31£0.12 041000 | 057£019 0.89£035 1.31£0.00
IntraC Distances | 2468342 373633.9 + 4779242 + 2701817+ | 12412885+ | 2047041+ 160144.48 +
542973 72569.9 3819021 24659 120378 9713.0 6911.76
Segment | Inter-C Distances | 6083.25£2971.2 | 15215.4 £ 2472.0 | 25575.8 +8408.23 | 1740193 85.96 | 3529.28 + 375.08 | 7184.62+2785.47| 273635 % 636.41
DB Index 0.50 £ 0.09 0.54+0.14 0.78+0.05 0.69+0.01 1.01+0.02 297:1.11 13240.09
Distortion Deviation| 110.01+45.87 | 361.76£2120 | 3258143803 | 12202£2219 | 117.66+335 | 79122027172 | 1330.52+6.37
Intra-C Distances | 1079562 +7782.0|73457.05 + 6883.7(84066.13  6907.29(57194.51:3885.5] 16856.20 + 56.29 [55696.8 = 1679.9| 65103.75 + 66.64
Vehicle | Inter-C Distances | 527.74-£41088 | 84552+ 1249.52 | 3894.19 + 5314.35 [2227.86 + 160.46| 168429592 | 1822.56+34456 | 358914035
DB Index 0.54+0.00 0.48+0.03 0.7240.22 0650017 | 0.63+0.01 0.92+0.09 0.44 % 0.00
Distortion Deviation| 22.40£8.67 | 2249990 | 5665+1390 | 8115£41.96 | 4602+173 | 167.30£4061 |  99.04+0.66
Intra-C Distances | 20700t 80% Diserete 2B lisa6a725 2000 PAOME 117589564000 | 175454444 0.00
Wdbe | fnter-C Distances | 3655.04 +259.66 | 10456.4 +9420.0 [12662.2 + 16499.91| 1331334000 | 785.98£9.00 | 1030.10:0.00 | 2112.74%0.00
DB Index 0.51+0.00 0.52+0.05 0.59+0.13 0504000 | 0.400.01 070+ 0.00 0.71+0.00
Distortion Deviation| 69.58 +35.89 | 528.84+171.05 | 438.02+12545 | 221579000 | 4362942241 | 2558.05+000 | 3260.76+0.00
Intra-C Distances | 1722070 + 663.29 | 17252.8 489549 |10242.17+ 6756.86| ' govor = | 2UR0UE 109574 5 4 338 82 22534.65 + 6781.72
Wine | Inter-C Distances | 7288.33 £21.43 |7065.07 £ 6736.62|84142.17 £ 852920 1549.71 £ 44.71 | 1173.08 % 355.95 | 1230.15+ 17.19 | 1023.02 51178
DB Index 0.47£0.01 0.48+0.01 0.55+0.04 0.54£0.006 | 0.59+0.01 0.84 +0.02 0.58+0.05
Distortion Deviation| 1696 +4.71 | 533341622 | 8294+37.62 | 205325874 | 18388915 | 387.50:147.17 | 423.99 13553
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TABLE 8. Mean and Standard Deviation of the Sum of Intra/Inter-Cluster Distances, DB-Index and Distortion Deviation Over 20 Independent Runs for the
Proposed Framework, DCPSO, GCUK, K-MENAS-++, DBSCAN, EM, and NPIR for the Higher-Dimensional Datasets.

Algorithm
Dataset Proposed DCPSO GCUK K-means++ DBSCAN EM NPIR
Measure
. 122307.87 +
Intra-C Distances 136.66 21901.45+516.94 [21454.51 +599.04 | 12149.84 + 246.00 | 11958.65 + 202.65 | 12014.33 + 277.24 | 11677.26  933.38
Dime064 oy 143803 .46 + 144819.30 + 144915.87 + 143968.13 + 144074.93 +
Inter-C Distances 169,10 9475.02+519.77 |10331.19 £ 628.54 475 55 1484.40 109,43 259 14
DB Index 0.04 £ 0.00 0.20 +0.04 0.14 £ 0.04 0.04 % 0.00 0.08 £ 0.01 0.06 £ 0.01 0.09 % 0.03
Distortion Deviation | 26.82 + 2.8 45.81 +5.06 4622 £ 4.42 3546+ 1.81 36.82+3.29 39.61 +2.69 4044 +2.15
Intra-C Distances | 2010207% | 1185250468321 [12730.87 £ 703.25|13690.57 + 358.88| 1318159 £ 300.60| 13416.67 £ 467.11| 1293523 *
227.48 1060.25
Dimel28 o 205577.92 + 205765.65 + 205785.09 + 205649.62 +
Inter-C Distances | 18488.69 + 408.67 | 201642.50 = 795.77 |21486.41 + 707.19 $12.40 07378 3041 5010.96
DB Index 0.07 % 0.00 1174023 1.4240.11 0.04 % 0.00 0.10+0.01 0.04 = 0.00 1.15+0.55
Distortion Deviation | 30.55 + 1.65 7837 + 13.54 71.26 + 14.56 4691+ 1.91 3541+4.16 47.85+2.79 54,46+ 6.07
Intra-C Distances | 14105.69 + 220.82 | 18457.17 + 1463.47 1929]22%‘;? 13974.62 + 164.43 | 13400.60 = 242.16 | 13985.81 + 226.55 | 14203.75 + 920.49
Dime256 o 18546.85 + 29637621 + 296078.75 + 286227.20 + 276228.65 +
Inter-C Distances  |27070.40 + 914.45 | 19412.74 + 1564.95 >180.76 76556 1087 07 Llo420 159049
DB Index 0.04 % 0.00 0.10+0.03 0.09 = 0.04 0.02 % 0.00 0.07+0.01 0.04 + 0.00 0.03 % 0.00
Distortion Deviation | 18.00  3.64 43.06 +7.39 41.84+8.51 22.60 +2.67 24.83+2.29 26.62 +3.03 2572 +4.17
. 184041 45 + 190629.83 + 198168.38 + 15106.74 + 152965.83 + 151784.53 +
ntra-C Distances 398.61 13235.42 14725.03 16022.35 £ 436.29 1798.74 939.93 1176.09
DimeS12 | pnter-C Distances 3855345 + 38491526 + 395860.59 + 418384.62 + 420203.11 + 46196434 + 47112627 +
1364.09 17197.38 13171.77 684.90 2817.58 3321.19 2768.98
DB Index 0.15+0.05 1.01 4 0.03 2.16+0.13 0.02 % 0.01 0.41+0.07 0.68 +0.07 0.67 % 0.09
Distortion Deviation |  16.78 +5.30 78.61 + 4.49 75.12 + 6.42 27.71+0.74 4041 £3.42 38.12+5.97 35.85+ 4.8

DB-index. Yet, we have demonstrated the best performance
in terms of the distortion deviation in this dataset.

K-means++ has shown highly competitive performance
in the Pathbased and the dermatology datasets in terms of
the DB-index. It has also been able to achieve better per-
formance in distortion deviation on spiral and Haberman
datasets. However, by increasing the dimension and the data
points as shown in higher-dimensional datasets, the proposed
framework outperforms the K-means++ in terms of the
distortion deviation measure. The proposed algorithm has
achieved the best DB-index in the Appendicitis dataset, but
the EM algorithm reached the best distortion deviation in this
case.

On the other hand, the proposed framework has shown
highly successful results in the automatic k-determination
clustering methods (DBSCAN, DCPSO, and GUCK) in
most datasets. DBSCAN algorithm has reached the best
value of DB-index in the Housevotes and WDBC dataset.
Nevertheless, the proposed method has obtained the best dis-
tortion deviation among all other algorithms in both datasets.
It should be mentioned that DBSCAN is fundamentally
different from center-based clustering methods. Although
DB-index may not be considered a fair validity measure for
this clustering method, we needed to evaluate the proposed
solution in terms of the DB-index with other algorithms for
the purpose of this paper. Aside from this point, the algo-
rithm has not performed well in reaching the minimum
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possible value of distortion deviation compared to the other
algorithms.

In a few datasets (such as Jain, Pathbased, and Spiral), the
DCPSO and the GCUK algorithms have reached the same
value as the proposed solution in the DB index. Nevertheless,
the distortion deviation, which is a primary goal in this paper,
still yields lower figures in these datasets for the proposed
framework.

To validate the above numerical results, we have performed
a non-parametric statistical test called the Friedman test
[63], [64]. This test which is similar to the ANOVA [13],
can point out significant differences between the behavior of
two or more algorithms. Table 9 describes the achieved ranks
by the Friedman test in the proposed framework considering
different optimizer modules. The ranks indicate that all four
optimizer modules have shown competitive performance,
especially among the BBA, BGA, and BPSO. However, BBA
and BGA optimizer modules have been ranked better in
most datasets with our proposed framework. Then, we have
performed another statistical test called the Wilcoxon rank-
sum test [65], [66] to draw a more meaningful conclusion
on the results. The Wilcoxon rank-sum test for equal medi-
ans establishes a proper pairwise comparison between the
algorithms. It compares the null hypothesis that two values
are samples from a continuous distribution with equal medi-
ans against the alternative that they are not. For evaluating
the first set of comparison results, the Wilcoxon test has
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TABLE 9. Achieved Ranks by the Friedman Test for the Proposed
Framework Considering four Different Optimizer Modules.

TABLE 10. Achieved P-values by the Wilcoxon Rank-Sum Test for the
Proposed Framework Considering Different Optimizer Module.

been applied to the optimizer module with the best average
performance against the rest of the modules according to
Tables 3 to 5. The significance level is considered as 0.05,
which gives strong evidence against the null hypothesis. The
achieved p-values by the Wilcoxon test for the first set of
comparison results considering different optimizer modules
have been reported in Table 10. As can be seen in some
datasets (i.e., R15, Wine), the p-value of one of the optimizer
modules has a significant difference from others. On the
other hand, the achieved p-values by two or three optimizer
modules are not significantly different in some other datasets
(i.e., Pathbased, Dermatology, Haberman, Housevotes,
Wdbc, Dim256). It means the proposed framework utilizing
all these optimizer modules exhibits similar performance for
that dataset.

We have also applied these non-parametric statistical tests
to the second set of comparison results to compare the pro-
posed framework with other algorithms statistically. During
this experiment, we have implemented the proposed frame-
work considering the BBA optimizer. We have applied the
statistical tests to the DB-index and distortion deviation mea-
sures achieved in the second set of comparison results. The
achieved ranks by the Friedman test and the p-values by the
Wilcoxon test for the second set of comparison results have
been reported in Tables 11 and 12. As shown, the proposed
framework has been able to reach the best or the second-best
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Datasets BBA BPSO BGA BDA Datasets BBA BPSO BGA BDA

Aggregation 1.65 2.65 2.08 3.63 Aggregation 1 0.0077 0.4849 0.0000
Compound 2.75 223 1.58 3.45 Compound 0.0000 0.2235 1 0.0000
D31 1.70 2.70 2.13 3.48 D31 1 0.0006 0.2439 0.0000
Flame 2.10 278 1.93 3.20 Flame 0.6073 0.0032 1 0.0005
Jain 245 2.08 2.75 2.73 Jain 0.2288 1 0.0711 0.0265
Pathbased 2.10 2.60 225 3.05 Pathbased 1 0.0496 0.6262 0.0149
R15 2.90 2.55 1.68 2.88 R15 0.0023 0.0110 1 0.0009
Spiral 245 2.65 2.10 2.80 Spiral 0.2733 0.0909 1 0.0468
Appendicitis 2.00 235 2.70 2.95 Appendicitis 1 0.4092 0.0482 0.0058
Dermatology 1.98 248 235 3.20 Dermatology 1 0.2789 0.4986 0.0087
Ecoli 225 2.75 2.10 2.90 Ecoli 1 0.1636 0.8817 0.0133
Glass 2.20 2.70 2.50 2.60 Glass 1 0.0251 0.0914 0.0482
Haberman 275 2.55 2.35 2.35 Haberman 0.1960 0.5065 1 1.0000
Housevotes 2.15 2.40 1.85 3.60 Housevotes 0.3104 0.1988 1.0000 0.0000
Ionosphere 2.05 2.55 220 3.20 Tonosphere 1 0.1895 0.4249 0.0005
Iris 2.30 2.40 2.45 2.85 Iris 1 0.2972 0.5883 0.0138
Segment 2.20 2.60 2.68 253 Segment 1 0.0671 0.0335 0.1573
Vehicle 238 278 1.83 3.03 Vehicle 0.1410 0.0129 1 0.0029
Wdbc 2.20 255 2.65 2.60 Wdbce 1 0.9246 0.6750 0.7972
Wine 230 1.63 2.65 3.43 Wine 0.0441 1.0000 0.0088 0.0000
Dim64 2.03 243 273 2.83 Dim64 1 0.1774 0.0094 0.0019
Dim128 2.08 2.48 275 2.70 Dim128 1 0.1794 0.0097 0.0226
Dim256 2.40 2.50 2.50 2.60 Dim256 1 0.3421 0.3421 0.1624
Dime512 2.30 2.40 2.55 275 Dime512 1 0.2733 0.0565 0.0962

DB-index rank in multiple datasets. Besides, the best distor-
tion deviation rank in almost all datasets has been achieved by
the proposed framework, which is a great success. The reason
why we have not achieved the lowest DB-index rank in a few
datasets lies in how the problem has been formulated in our
model. In line with the initial motivation of this paper, reach-
ing the minimum distortion deviation has been prioritized in
our proposed model. Therefore, there might be cases where
the proposed framework achieves the minimum distortion
by dividing the data points into more or fewer groups; thus,
it also affects the DB-index.

We have observed the performance of the proposed frame-
work in some of the datasets which have higher data
points and larger dimensions. (e.g., D31, Segment, and Dim
datasets). From our perspective, the proposed framework
effectively works with small to mid-size datasets from dif-
ferent dimensions. We come to this conclusion that hav-
ing a dataset with high data points can slightly affect the
performance as it is directly related to the binary encoding
scheme and can increase the search space size while increas-
ing the dimension only affects distance calculation, which
is normally expected to happen. Also, as discussed in [59],
it is worth mentioning that using Euclidean distance is not
a proper distance measure in higher-dimensional datasets.
Hence, we can substitute this measure with other appropriate
distance measures for further investigation.
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TABLE 11. Achieved Ranks by the Friedman Test on the DB-index and Distortion Deviation Measures for the Proposed Framework Compared to Other

Algorithms.
DB-index ranks Distortion deviation ranks
Dataset Proposed | DCPSO | GCUK |K-means++| DBSCAN EM NPIR Proposed | DCPSO | GCUK | K-means++ | DBSCAN EM NPIR
Aggregation 1.2 3.6 4.8 4.4 3.95 32 6.85 1.45 3.35 4.65 1.55 6.85 4.85 53
Compound 1.65 2.5 2.6 34 7 53 5.55 1.4 3.25 2.15 5.35 5.5 6.7 3.65
D31 3.95 39 5.75 1.95 44 7 1.05 1 6.65 6.05 3.45 2.1 53 345
Flame 2.35 1.5 2.35 4.6 5.25 6.75 52 1.05 4.95 4.55 2.55 6.85 2.8 5.25
Jain 1.6 1.85 3.55 6.35 6.25 3.8 4.6 1.1 3.35 3.55 2.25 7 5.9 4.85
Pathbased 1.9 235 4.95 3.25 7 3 5.55 1.45 4.25 4.75 3 6.95 5.95 1.65
RI5 3.05 5 5.35 2.05 3.7 6.65 2.2 2.15 4.95 39 1.4 5.45 6.7 3.45
Spiral 2.35 1.9 1.75 4 7 6 5 3.5 5.45 53 1.15 2.85 3.65 6.1
Appendicitis 1.45 2.8 3.75 49 4.45 6.35 43 2.25 5.1 4.65 2.35 7 1.8 4.85
Dermatology | 2.35 3.45 2.35 1.85 5.65 6.65 5.7 1.95 33 235 2.4 6.05 6.95 5
Ecoli 1.4 1.65 2.95 5.05 5.1 7 4.85 1.05 52 4.65 4.9 2.7 6.25 3.25
Glass 2.55 1.7 4.55 2.65 3.65 6 6.9 2 4.25 5.15 4.5 4.95 4.6 2.55
Haberman 1.15 2 2.85 5.75 5.25 7 4 2.3 3.7 2.95 13 59 4.85 7
Housevotes 39 4.75 6 3 1.05 2.3 7 1.9 5.85 6.4 2.25 35 325 4.85
Tonosphere 32 3.95 6 4.2 245 7 1.2 1.2 4.55 4.2 235 7 3 5.7
Iris 3.45 4.65 33 5.7 1.85 7 2.05 1.5 4.25 2.45 32 4.1 5.7 6.8
Segment 1.4 1.85 39 2.85 5 7 6 1.85 4.75 4.25 2.4 1.75 6 7
Vehicle 3.25 2.1 4.95 53 4.5 6.8 1.1 13 1.7 4 5.25 3.25 6.75 5.75
Wdbc 3.65 35 4.55 2.6 1.1 5.8 6.8 1 33 3.05 5 2.65 6 7
Wine 1.5 1.7 39 3.875 5.35 7 4.675 1 2.15 2.85 4375 4.75 6.25 6.625
Dim64 1.45 6.85 5.95 1.75 4.40 3.30 4.30 1.00 6.00 6.40 2.60 2.70 4.30 5.00
Dim128 3.85 6.20 6.80 2.30 4.95 1.25 2.65 1.10 6.50 6.25 3.50 1.90 3.70 5.05
Dim256 3.70 6.25 5.75 1.00 5.55 3.70 2.05 1.30 6.50 6.40 2.55 3.35 4.20 3.70
Dim512 2.00 6.30 6.70 1.00 3.00 4.50 4.50 1.00 6.60 6.40 2.05 4.45 3.95 3.55

VI. CORRELATION-AWARE CLUSTERING SCHEME
Without loss of generality, the proposed clustering framework
has been applied to a set of correlated binary datasets as a
case study in this section. The presence of correlation in a
binary dataset can be realized as the relevance of content files
in the same category, such as the repeated measurements in
remote sensing [52], the updated versions of dynamic con-
tent, augmented reality, news updates, etc. [3], [22]. Crowd-
sourced multi-view video uploading is another application
that can benefit from correlation among binary datasets [23].
Moreover, correlated binary data clustering is widely used in
medical studies, such as dental and radiologic studies. In such
cases, the observations are taken from multiple representa-
tions of the same subject [67].

In the binary case, each data point is denoted by an
n-bit vector with i.i.d binary random symbols. Therefore,
the n-dimensional binary dataset with m data points is indi-
cated by A.

P1,1,P12 - s Pln
A= : : : (13)
Pm,1,Pm2 -+ Pmn _{,n

Since the proposed clustering approach has been designed
as a general framework, it can also successfully cope with
binary datasets. Hence, all the steps are similar to the general
framework. However, the definition of distance measure and
representative selection has been tailored with binary space.
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The distance measure is considered as the Hamming dis-
tance [3], which is defined as (14).
dH _ Loif pi,n 75 pj,n’ Vi 7&]

- _ 14
W 0 Otherwise (14)

In this case, the maximum distortion of each cluster is cal-
culated according to the Hamming distance measure between
each data point P and its representative Y; within each cluster
C;where C; € Candi=[1,2,...,K].

8Ci = max d (. v, (15)

Selecting cluster representative in the binary case is carried
out in two steps. First, the centroid of each group is identified
by performing the majority rule. Then, the data point with
the least hamming distance to the centroid is selected as the
representative. According to the majority rule, a decision is
made based on the majority of alternatives. The following
example shows how a centroid is determined based on the
majority rule for a group of 4 binary data points.

Example 2:

Counting the Pl : NAL

number of Os P2: 1 0

&ls P3 . 0 0

veristically P4' 1 1
011

Majority vector: 1 0 1 0
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TABLE 12. Achieved P-values by the Wilcoxon Rank-Sum Test on the DB-index and Distortion Deviation Measures for the Proposed Framework Against

Other Algorithms.

DB-index Distortion deviation
Dataset DCPSO GCUK K-meanst++ | DBSCAN EM NPIR DCPSO GCUK K-means++ | DBSCAN EM NPIR
Aggregation | 0.0001 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.5801 0.0000 0.0000 0.0000
Compound 0.0071 0.0026 0.0000 0.0000 0.0000 0.0000 0.0005 0.0003 0.0000 0.0000 0.0000 0.0000
D31 0.0000 0.0001 0.0000 0.0000 0.0960 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Flame 0.0060 0.9892 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Jain 0.7353 0.0077 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Pathbased 0.8392 0.0000 0.0574 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.7338
R15 0.0043 0.0040 0.0970 0.2067 0.0000 0.2493 0.0000 0.0000 0.0000 0.0000 0.0000 0.0005
Spiral 0.0294 0.0215 0.0000 0.0000 0.0000 0.0000 0.0000 0.0001 0.0000 0.0148 0.8168 0.0001
Appendicitis | 0.0000 0.0000 0.0000 0.0000 0.0000 0.5953 0.0000 0.0000 0.6488 0.0000 0.3304 0.0000
Dermatology | 0.0000 0.7972 0.2499 0.0000 0.0000 0.0000 0.0000 0.6554 0.1070 0.0000 0.0000 0.0000
Ecoli 0.2287 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Glass 0.1806 0.0001 0.2731 0.0175 0.0000 0.0000 0.0060 0.0000 0.0000 0.0002 0.0016 0.0010
Haberman 0.2534 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0040 0.0000 0.0000 0.0000 0.0000
Housevotes 0.0020 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0127 0.0625 0.0001 0.0000
Tonosphere 0.0001 0.0000 0.0010 0.0001 0.0000 0.0000 0.0000 0.0000 0.0010 0.0000 0.0000 0.0000
Iris 0.0000 0.4570 0.0000 0.0002 0.0000 0.0000 0.0000 0.0006 0.0000 0.0000 0.0000 0.0000
Segment 0.6949 0.0000 0.0009 0.0000 0.0000 0.0000 0.0000 0.0000 0.1961 0.6749 0.0000 0.0000
Vehicle 0.0000 0.0040 0.0000 0.0000 0.0000 0.0000 0.6359 0.0000 0.0000 0.0000 0.0000 0.0000
Wdbe 0.4903 0.0083 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Wine 0.2534 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Dim64 0.0000 0.0000 0.3548 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Dim128 0.0000 0.0000 0.0000 0.0000 0.0000 0.0001 0.0000 0.0000 0.0000 0.0001 0.0000 0.0000
Dim256 0.0000 0.0002 0.0000 0.0000 0.3734 0.0000 0.0000 0.0000 0.0001 0.0000 0.0000 0.0000
Dim512 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

The similarity between correlated vectors is extracted by
a statistic measure named the simple matching coefficient
(SMC) [58], [68], which is closely related to the definition
of the hamming distance on bit strings.

Let P; and P; be two different n-bit binary vectors in a
cluster. Let n11 and ngg represent the number of bits that are
1 or 0 simultaneously among two vectors, while ng; and n1g
represent the number of bits that are not the same in each
position. Then SMC is defined as follows.

noo + no1
noo + no1 + 1o + 111

SMC =

(16)

Similar to the discussed experiment in the general frame-
work, the goal is partitioning A,,x, into K number of com-
pact and well-separated clusters with relatively close values
for the maximum distortion in each group, such that K < m.

A. RESULTS AND DISCUSSION ON CORRELATION-AWARE
CLUSTERING SCHEME

In this section, the performance of the proposed correlation-
aware clustering scheme has been analyzed on a corre-
lated binary dataset. For this purpose, based on assumptions
considered in [22] for generating correlated binary vectors,
three synthetic binary datasets are generated with dimensions
128 x 100 bits and a maximum similarity of 50%, 60%,
and 70%, respectively. Similar to the general framework,
the correlation-aware clustering scheme has been evaluated
under the presence of the BBA, BPSO, BGA, and BDA
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optimizer modules. For each algorithm, twenty independent
trials have been performed on each dataset. The best and
worst cost, the average cost, and the standard deviation have
been reported in Table 13. The convergence curve of binary
datasets by considering all four optimizer modules is also
presented in Fig. 7. Finally, the statistical analysis has been
described in Table 14. According to the experimental results,
all four optimizer modules show high capabilities in perform-
ing the proposed correlation-aware clustering scheme and
present very competitive results in this case. However, both
the BBA and BDA optimizer modules provide superb per-
formance in solving such a binary clustering problem since
the fastest convergence rate belongs to the BBA optimizer
module, followed by the BDA optimizer. The BBA algorithm
can take advantage of the loudness and pulse emission bal-
ance between the exploration and exploitation to accelerate
the convergence rate toward the global optimum and not trap
in local minima over the course of iterations. Besides, the
V-shaped transfer function in the BBA algorithm helps the
particles not go through the unpromising area of the search
space, and therefore it contributes to having a fast conver-
gence rate in this case. The BDA optimizer also inherits
high exploration and exploitation from the DA algorithm and
provide an excellent result. Furthermore, the convergence
curves of this experiment show that by increasing the simi-
larity among data points, the convergence speed significantly
increases. Consequently, reaching the minimum cost can be
achievable in fewer iterations. The reason is that, as the
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TABLE 13. Comparison Results of the Proposed Correlation-Aware Clustering Scheme Considering BBA, BPSO, BGA, and BDA Optimizer Modules.

BBA BPSO BGA BDA
Dataset
Best Worst Mean Std Best Worst Mean Std Best Worst Mean Std Best Worst Mean Std
Dataset 1 | 13.2253 27.5974 17.4428 5.7571 | 27.5978 27.5978 21.5311 6.5529 | 27.6555 27.6555 18.8102 6.1719 | 12.6746 27.4833 17.0180 5.6712
Dataset 2 | 13.2332 13.9870 13.7247 0.2223 | 14.1375 14.1375 13.9374 0.1246 | 14.2618 14.2618 13.9195 0.1841 | 13.2595 14.0283 13.7915 0.1739
Dataset3 | 0.0000 13.9319 12.1649 4.1725| 13.9808 13.9808 13.7809 0.1579 | 13.9668 13.9668 13.6544 0.1850 | 12.9543 13.8418 13.5725 0.2520
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FIGURE 7. Convergence curve for the correlated-binary datasets considering BBA, BPSO, BGA, and BDA algorithms for the optimizer module in
the correlation-aware clustering scheme. The algorithm with the better performance is shown with thicker line. The color code for each

algorithm is as follows: —— 8PS0 BGA ——BDA——BBA

TABLE 14. Statistical Results of the Proposed Correlation-Aware Clustering Scheme Considering four Different Optimizer Modules.

Dataset Friedman’s Rank P-values
BBA BPSO BGA BDA BBA BPSO BGA BDA
DATASET 1 2.35 3.25 2.7 1.7 0.1333 0.0003 0.0071 1
DATASET 2 2.05 3.05 2.8 2.1 1 0.0026 0.0051 0.4249
DATASET 3 1.85 3.5 2.45 22 1 0.0016 0.2184 0.4093

correlation among datasets increases, the similarity between
data points becomes very large. As a result, the maximum
Hamming distance between data points decreases; therefore,
the clustering problem becomes a much simpler problem
that can even be solved in less than half of the iterations.
In such cases, the maximum distortion in each cluster will
be decreased as well.

VIIi. CONCLUSION AND FUTURE WORK

Clustering algorithms are developed as a powerful tool to
analyze the massive amount of data produced by modern
applications. Over the years, various meta-heuristic searching
techniques have been proposed to achieve optimal or near-
optimal solutions due to the challenges such as defining a
suitable objective function and ambiguity in data clustering
definition. In this paper, the clustering problem has been
formulated as an optimization problem with the motivation
to reach well-separated clusters with approximately the same
maximum distortion. Such clustering solution is highly bene-
ficial in applications such as compression schemes that need

93720

relatively close values for the maximum distortion in each
cluster. The proposed framework employs binary optimiza-
tion algorithms as the optimizer module. It also adopts a
dynamic range of clusters in accordance with the input data
to tackle the problem of determining the correct number
of clusters in advance. Hence, users do not need a priori
knowledge of the number of clusters. We have also proposed
a binary encoding scheme for the particle representation in
the proposed framework. Moreover, a correlation-aware clus-
tering scheme is reported as the application of the proposed
framework for the correlated binary datasets. The binary
correlation-aware clustering scheme is useful in a wide range
of practical applications such as the repeated measurements
in remote sensing, medical studies, cache-aided networks
with dynamic content, augmented reality, and crowdsourced
multi-view video uploading. The experimental results show
that the proposed framework exhibits superior performance
in all binary datasets and most of the typical datasets by
utilizing the considered binary optimizer module. According
to the results, we have successfully reached a proper number
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of well-separated clusters with approximately the same max-
imum distortion value for each cluster in most datasets.
This paper can be considered the opening to conduct further
research to improve the distortion gap between clusters in
other applications. Future studies can consider the proposed
automatic clustering framework with approximately the same
maximum distortion in each cluster as a multi-objective opti-
mization algorithm problem and consider the maximum dis-
tortion of the clusters as an objective to possibly improved the
distortion deviation gap. Besides, improving the efficiency of
the proposed framework in the case of having a large dataset
can be considered a future work.
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