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Abstract—In many practical applications, it is crucial to per-
form automatic data clustering without knowing the number
of clusters in advance. The evolutionary computation paradigm
is good at dealing with this task, but the existing algorithms
encounter several deficiencies, such as the encoding redundancy
and the cross-dimension learning error. In this article, we propose
a novel elastic differential evolution algorithm to solve automatic
data clustering. Unlike traditional methods, the proposed algo-
rithm considers each clustering layout as a whole and adapts
the cluster number and cluster centroids inherently through the
variable-length encoding and the evolution operators. The encod-
ing scheme contains no redundancy. To enable the individuals of
different lengths to exchange information properly, we develop
a subspace crossover and a two-phase mutation operator. The
operators employ the basic method of differential evolution and,
in addition, they consider the spatial information of cluster lay-
outs to generate offspring solutions. Particularly, each dimension
of the parameter vector interacts with its correlated dimensions,
which not only adapts the cluster number but also avoids the
cross-dimension learning error. The experimental results show
that our algorithm outperforms the state-of-the-art algorithms
that it is able to identify the correct number of clusters and
obtain a good cluster validation value.

Index Terms—Clustering, differential evolution, elastic encod-
ing, subspace.

I. INTRODUCTION

ATA clustering plays a crucial role in various fields, such
as industrial informatics [1], [2]; bioinformatics [3]-[6];
and pattern recognition [7]-[9]. The task is to partition a
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dataset into different data subsets named clusters. Commonly,
data clustering is performed in an unsupervised way using
only the data distribution information. The principle is that
we need to maximize the intracluster similarity while min-
imizing the intercluster similarity. Therefore, data clustering
can be regarded as an optimization problem.

Different types of clustering algorithms were developed in
the literature, such as the partitioning methods, the agglom-
erative or divisive hierarchical clustering, the prototype-based
methods, and the density-based methods. In this article, we
focus on partitioning the clustering which organizes the data
objects into a number of exclusive clusters. The most well-
known technique in this category is the K-means clustering
algorithm [10]. Although it was proposed as early as 1979,
the algorithm is still widely used in various fields in recent
years [11], [12]. However, there are several shortcomings of
the traditional partition-based clustering algorithms such as the
K-means. First, they require a priori knowledge, namely, the
predefined number of clusters. Given a dataset, one may need
to use an analytical technique to run the algorithm repeat-
edly to identify the most suitable K value to improve the
performance. Second, these algorithms are typically the local
search algorithms which provide only locally optimal solu-
tions. The results would be highly sensitive to the initial
partitions of the data objects.

From the perspective of optimization, clustering is shown
to be a nondeterministic polynomial NP-hard problem [13]
and, therefore, the approximation algorithms, such as the
evolutionary computation (EC) algorithms become the poten-
tial solvers. Many attempts have been devoted to this area.
For example, Krishna and Murty [14] proposed a genetic
K-means algorithm (GKA) with a specified cluster number
for data clustering and replaced the crossover operator in
the genetic algorithm with one step of K-means. In [15], a
faster GKA (FGKA) was put forward by Lu et al. Merz and
Zell [16] adopted some memetic algorithms for clustering
gene expression data. In these algorithms, the cluster number
is often regarded as an input, due to the fixed-length encoding
scheme of EC algorithms. However, when dealing with
high-dimensional and big-data problems, it becomes a tedious
or even impossible task to predefine the optimal number of
clusters. Therefore, we need an automatic way to adjust the
number of clusters during the optimization process.

Recently, several techniques have been developed to address
this issue. Das et al. [17] adopted a fixed-length structure
to encode the coordinates of the cluster centroids, together
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Fig. 1. Illustrations of the cross-dimension learning error. (a) Individuals
exchange information in the wrong way (the individual X; wrongly takes the
index-based dimensions as learning direction). (b) Invalid learning due to the
switch mechanism (the activated centroid learns invalid information from the
inactivated one).

with a zero-one switch vector to represent the state of each
cluster centroid. The cluster centroid is activated when its
corresponding switch value is decoded into one. Since the
switch vector is updated iteratively, the number of used clusters
is adjusted during the optimization. The work of Liu et al. [18]
follows this method, but it makes improvements in repre-
senting the activate state of the cluster centroids. The three
adaptive encoding schemes reduce the number of bits in the
chromosome to label the ON/OFF state of the cluster cen-
troids. In [19], a genetic algorithm was developed to perform
the clustering task, and the algorithm found the right number
of clusters according to the average Silhouette width crite-
rion. But the encoding scheme remained the constant-length
parameter vector. Hruschka et al. [20] improved a genetic algo-
rithm to estimate the number of clusters, and the algorithm
performed well in gene expression data. Although it is able
to adjust the cluster numbers, this kind of algorithm endures
two deficiencies. First, the algorithms encode and optimize the
maximum number of cluster centroids, regardless of whether
they are activated or not. The search space is large and full
of redundancy. The increase of problem dimensionality could
lower the performance of the EC algorithms. Second, to the
best of our knowledge, all existing EC-based clustering algo-
rithms encounter the problem of “cross-dimension learning
error.” Cross-dimension learning error occurs when the indi-
viduals in the population interact with each other (e.g., the
crossover of the GA and DE algorithms, or when a particle
learns information from the others in the PSO). It has two situ-
ations, which are illustrated in Fig. 1 and described as follows.

First, the individuals in the traditional EC algorithms
exchange information according to the dimension indices.
When performing data clustering, this mechanism neglects the
spatial relationship between the cluster centroids that a clus-
ter centroid can exchange/learn the information from a totally
unrelated cluster centroid. Fig. 1(a) shows a normal situation
that two parameter vectors exchange the incorrect information:
according to the dimension indices (cluster labels), the cen-
troid 1 of X; interacts with the centroid 1 of X,. However,
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Fig. 2. Elastic encoding scheme with variable lengths.

according to the spatial layout, the correct interaction should
be between the centroid 1 of X; and the centroid 3 of X,
because they correlate with each other.

Second, for automatic data clustering, many EC algorithms
with a fixed-length structure encode the coordinates of all pos-
sible cluster centroids, while using a switch vector to represent
the state (activated or not) of each cluster centroid. In these
cases, the activated centroid may learn invalid information
from the inactivated one, as shown in Fig. 1(b). However, the
coordinates of inactivated centroids could be obsolete, which
would provide wrong guidance. Because of the above cross-
dimension learning error, the EC-based clustering algorithms
become inefficient or vulnerable to premature convergence.

To summarize, the state-of-the-art clustering algorithms
have two remaining problems to solve. First, the existing
differential evolution algorithms use a fixed-length encoding
scheme for automatic data clustering, but apply some auxiliary
space to represent the activate state of the cluster centroids.
The search space is redundant, which reduces clustering effi-
ciency. Second, the existing evolutionary clustering algorithms
commonly suffer cross-dimension learning error when per-
forming crossover or individual learning. The existence of
the cross-dimension learning error disorders the interactions
between individuals and, hence, reduces the performance of a
population-based optimization approach. To address the prob-
lems, we propose a novel elastic differential evolutionary (E-
DE) algorithm in this article. The novelties and contributions
of the E-DE algorithm are summarized as follows.

1) E-DE adopts an elastic encoding scheme where the
population consists of variable-length parameter vec-
tors, each denotes a different number of clusters. As
illustrated in Fig. 2, the encoding scheme contains no
redundancy: each vector possesses only the coordinates
of the cluster centroids that take effect in the clus-
tering of data. E-DE considers each clustering layout
(number and positions of clusters) as a whole to per-
form optimization, and it allows the parameter vector
to change its cluster number flexibly during the search
process.

2) Based on our new elastic encoding scheme, the muta-
tion and crossover operators of DE are sophisticatedly
redefined to fit the requirements arising from the vari-
ation of parameter vector length. The new mutation
adapts the cluster number and centroids according to
the differential information of individuals in the cur-
rent population. Meanwhile, we develop a subspace
crossover that takes the spatial layout of clusters into
consideration, letting each dimension of one vector learn
from the correlated dimensions of the other vectors. To
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the best of our knowledge, this article makes the first
attempt to eliminate the cross-dimension learning error
in evolutionary clustering algorithms.

3) Unlike some other peer algorithms that introduce many
complex auxiliary techniques, we keep our algorithm
conceptually simple. The framework of E-DE is identical
to the classical DE algorithm, which iteratively performs
the crossover, mutation, and selection steps to refine the
population. The adjustment and optimization of cluster
number and coordinates is realized through this process
in an inherent way. Our algorithm is lightweight and
computationally efficient.

4) We compare the performance of our algorithm with sev-
eral state-of-the-art clustering algorithms on synthetic
and real-life datasets of various characteristics. The
experimental results indicate that the E-DE algorithm
outperforms the others.

The remainder of this article is organized as follows.
Section II discusses the traditional and state-of-the-art cluster-
ing algorithms and points out some drawbacks of the remaining
methods. In Section III, we describe the elastic differential
evolution algorithm in detail. Section IV shows the experiments
and results. The conclusions are demonstrated in Section V.

II. PRELIMINARIES
A. Related Work

The data clustering problem, which aims at partitioning the
dataset into different clusters, is an NP-hard problem [13]. The
evolutionary algorithms (EAs) are commonly known as the
powerful optimizers for the NP-hard problems, so they have
received wide attention for data clustering. There are some
related survey papers on this topic [21]-[23]. In this section,
we review the evolutionary clustering algorithms according to
two categories: 1) algorithms with a fixed cluster number and
2) algorithms with a variable cluster number.

1) Clustering With Fixed Number of Clusters: In this cat-
egory, the algorithms require a specified cluster number as
a priori knowledge, in order to fit the fixed-length encod-
ing scheme of EAs. Many studies made improvements on the
evolution operators to enhance the performance of clustering.

1) Single-Objective Optimization Methods: Krishna and

Murty [14] proposed a GKA for data clustering, where
the elementary step of K-means was taken to replace the
crossover step in the evolution process. Lu et al. [15]
improved the GKA in terms of the selection and muta-
tion operators and made it run faster. Merz and Zell [16]
adopted the memetic algorithms with two mutation and
recombination operators for clustering gene expression
data. These methods enable the algorithm to quickly
converge to a near-optimal solution. Xiang et al. [24]
employed the DE/best/l mutation strategy to develop a
dynamic shuffled differential EA (SDE) to improve the
convergence performance of data clustering. The SDE
algorithm divides the initial population into two sub-
populations to evolve and combine the best results to
form the best optimum at the end of optimization. More
recently, a density-based NK hybrid genetic algorithm
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was developed in [25]. To determine the number of
clusters, the algorithm first generates a large number of
solutions and selects the solution with the best validation
index. In 2019, Guan et al. [26] proposed a particle-
swarm-optimized density-based clustering and classifi-
cation (PODCC) algorithm, which successfully offset
the drawbacks of the well-known DBSCAN algorithm
for density clustering.

2) Multiobjective Optimization Methods: In recent years,
the evolutionary multiobjective optimization (EMO)
methods have also received attention for data clus-
tering. Some studies focus on fuzzy clustering,
such as the multiobjective genetic algorithm by
Mukhopadhyay et al. [27] and the multiobjective differ-
ential EA by Saha et al. [28]. The algorithms optimize
more than one measure for the clustering goodness
and generate a set of Pareto optimal solutions for the
subsequent operations.

2) Clustering With a Variable Number of Clusters: Because
the number of clusters can hardly be known in advance, some
efforts are made to estimate the number of clusters before
performing clustering, such as the last leap and the last major
leap methods proposed in [29]. The term “automatic cluster-
ing” commonly refers to the methods that are able to adapt
the number of clusters automatically without external spec-
ification. To fulfill this goal, different kinds of heuristic or
local search strategies are incorporated into EAs to enable the
algorithms to change the cluster number during the clustering
process.

1) Single-Objective Optimization Methods: Das et al. [17]
put forward an improved differential EA called ACDE
that adjusted the cluster number through a new indi-
vidual encoding scheme. The ACDE algorithm embeds
a zero-one switch vector in the individual represen-
tation for activating or inactivating the cluster cen-
troids. An improved ACDE version was proposed by
Tam et al. [30] using a new changing schema of
threshold values. Further, Liu er al. [18] developed
three adaptive encoding schemes that represent the
activate state of the cluster centroids more efficiently.
Arellano-Verdejo et al. [31] proposed a new hybrid
differential EA (DELA), and Tvrdik and Kiivy [32]
combined differential evolution and K-means. They
paid more attention to the center rearrangement.
Maulik and Saha [33] proposed a modified differential
evolution for automatic fuzzy clustering, which adopted
the same individual encoding scheme like the ACDE.
In addition, the global best and local best information
are utilized to accelerate the searching process. Besides,
Chang and Zhang [34] put forward a dynamic niching
genetic algorithm for data clustering. Since the nich-
ing method is able to preserve the diversity of the
population, the algorithm is more likely to find the
correct cluster number and well-formed data structure.
Sheng et al. [35] proposed a multilocal search and
adaptive niching-based memetic algorithm (MANM) for
data clustering. Two local search strategies merge and
split clusters in the evolution process. Then, at the
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end of each iteration, an adaptive niching strategy is
applied to update the population information in the off-
spring. Furthermore, Sheng et al. [36] improved the
performance of the MANM and designed a new memetic
algorithm with adaptive multisubpopulation competition
and multiniche crowding methods. In [37], the two-
stage genetic clustering algorithm (TGCA) adopts a
variable-length encoding like the proposed E-DE algo-
rithm. Then, as the name indicated, the TGCA treats
the number of clusters and the positions of clusters
separately by a two-stage method during the evolution.
The experiments showed good performance of TGCA.
Besides, in [38], a weighted Gaussian means algo-
rithm was developed, which adopts a feature weighting
learning strategy for automatic data clustering.

2) Multiobjective Optimization Methods: The multi-
objective optimization methods are also well suited
in this category. Saha er al. [39] proposed a frame-
work of multiobjective optimization to solve the
semisupervised clustering. Four objective functions are
applied: a) the total compactness of the partition-
ing; b) the total symmetry present in the clusters;
c) the cluster connectedness; and d) the adjust rand
index. Mukhopadhyay et al. [40] put forward a fuzzy
C-medoid method for categorical data clustering using
the multiobjective genetic algorithm. In the evolution
process, the fuzzy cluster variance and cluster sep-
aration are taken as two objectives to be optimized
simultaneously. Wan et al. [41] put forward an adaptive
multiobjective memetic algorithm for spectral-spatial
fuzzy clustering. The method contains two automatic
layers and accomplishes the clustering task of remote
sensing images very well. Garza-Fabre et al. [42]
proposed an improved and more scalable evolutionary
approach to multiobjective clustering. It utilizes two
encoding schemes for better population representation,
that is, the delta locus and the delta binary encoding
schemes.

The existing clustering algorithms have the following lim-
itations. First, the algorithms with a fixed number of clusters
require prior knowledge that can hardly be known in prac-
tical applications. The EC-based automatic data clustering
algorithms relieve this problem. However, as discussed in
Section I, these algorithms endure the drawbacks of encoding
redundancy and cross-dimension learning error. Besides, many
algorithms rely on auxiliary techniques, such as niching [35]
and population competition [36] to adjust the number of clus-
ters, which increase computational complexity. To tackle the
aforementioned limitations, we proposed an elastic differential
EA for automatic data clustering. The algorithm is achieved
by a new elastic encoding scheme and the corresponding new
mutation and crossover operator under the concept of subspace
swapping.

B. Validation Indices for Clustering

For the clustering problem, the ultimate purpose of the
algorithm is to find a well-formed clustering structure for

4137

the dataset with maximum intercluster distance and mini-
mum intracluster distance. Numerical measures are applied
to judge the performance of data clustering, which include
external indices and internal indices [43]. An external index
measures the clustering results with a reference model, like
the partition result provided by a domain expert. In contrast,
an internal index directly measures the results based on the
intrinsic characteristics of clusters, which does not refer to the
external information. There exist a large number of internal
indices for clustering validation, such as the Dunn index, CH
index, Gamma index, C-index, SIL index, DB index, CS index,
I index, and so on. Since there does not exist a “perfect”
index so far, many works were devoted to make comparisons
between different indices, such as the review work [44].

In this article, we focus on proposing an efficient automatic
clustering algorithm. The developed E-DE is generic, which
is suitable to adopt any of the above-mentioned indices in the
fitness evaluation step. In the major body of this article, we
use the DB [45] and I [46] indices that are commonly adopted
in the literature. The two indices are simple to understand,
lightweight to implement, and are validated to be efficient for
various clustering datasets. Besides, we also implement and
test the algorithms by adopting the other indices, which are
reported in the supplementary file of this article.

1) DB Index: In the DB index, each cluster centroid
corresponds to an index value R;

= x<6i+6j) @)
jj#i\ Dy

where ¢; = (1/N;) Zx,-eC,- lx; — m;||> is the average error
within cluster i; Dj; = [|m; — mj||2 is the distance between the
cluster centroids; and N; denotes the number of data points in
cluster C;. Then, the DB index is formulated as

1 K
DB(K) = e ZR,». )
i=1

Since we aim at maximizing the intercluster distance and min-
imizing the intracluster distance, the smaller the DB index
value is, the better the clustering result will be.

2) I Index: The I index includes three factors that compete
with each other, which can be defined as

1 P P
I(K) = <E X £ X Dmax) 3)

where K is the number of clusters; P is a constant related to
the given dataset, which is set to the number of data samples
(N); and E} and Dy, are calculated as

K
Ec=Y_ Y lxi—m] )
k=1 x;eCy,
Dax = _max _|m; — mj| o)
i,j=12,...K

where mj denotes the kth cluster centroid, x; is the ith data
sample, and C; means the kth cluster set. Besides, the power
p > 1 controls the contrast of the I index for different cluster
configurations. The three factors in (3), namely, 1/K, P/Ej,
and Dpax, have a positive or negative correlation effect on the
I index value. Generally, the larger the I index value is, the
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better the clustering result will be. The objective of the E-DE
algorithm is to maximize the I index value in the evolution
process.

3) Others: The average intracluster and intercluster dis-
tances are commonly adopted to give the details of the
clustering results, which can be defined as

K

Yovixjeci i 1% — X112
Intra_dist = Z ]x“x’ e (6)
k=1 3 X NCk . (ch — 1)

Zi,j:l,z,‘..,[(,j>iHmi - ’”j”2
IxK-(K-1)
where K is the number of clusters, C; denotes the kth cluster,

and Nc, is the number of data assigned to the cluster Cy.
Besides, the adjusted rand index (ARI) [47] is a com-
monly used external index to check clustering accuracy.
Given two partitions of a dataset of N samples, namely,
X ={X1,X2,....X;} and Y = {Y, Y>,..., Y}, the overlap
between X and Y can be summarized in a contingency table
[n;], where each entry n;; denotes the number of objects in
common between X; and Yj: njj = |X; () Y;j|. Then, the ARI is

calculated as
() - [ ()]
o) + ()] - [ =)o

where nj;, a;, and b; are values from the contingency table.

a; represents the row sum of the contingency table while b;
denotes the column sum of the table.

Inter_dist =

(7

ARI =

III. PROPOSED ALGORITHM

In this article, we propose an E-DE algorithm to deal
with the automatic data clustering problem. Generally, the DE
framework is simple and flexible, which suits our proposed
elastic encoding and reproduction method. In addition, the
literature studies widely validate that DE exhibits powerful
performance on continuous numerical optimization as well as
real-world applications [48]-[51].

The clustering problem can be defined as follows. Suppose
that a dataset A = {x1,x2, ..., Xy} contains N unlabeled sam-
ples, while each sample is represented by a D-dimensional
feature vector, namely, x; = (x;1,%i2,...,%;p). The clus-
tering algorithm aims at partitioning the dataset A into K
clusters that are disjoint with each other, which means that
each sample in the dataset can only be assigned to one
cluster (hard partitions). The partition result is denoted as

{C|1=1,2,...,K}, where the clusters have no intersection
and the union of them is equal to the dataset A. We use
Aj€{l,2,...,K} to denote the cluster label for each sample

xj, which means that x; belongs to the cluster C;. Thus, the
clustering result can be represented by a cluster label vector,
that is, A = (A1, A2, ..., AN).

The proposed E-DE algorithm follows the framework of the
basic differential EA, which evolves the candidate solutions
(cluster configurations) under some criteria like the clustering
validation indices. In this article, we use the DB index and the 1
index in the fitness evaluation of individuals. To automatically
adapt the number of clusters, an elastic individual encoding
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Algorithm 1 E-DE for Automatic Data Clustering

1: Randomly generate an initial population with np individuals, each has a
variable cluster number. (See SectionIII-B)
2: Evaluate the fitness of the individuals in the initial population.
3: Repeat the following steps for each individual i = 1,2, ..., np until the
maximum evaluation times is met:
3.1 Mutation (See Section III-C)
3.1.1 Randomly select three individuals X, 1, X,o and X,3;
3.1.2 Determine the number of clusters K, in the mutant vector
according to Eq. (8);
3.1.3 Combine the three individuals to produce the initial mutant
vector Vj;
3.1.4 Fine-tune the cluster centroids in V; by the Gaussian location
mutation in Eq. (9) to obtain the ultimate mutant vector V;.
3.2 Crossover (See Section III-D)
3.2.1 Determine the length of crossover by the crossover rate CR
according to Eq. (10);
3.2.2 Retrieve the sequence of cluster centroids in V; to determine
the subspace of crossover;
3.2.3 Exchange partial cluster layouts between V; and the individual
X; by Eq. (12) to generate the trial vector U;.
3.3 Selection (See Section III-E)
3.3.1 Assign the data objects to the nearest centroids in the trial
vector Uj;
3.3.2 Evaluate the quality of clustering by the DB or I index;
3.3.3 Preserve U; or X; to the next generation according to Eq. (13).
4: Output the partition represented by the best individual.

scheme is designed and employed. To meet the variable-
length condition in our encoding scheme, we put forward the
new crossover and mutation operators which are defined on
the spatial layout represented by the individuals. These new
reproduction operators also avoid the cross-dimension learning
error. After a number of iterations, the algorithm terminates
and outputs the global best individual. The overall process of
the E-DE algorithm is shown in Algorithm 1. For public use,
we provide the source code of E-DE online, which can be
downloaded at [52]. The following sections describe different
components of E-DE in detail.

A. Elastic Encoding Scheme

The number of clusters influences the clustering
performance significantly in considering various types
of cluster validation measures. However, how to identify the
optimal cluster number remains a challenging issue currently.
To fulfill this goal, in the EC-based algorithms, it would be
promising to let different individuals possess different cluster
numbers. Then, with the evolution of population, because of
the survival of fitness effect, the individual with the optimal
cluster number would dominate the others and survive to
the last. In this way, the optimal cluster number is found.
The traditional fixed-length encoding scheme is rigid, while
the method of embedding a cluster switch vector works
but possesses deficiencies. We adopt an elastic encoding
scheme: the population consists of variable-length parameter
vectors, each denoting a cluster configuration with a different
number of clusters. Illustrated in Fig. 2, unlike the switch
mechanism that contains some redundant cluster centroids in
the parameter vector [17], [18], our individual possesses only
the coordinates of the cluster centroids that take effect in the
clustering of data. During the evolution process, the cluster
number in the individuals X, X7, and X3 can be automatically
changed, along with the length of the parameter vectors.
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B. Population Initialization

Initialization of the population is to generate np individuals,
each with a specified number of clusters and the corresponding
cluster centroids. For i = 1,2, ..., np, we first use a random
number generator to determine the cluster number K;, where K;
should comply with the range [2,20]. Afterward, K; cluster
centroids are randomly selected from the origin dataset, which
constitutes the parameter vector of individual i. The length of
each parameter vector is D x K;, where D represents the num-
ber of features in the dataset. For example, it can be observed
from Fig. 2 that for the dataset of three features, the first indi-
vidual has four clusters (K7 = 4) and, hence, its parameter
vector contains 12 dimensions. After randomly selecting the
cluster centroids, the first individual becomes (7.8, 2.5, 1.3,
7.5,24,14,72,26,1.5,7.6, 2.3, 1.4).

C. Mutation

The traditional DE mutation randomly selects three individ-
uals and then performs some arithmetic combination operation
on them, in order to generate a mutant vector. The premise of
the method is that the individuals, or parameter vectors, in
the population possess the same number of dimensions. In the
proposed E-DE, since we develop the variable-length encod-
ing for different individuals, the traditional DE mutation is no
longer suitable. Therefore, we design a new mutation operator,
which consists of two phases described as follows.

1) Phase One: In the first phase, three individuals X1, X;2,
and X,3 are randomly selected from the current population.
The number of clusters in the mutant vector V; is calculated as

K, =K1 + F x (K2 — K;3) )

where K; represents the cluster number of the ith individual,
F is the scaling factor, and K, should be a round number.
Note that (8) is similar to the original DE/rand/1 mutation: the
random selection of the base vector enhances the global explo-
ration of the algorithm, while the differential length-based
perturbation realizes the contour match effect when searching
the optimum. This way, the cluster number would be optimized
and converged eventually. Besides, we restrict the cluster num-
ber in the range of [2,20]. If K, is smaller than 2, we set
K, = 2; otherwise, if K, is larger than 20, we set K, = 20.
After deciding the number of clusters in the mutant vector,
the cluster centroids are determined according to the following
three situations.

1) K, > K,, which means that the mutant vector V; has
more clusters than the individual X,;: the cluster cen-
troids of individual X,; are used as the fundamental
structure to construct the mutant vector V;. Then, we
need to add (K, — K1) more cluster centroids to V;. They
are randomly selected from the individuals X;» and X,3.
It should be noted that the selected cluster centroids are
distinct from each other.

2) K, < K,i, which means that the mutant vector V; has
fewer clusters than the individual X,1: we also start with
the cluster centroids of X,; and then randomly deleted
(Ky1 —K,) cluster centroids from it. The resulting mutant
vector V; contains exactly K, clusters.
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Fig. 3. Mutation process of the E-DE algorithm. (a) Parameter vectors (X,,
X2, and X,3 are individuals randomly selected from the current population).
(b) Spatial layouts.

3) K, = K;1, which means that the mutant vector V; and
the individual X,; possess the same number of clusters:
in this case, the cluster centroids of individual X, are
directly copied to the mutant vector V;.

2) Phase Two: By considering the above procedures, the
increment or decrement of the cluster centroids comes from
the pool of cluster centroids held by the previous population.
To alter the centroids, in the second phase of our mutation,
the initial mutant vectors further undergo a Gaussian mutation.
The operation changes the geographic locations of centroids,
which improves the exploration ability of the algorithm. For
each cluster centroid that is contained in the mutant vector V;,
a random number r € [0, 1] is generated. If r is smaller than
the mutation probability M, the cluster centroid in the mutant
vector V; is adjusted to

mf =m} + G(0,0.1) x (ub — Ib) (10)

where mf‘ represents the kth cluster centroid represented by the
mutant vector, G(0, 0.1) is a Gaussian random number gener-
ator with 0 mean and 0.1 standard deviation, and ub and Ib
represent the upper and lower bounds of the dataset. The uti-
lization of the Gaussian perturbation considers the following
factors: the Gaussian mutation is able to enrich the population
diversity without destroying the formulated solution structures.
In comparison, if the uniformly random mutation is applied
instead, the locations of centroids would change to a large
extent, which alters the cluster layout severely. So the Gaussian
mutation helps to keep a more well-formed clustering struc-
ture and enables the DE algorithm to search the problem in a
smooth way.

Fig. 3(a) and (b) shows a mutation example. Suppose that
K =3, Ko =4, K;3 =2, and F = 0.5, then the calcu-
lated K, is 4. Since K, is larger than K, one cluster centroid
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should be selected from the individual X, or X,3 to fill the
mutant vector. After that, the location perturbation is fur-
ther performed on the mutant vector. The new operator not
only adapts the cluster number in generating the mutant vec-
tor, but also incorporates the centroid distribution information
from different individuals in the population. Next, the ultimate
mutant vector will intersect with the target vector of individual
i by the crossover operator.

D. Crossover

The existing DE crossover methods will lead to the cross-
dimension learning error in data clustering. This is because,
as illustrated in Fig. 1 and Section I, they exchange the
information between the parameter vectors based on the
dimension index abruptly, which ignores the spatial rela-
tionships of different cluster centroids. Besides, they are
unavailable to be directly applied to variable-length parameter
vectors. Therefore, we put forward a new crossover operator
to solve the above two problems. The crossover can effec-
tively exchange the information between the variable-length
individuals without incurring the cross-dimension learning
error.

Based on the exponential crossover of DE, we define and
incorporate a subspace crossover in E-DE, which is described
as follows and illustrated in Fig. 4.

Step a): First, determine the crossover segment for each
individual: a random location n is chosen as the starting point
and the following L genes will be used for crossover. The
crossover length L is determined according to the crossover
rate CR as

L =L+ 1, while rand(0, 1) < CR (1

where the initial value of L is zero. The L value determines
the length of genes that are going to be swapped in the
crossover process. This incremental way has been demon-
strated in the original DE algorithm, which is called the
exponential crossover [53].

Step b): Retrieve the cluster centroids that are contained
in the mutant vector V; from the selected gene segment in
step a). Namely, the first cluster centroid comes from the ran-
domly selected gene location n, while the last centroid is from
the gene location n4L— 1. Based on the retrieved sequence of
cluster centroids, the subspace to exchange information in the
crossover is defined as follows. First, the center of the sub-
space, denoted as cs;, is calculated as the average of all the
retrieved centroids. Then, suppose that the first and last cen-
troids in the sequence are m?m and m!®', respectively; and
the range of the subgpace on elach dimension is defined as the

rst ast

distance between m;"™ and m;*> on each dimension
first last
di’j = ‘mi’j — m; (12)
where mfst and m!* denote the jth attribute value of the first

and last centroids. i’articularly, assume that ¢; j is the jth coor-
dinate of the center ¢s; and that d;; is the distance between
mi™ and m!*' on dimension j, and the jth dimension of the
subspace ranges from (c;; — d; j/2) to (c;; + d; j/2).
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Fig. 4. Tllustration of the subspace crossover process of the E-DE algorithm.

We use the distance between m!™ and m!™* to let the range

of the subspace be more sensitive to the retrieved sequence of
cluster centroids. It helps to increase the population diversity.
In contrast, if we take the distance between the maximum and
minimum value of all retrieved centroids for calculation, differ-
ent selected gene sequences could correspond to an identical
range of subspace. Besides, in the current stage, our E-DE
concentrates on continuous data clustering. If the features are
discrete, some discrete distance measures (Hamming distance,
permutation distance, etc.) should be used according to the
practical requirements.

Step c): For the other parameter vector that joins the
crossover, that is, the target vector X;, we use the identical
area that is defined in step b) to retrieve the subset of cluster
centroids in X;. Then, the selected cluster centroids of V; and
X; are exchanged to generate the trial vector U;

U =V,®X,. (13)

The operator ® corresponds to the information exchange pro-
cess in step c), which is illustrated in Fig. 4. Note that the
cluster numbers in the crossover area in X; and V; could be
different. This is so that the cluster number in the gener-
ated trial vector could be distinct from the current individual
X;. Therefore, the proposed elastic length encoding scheme,
together with the mutation and crossover, is well suited for the
automatic data clustering problem that requires adjusting the
number of clusters. Besides, if the cluster number in the trial
vector U; exceeds the maximum cluster number Kp.x = 20
or lower than the minimum cluster number Ky, = 2, it will
adopt the cluster number of target vector X;, but each cluster
centroid in the individual X; will be replaced by the nearest
cluster centroid in the mutant vector V;.

In addition to being capable of adjusting the cluster num-
bers, the proposed subspace crossover inherently avoids the
cross-dimension learning error since it considers the spatial
relationship between clusters. Note that the target and mutant
vectors represent different spatial layouts of cluster centroids,
as depicted in Fig. 4. In the crossover process, first, a sub-
space is selected as the swap area and, then, the target and
mutant vectors exchange their subsets of cluster centroids
that are located within the subspace. This mechanism ensures
that the exchanged clusters have a spatial relationship, which
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TABLE I
PROPERTIES OF 19 DATASETS USED IN THE CLUSTERING EXPERIMENTS
Datasets # Samples # Features (Gfosx:lsﬁ‘:lh)
Tris 50 3 3
Cancer 683 9 2
Glass 214 9 6
Vowel 871 3 6
Zoo 101 7 7
Vote 435 16 2
Ecoli 336 7 8
Seed 210 7 3
Compound 339 2 6
RI15 600 2 15
Dim2 1351 2 9
G2 2048 2 2
Dim32 1024 32 16
Customer 440 6 6
Unbalance 6500 2 8
Spiral 312 2 3
Mockdatal 1000 2 4
Mockdata2 1000 2 2
Mockdata3 600 2 4

are different from the traditional DE algorithms that perform
crossover through the cluster indices. Thus, the generated
trial vector inherits different cluster centroids from the target
or mutant vectors from a spatial point of view. To summa-
rize, the subspace crossover not only fits our elastic encoding
scheme but also avoids the cross-dimension learning error of
the traditional DE algorithms.

E. Selection

To perform selection first, the fitness of the trial vector U is
calculated. A data assignment step is required when the cluster
centroids are determined. For each data point in the dataset,
calculate its distance to all cluster centroids in U;. Then, each
data object is assigned to its nearest cluster centroid.

Note that sometimes there may exist some clusters which
contain less than 2 data points, which are considered empty
clusters. The empty clusters will affect the well-formed cluster
structure. However, if they are simply removed, the popula-
tion would have a hidden property to reduce the total number
of clusters during optimization, which goes against our inten-
tion. Therefore, we use a random reassignment strategy [17]
instead. Particularly, for the individual that contains an empty
cluster, it is rearranged according to the following procedure.
Select N/K data points from the dataset, use the mean of
the data points as the new cluster centroid, and redo the data
assignment. Repeat this step until no empty cluster comes up.
Then, update the individual accordingly.

After the data assignment step, the dataset is partitioned into
clusters. The validation indices can be applied to evaluate the
quality of the partition. Since how to design a good valida-
tion index for clustering is beyond the scope of this article,
here, we simply adopt the well-known DB index and I index
described in Section II-B. The selection of E-DE is identical
to the classical DE selection, namely, the algorithm compares
the fitness of the current individual X; and the trial vector U;,
and it selects the better one to the next generation

Xi.g. if f(Xig) is better than f(U; )

U; g, otherwise. (14)

Xi6+1 = {

Note that if the DB index is applied, the smaller the f value
is, the better the clustering results are. Differently, for the I
index, the higher f value is preferred.
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IV. EXPERIMENTS
A. Experimental Setup

In this section, we conduct several experiments to vali-
date the performance of the proposed E-DE algorithm. The
experiments are based on 19 datasets (summarized in Table I)
that are widely adopted to examine the state-of-the-art cluster-
ing algorithms [29], [54]-[61]. These datasets possess various
characteristics. The Iris, Cancer, Glass, Zoo, Vote, Ecoli,
Seed, and Customer datasets are standard datasets coming
from the UCI machinery repository [54]. In addition, the
Compound [55] is a graphical-shaped dataset with six clusters
and 339 data objects in two dimensions. The R15 [56] contains
Gaussian clusters in a ringed region, with 600 data objects
in total. The Dim2 dataset [57] is a synthetic clump includ-
ing nine clusters, with 1351 data objects in two dimensions.
The G2 dataset [58] is a typical 2-class collection, with 2048
data in two dimensions. The Dim32 [59] is a high-dimensional
dataset that contains 32 dimensions, with 1024 data objects in
total. The Unbalance dataset [60] has eight clusters of quite
different sizes and densities, with 6500 data objects in total.
The Spiral [61] is a nonconvex dataset composed of three
different trajectories of the spiral, with 312 data objects in
two dimensions. Further, we test three mock datasets, that is,
Mockdatal, Mockdata2, and Mockdata3. They are produced
according to three functions that are written by Jeroen Kools to
generate different pathological clustering datasets. Commonly,
the centroid-based clustering algorithms can hardly handle
nonconvex datasets like the spiral. The nonconvex datasets are
tested in this article for the purpose of investigations.

We compare the E-DE algorithm with six representa-
tive clustering algorithms, namely, the K-means [10], BF-
K-means [44], S-DE [24], ACDE [17], MANM [35], and
TGCA [37]. The K-means algorithm requires a predefined
cluster number as input to partition the dataset into K clusters.
The brute-force K-means (BF-K-means) is to run K-means
several times varying the number of clusters from the Knin
to Kmax (i-e., 2 to 20), and select the best clustering solu-
tion. The S-DE algorithm is a global optimization algorithm,
while it also requires the cluster number as the prior condition.
The ACDE algorithm adopts a relatively automatic parameter
vector encoding scheme, adjusting the cluster number through
the zero-one switch. The MANM algorithm takes the memetic
algorithm as a framework, and it utilizes the multilocal search
and adaptive niching technique for automatic data clustering.
The TGCA algorithm adopts the two-stage selection and muta-
tion operations to adjust the cluster number and centroids.
The individuals that have the same cluster number will be
partitioned into the same subpopulation to perform crossover.
In the experiments, we adopt the parameter settings that are
suggested in their original references. Besides, all EC algo-
rithms are assigned a maximum number of fitness evaluation
times, 10°. Both the K-means and BF-K-means algorithms are
terminated when the cluster centroids are not updated.

For the E-DE algorithm, the size of population np is set
to 10 x D, where D is the data dimensions. The minimum
and maximum cluster numbers are set to 2 and 20. The scalar
factor F and the crossover rate CR are set to 0.5 and 0.4, while
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TABLE II
COMPARING THE CLUSTERING RESULTS (MEAN AND STANDARD DEVIATION) OF THE E-DE ALGORITHM WITH THE OTHER S1X CLUSTERING
ALGORITHMS USING THE DB INDEX. NOTE: THE CORRECT CLUSTER NUMBER IS PROVIDED UNDER THE NAME OF EACH DATASET

Problem K-means BF-K-means ACDE MANM TGCA
#Counts 6 3 3 2 3
Iris Avg. Fitness 0.87540.036 0.69940.028 0.65540.128 0.42940.021 0.663+0.175
3) Intra Distance 0.75340.037 1.22840.017 0.85540.198 1.0834-0.021 1.07340.029
Inter Distance 2.60710.386 3.37410.016 4.09440.616 4.647140.714 4.293+0.528
vg. Al 0.393 0.877 0.926 0.521 0.924
#Counts 6 A27).303) 2(28).4(2) Z 2
Cancer Avg. Fitness 1.3864-0.227 1.64040.033 1.7664-0.041 1.28540.017 0.932£0.018
2) Intra Distance 8.90510.078 7.19940.275 8.2491-0.895 9.88510.284 9.04840.757
Inter Distance 11.98311.542 1.19040.364 13. 459i] 918 14.206+0.897 14.337+£0.268
Avg. ARI .253 953 0.908
#Counts 6 (2 ) 4(3) 52) 6(25) 5(5) 4(28),6(2) 6(27),5(3)
Glass Avg. Fitness 1.0834-0.147 25740.037 0.884+0.226 0.965+0.095 0.802+0.093
©6) Intra Distance 3.36310.389 l 02670045 2.8414-0.849 3.83140.190 3.9284-0.132
Inter Distance 4.80140.397 3.668+0.113 7. 974i1 201 5.93140.249 6.42310.670
Avg. ARI . 3
#Counts 6 6 5(26).2(4) 6(24) 5(4) 4(1) 2(1) 6 6(22).5(8) 6(-7) 303)
Vowel Avg. Fitness 1.843+0.329 1.26140.127 0.82310.097 93£0. 0.832+0.118 0.740£0.013 0.704+0.068
(6) Intra Distance 223.498+34.667 223.72443.598 152.77242.086 294 Z?Bi 6 8 232.934+32.384 295.430455.321 342.241478.759
Inter Distance 792.036+325.327 651.392+149.922 729.3114+12.334 1429. 426i442 988 945.6641+183.294 1163.4274356.298 1345. 429i302 392
Avg. ARI .969 0.984 0.348 0.853 0.812
#Counts 6 6 2(15),7(8).3(7) E] (72) 3).303) 7(2 )4(7)
Zoo Avg. Fitness 1.2184-0.170 0.9294-0.084 0.4924-0.060 0.888:{:0.173 0.85140.090 820+0.046 0.625+0.023
(7 Intra Distance 2.91040.387 1.92940.322 0.63540.053 1.73210.478 1.32240.136 l 166430.181 1.3924-0.067
Inter Distance 5.39840.896 5.927+1.019 4.628+0.224 6.327+0.921 5.5531+0.421 5.6631-0.389 5.945+0.455
Avg. ARI 0.184 0.256 0.503 0.863 0.124 0.464 0.913
#Counts 6 4(25).2(5) 6(24).8(6) 2 2 )
Vote Avg. Fitness 2.32640.220 1.769-£0.030 1.32240.145 1.5404-0.177 1.13840.129 0.936+0.037
?2) Intra Distance 1.77340.013 1.5524£0.028 1.78240.056 1.9224-0.050 1.95740.086 2.12240.018
Inter Distance 1.9134+0.330 2.00840.036 2. 864i0 328 3325:&0,423 2.82140.279 3. 354i0 061
vg. 0.190 0.138 0.824
#Counts 6 7(23).8(7) 3(17) 7( ) 5(3) 6(2) 4(25) 2(3) ?(2) 7(25).11(35) 8(2:) 9(4) ll(l)
Ecoli Avg. Fitness 1.3224-0.072 0.93340.033 32£0. 20+0. 0.935+0.076
(8) Intra Distance 0.35240.053 0.25740.053 () ?33i0 0"51 0 3'54:&0 012 0.3334£0.042 0 324i0 053
Inter Distance 0.58940.132 0.794140.051 1.32440.223 1.13340.132 0.854+0.052 0.818+0.026
Avg. ARI 0.313 0.379 0.796
#Counts 6 7 6(24).5(6) 3 3 2
Seed Avg. Fitness 1.3294-0.024 0.72940.019 0.83140.058 0.72140.089 0.71240.020 0.64340.056
3) Intra Distance 1.63340.032 0.8244-0.067 2.01240.196 2.51840.225 2.039+0.038 2.73740.323
Inter Distance 5.097+0.323 0.53540.128 6.931£0.631 6.939+0.332 7.321£0.432 9.621+1.495
Avg. ARI 0.446 .563 3 0.877 0.752
#Counts 6 6(28).2(2) [ 2(26) 5(2) 6(2) 6 6
Compound Avg. Fitness 0.72540.054 0.63310.053 0.73340.078 0.634+0.03 0.6221+0.043
©6) Intra Distance 3.22240.311 2.560+0.232 3.9524-0.639 4 1'52:(:0 432 4.924+1.343 4.329+1.520
Inter Distance 13. 067:t2 521 12.4474£0.713 17.997+2.394 16.1874+1.982 18.43241.132 20.292+7.936
Avg. ARI 0.826 0.847 0.831 0.853 0.673
#Counts 15 15 15 15 5
RIS Avg. Fitness 0.633:{:0,036 0.606+0.038 0.42240.116 0.4930.091 0.443£0.018 0.41940.023
(15) Intra Distance 1.20240.016 0.44140.020 0.67340.234 0.53040.021 0.591£0.095 0.54040.000
Inter Distance 8.3211+0.311 5.32140.179 6.123+1.209 5.32740.394 5.31940.319 5.36710.032
Avg. ARI 0.578 1.000 1.000 1.000 1.000 1.000
FCounts T4(22) 3(8) 3(20),9(10) 3
Dim2 Avg. Fitness 0.3331+0.081 0.35140.005 0.22740.006 0.224+0.012 0.2614+0.014 0.23140.019 0.105+0.012
) Intra Distance 60131.285+2032.591 63194.524+133.360 6254.2361-50.350 24293.3294-8319.015 31422.125+2032.458 26931.4311+2432.266 12994.3334-10.030
Inter Distance 615825.672+2592.429 603412.329+5931.429 585041.899418.732 532011.. 394:{:8429 425 579915.434+2520.325 590915.429+7320.429 625253.304 -+ 3420.588
Avg. ARI 0.682 0.661 0.537 0.303 0.269 1.000
#Counts 6 6 2027).403). 4(15) 2(12) 3(3) 2 2 2
G2 Avg. Fitness 1.1494-0.072 0.75940.000 0.5074-0.252 0.218+0.049 0.202+0.033 0.88740.018
2) Intra Distance 13.27940.593 13.265+0.000 6.766+0.180 ]4 923:{:2 825 16.2104+0.359 15.186+0.452 2.5002£0.053
Inter Distance 88.745+5.893 118.156£0.000 80.428+2.664 115.443424.52 132.34448.429 133.389-+£12.556 158.3034-11.483
Avg. ARI 2 0.864 1.000 1.000 1.000
#Counts 6 6 ]7(23).1()(7) 12 16 12 16
Dim32 Avg. Fitness 1.39740.055 1.27440.031 0.195+£0.054 0.54540.270 0.14340.049 0.32940.032 0.139+£0.026
(16) Intra Distance 190.41147.183 268.83840.000 41.006+1.574 59.136+35.227 17.42949.233 56.894+45.429 18.997+0.000
Inter Distance 366.887+21.253 520.51340.836 355.759£11.510 448.5324-51.679 430.3004-15.235 512.4274-44.832 423.32940.996
Avg. ARI 0.353 0.489 0.570 0.234 1.000 0.393 1.000
#Counts 6 6 2(21).909) 9(24),7(6) 7 6(18),9(7).7(5) 6(26),7(4)
Customer Avg. Fitness 1.105+0.085 1.40740.126 0.866+0.027 0.933+0.147 0.8724+0.094 0.843+0.062 0.771+0.130
©6) Intra Distance 20770.128+1253.367 13977.385+1444.357 14527.325+1529.562 23083.718+-3792.921 24295.530+1324.526 31457.29943632.592 33952.6311-3041.882
Inter Distance 42935.50743460.251 24403.2294-4488.728 43242.930+2308.265 65299.427+9234.252 73259.3194+3391.425 83295.0534-2325.530 83266.342413212.389
Avg. ARI 0.857 0.904 0.479 0.172 0313 0.921 0.904
#Counts [ 6 3
Unbalance Avg. Fitness 0.7904-0.070 0.583+0.022 0.45940.022 0.30440.042 0.3294-0.019 0.394+0.019 0.2761+0.028
(8) Intra Distance 19142.1554-2192.667 17203.0354-332.292 6249.3314813.769 24951.9254-10422.391 23503.259+2135.447 22942.429+43809.427 24610.960 +0.000
Inter Distance 122007.21444542.056 134251.439+2425.120 179398.534+12766.332 132522.432428423.399 183247.242+13925.240 183294.593+ 14305.503 203826.326i10329‘566
Avg. ARI 0.340 0.472 0.557 0.393 0.552 0.484
#Counts 6 6 Z 6 3 (22).4(8) (25) 4(3) 2(2)
Spiral Avg. Fitness 0.95840.027 0.93640.024 0.8414-0.023 0.837£0.042 0.8031+0.520 0.829-£0.030 0.82740.03
3) Intra Distance 4.9361+0.218 5.75140.167 5.79940.264 6.473+1.253 7.5431+0.399 6.1331+0.328 4.456+1. 321
Inter Distance 12.570£0.639 14.034+2.179 12.705£0.181 20.426+1.325 20.473+0.638 19.325+0.443 18.328+2.030
Avg. ARI 0.153 0.150 0.113 .73
#Counts 6 6 q 3 2 3 T
Mockdatal Avg. Fitness 0.95340.034 0.73340.033 0.560+0.018 0.68340.050 0.75440.015 0.73340.033 0.62940.026
“4) Intra Distance 4.29840.056 3.3261-0.024 1.68240.084 6.43210.066 8.13540.089 6.8321-0.032 1.7381-0.022
Inter Distance 13.379+£1.448 12.4264+0.557 12.97440.173 14.428+1.045 23.324+1.081 17.214£1.036 12.32340.568
Avg. ARI 0.389 0.534 0917 0.888 3 0.778
#Counts 6 6 6 El 2 E) 6
Mockdata2 Avg. Fitness 0.92840.024 0.7471+0.019 0.87840.041 0.59340.033 0.7761+0.038 0.64340.055 0 628i0 023
2) Intra Distance 3.373140.041 3.32540.079 3.79240.061 4.34240.067 7.46510.088 3.53740.045 63+0.070
Inter Distance 13.561+0.068 13.325+1.457 14.097+1.067 17.426+1.766 18.3361+1.537 14.838+1.427 ]5 942i0 642
Avg. ARI 0.447 0.513 0.463 0.581 0.938 0.533 0.229
#Counts 6 6 7 T 7 T 4
Mockdata3 Avg. Fitness 0.75340.039 0.8434+0.016 0.74140.067 0.83340.056 0.73240.022 0.75340.070 0.65710.042
“4) Intra Distance 7.1031+0.368 8.1541-0.069 4.208+0.160 8.5374-0.043 15.427+1.296 6.23240.563 5.7781+0.084
Inter Distance 3251540334 32.538+1.023 32.836+2.839 43.549+1.326 43.53241.759 32.545+1.633 33.359+£1.255
Avg. ARI 0.513 0.664 0.848 0.844 0.959 0.853 0.838
Total CSR N/A N/A 40.702% 43.684% 48.070% 58.596% 80.877 %
Total ARI 0.479 0.507 0.550 0.622 0.689 0.711 0.813
the mutation rate M,, varies with the iteration times mean clustering results with the standard deviations, including
G the cluster number counted in each runtime (#counts, where
M, = 0.1 - 0.06 x (15)  the number outside the parenthesis means the cluster number

max
where Gyax means the maximum generations, that is, Gpax =
10%/np, and G stands for the present generation in the evo-
lution process. All of the simulation results presented were
obtained through a PC with an Intel Core CPU at 3.30 GHz
running the Ubuntu operating system. In case of the incidental
results, we repeat each algorithm 30 times on all 19 datasets.

B. Experimental Results

1) Validation by the DB Index: First, we use the DB index
to examine seven clustering algorithms. Table II shows the

and the number inside the parenthesis indicates the frequency
of this number), the average DB index value, the intercluster
distance, the intracluster distance, and the ARI. In addition,
at the bottom of Table II, we summarize the total cluster-
ing successful ratio (CSR), that is, the ratio of the run times
that the algorithm finds the correct cluster number to the total
run times, as well as the total ARI. For K-means and S-
DE, they use a fixed number of clusters, which is set to 6.
This is because the practical number of clusters cannot be
used in automatic data clustering, while 6 is the most com-
mon and the median value of the cluster number according
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TABLE III
COMPARING THE CLUSTERING RESULTS (MEAN AND STANDARD DEVIATION) OF THE E-DE ALGORITHM WITH THE OTHER S1X CLUSTERING
ALGORITHMS USING THE I INDEX. NOTE: THE CORRECT CLUSTER NUMBER IS PROVIDED UNDER THE NAME OF EACH DATASET
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Problem K-means S-DE BF-K-means ACDE MANM TGCA E-DE
#FCounts 3 3 3 3
Iris Avg. Fitness 6.640+0.277 7.239+1.012 4.4494-0.330 5.3104-0.533 5.3294-0.433
3) Intra Distance 0.933£0.053 0.842-£0.067 1.03240.019 0.85440.066 0.83340.054
Inter Distance 3.587+0.187 4.642+0.547 2.0391+0.420 4.033£0.027 3.77740.529
Avg. ARI 0.906 0.922 0.929 0.953
#Counts 2 2 2 2 2
Cancer Avg. Fitness 1.18740.050 2.05341.449 1.27740.287 1.78340.550 2.3384-0.640
2 Intra Distance 8.78510.042 9.323+0.405 10.66240.153 9.326+0.523 9.796+0.380
Inter Distance 12.03240.270 18.325+3.733 15.829£1.435 20.06742.325 21.72143.659
Avg. ARI 0.82° . 0.892 0.875 .
#Counts 7(28),6(2) 2(22).4(8) 3(24).4(6) 4(24),6(6) 6(28),5(2)
Glass Avg. Fitness 2.13240.029 6.223+1.420 4.1264+0.420 6.5174+0.220 3.3254+0.367
(6) Intra Distance 1.933£0.012 2.121£0.750 1.546£0.223 2.33340.341 2.31340.420
Inter Distance .32 .44 5.43240.325 9.323+0.630 8.32940.524 9.42441.534 7.13240.557
Avg. ARI 0.848 0.550 215 0.238 0.360 0.860
#FCounts 6 6 2 5(22),6(8) 7 3 (22).4(8)
Vowel Avg. Fitness 1.703+£0.132 3.45040.227 2.929+0.103 4.03240.323 3.222+0.324 3.33240.145 3.81410.547
(6) Intra Distance 232.32543.120 246.425112.430 387.453459.450 291.545452.391 312.3244-24.030 259.314422.830 253.526+12.556
Inter Distance 738.5241-32.670 1149.6251-42.535 942.3741+70.265 1193. 472i 128.566 ]489.12§)i32.240 1207.6432%41.250 1232. 382i66 430
Avg. ARI . 29 263
#Counts 6 [ 3(24).6(6) 3(12) 5(10) 6( ) 4(23).2(7) 5(21),709) 4(22)3(8)
Zoo Avg. Fitness 0.84610.067 1.64340.140 1.16240.069 440. 1.222£0.082 1.86240.009 1.761£0.062
(@] Intra Distance 1.756£0.162 1.988+0.106 2.513+0.380 2 4l4i0 494 3.65410.166 2.278+0.156 2.360+£0.293
Inter Distance 4.36710.339 5.768£0.293 5.43040.417 6.646£0.699 5.700£0.259 6.57410.724 6.72840.733
Avg. 0.2400 0.234 0.313 0.287 0.526 .369 0.246
#Counts 6 6 2 2 2 2 2
Vote Avg. Fitness 0.18840.078 0.12440.142 0.71840.030 0.58440.236 0.47340.040 0.6014+0.019 1.32840.025
2 Intra Distance 1.921£0.014 1.552+0.012 2.017+0.042 1.58440.042 2.048+0.023 1.270£0.088 2.025+0.006
Inter Distance 1.732£0.106 2.43340.120 2.394+0.044 2.929i0.390 2.1084+0.093 2.48940.220 3.953+0.048
vg. 0.129 0.163 0.891 0.906 0.891 0.992
#Counts 6 2027).3(3) 3(17) 4(9),7(4) 5(22).2(8) 5(20).4(T0) 4(21),509)
Ecoli Avg. Fitness 0.37440.157 1.443+£0.064 0.976£0.032 1740. 2.045+0.035 1.54740.067 1.354-£0.230
8 Intra Distance 0.30240.025 0.32340.020 0.3644-0.058 0 %6510 094 0.3742£0.018 0.36840.054 0.32440.022
Inter Distance 0.52340.024 0.74240.024 0.555+0.032 1.20210.328 0.94240.029 0.933£0.051 0.923+0.087
Avg. ARI 0.408 0.594 0.156 0.146 0.112 0.231 0.262
#Counts 6 [ 3 3(20).4(6).6(4) 3 3(24),6(6) 3
Seed Avg. Fitness 1.438+£0.042 2.435+0.080 2.946+0.023 3.379+0.321 2.32940.064 2.90140.072 2.845+0.462
3) Intra Distance 1.626+0.044 1.622+0.007 2.234+0.019 1.97640.230 2.42440.024 1.92140.052 1.953+0.244
Inter Distance 5.0731+0.124 5.832£0.015 5.33410.112 7.533£0.244 7.325£0.045 7.24340.235 6.32940.576
Avg. ARI 0.154 0.187 0919 0.694 0.942 0.932 0.855
#Counts 6 6 2 6 2 6 6
Compound Avg. Fitness 2.77240.173 3.82340.443 3.59240.033 4.18940.232 4.55140.018 4.2231+0.322 3.82540.630
(6) Intra Distance 3.23540.127 3.79610.162 6.722+0.053 4.4224-0.740 5.6031+0.223 4.67210.529 4.282+0.813
Inter Distance 15.23340.344 18.25740.653 19.19140.688 21.32440.931 24.46540.331 23.4 627i0 240 2251443253
Avg. ARI 0.784 0.828 0.228 0.912 0.674 836 0.540
FCounts © G T6(27).1203) T5(27).1603) 5 T30 5) ]6(?) 17(1) TSC8).T 7(2)
R15 Avg. Fitness 1.382+40.353 1.923+0.029 3.82440.775 3.726+1.325 3.43840.425 3.9 4.133+£0.26
(15) Intra Distance 1.69410.134 1.77340.038 0.4464-0.032 1.32540.932 0.539-£0.074 0,573:(:0.064 0. 533:(:0,0]2
Inter Distance 8.1761+0.420 9.3284+0.016 5.854+0.035 8.226+2.453 5.92310.161 5.37410.123 6.2681+0.132
Avg. ARI 0.149 0.125 0.688 0.924 1 0.734 0.982
#Counts 6 [ T2(20).T4(T0) 9 9 9 9
Dim2 Avg. Fitness 3 824:t0 363 3. ]43i0 42(7 62.133411.560 127. 536j:56 743 7.226+0.266 115. 433:{:8 327 128.747+7.337
() Intra Distance +171.383 74171311+ 8548.5034-230.599 13297.671+ 13297.671+0.000 13297.6 13297.67110.000
Inter Distance 63256] 326:{:]2]5 367 627468. 325:{:]5]3 (\32 612923.753£256.326 632648. 468:{:5235 278 572125.3331+524.685 612566. 126:l:2215 'HZ 617739.822+1292.223
Avg. ARI 0.469 1.000 1.000
#Counts 2 2 2
G2 Avg. Fitness 8.367:t 1.624 14.377104000 31.13743.520 28.359:&5.052 31.166+1.231 29.574:&24481 22.8554+3.971
2 Intra Distance 11.91940.323 17.63140.000 17.9474-0.424 17.5094-0.566 17.947+0.339 17.654+0.427 17.020+£1.258
Inter Distance 84.314£3.212 110.38240.000 141 SMiO 737 145, 78712 046 141.980+4.162 148.656 £ 12.676 146.253£15.799
Avg. ARI 1.000 1.000 1.000
#Counts [ 6 2(]8) (S) ((4) 3(22) 4(5) ](( ) 6 3 16
Dim32 Avg. Fitness 0.14940.071 0.36640.057 954-0. 6440 3.17140.582 2.6811+0.761 5.366+1.936
(16) Intra Distance 174.2794-21.999 225.1284-0.000 154 3”1:(:]3 897 186 777j:|2 2]9 18.99740.000 182.634£16.754 18.997+0.000
Inter Distance 357.748434.157 505.580+0.469 369. 2.“6334:48] 479 689. 055 i 181 976 4252 19:E9 228 626.303 :t41154.728 438.. 504:E7 786
Avg. ARI . 1
#Counts 6 [ 7(24),6(6) 3(25) 6(4) (1) 5(26) 6(4) 6(27),73) 6(27) 5(3)
Customer Avg. Fitness 2.857+1.174 8.6831+2.584 2.356+0.049 13.4574-3.660 20.599+0.830 14.536£0.440 10.478--2.640
6 Intra Distance 20740.05942465.931 22543.934+3215.112 23649.710+£3060.238 31937.862+7486.158 61684.64242429.622 33259.21246538.291 31125.805+8602.349
Inter Distance 42848.348 +8671.446 68462.2931+13843.452 44800.4414-2459.566 999559.105 +24283.764 129627.096+8596.391 ]26]37.721 i2334A650 97819.753+25557.605
Avg. ARI 9 0.238 .332
#Counts 6 6 7 5(24),6(5).8(1) g 8(26),7(4)
Unbalance Avg. Fitness 54.810+7.132 57.24240.674 107.451£29.880 96.5154-34.284 68.1154£2.772 91. 328:{:2 336 108.676+5.449
®) Intra Distance 17480.289+1136.566 17502.468 £ 113.471 24610.960+669.354 18479.13042864.790 24681.605+ 1007.485 20573.820+3146.750 17912.095+3443.909
Inter Distance 131277.9741+10129.727 137691.05511356.423 179398.534+-966.687 204641. 800:&4844 924 176973.351£3714.590 213659.3934-5748.629 230571.694:& 11320.226
Avg. ARI 0.244 0.672 0.234 0.234 0.234
#Counts [ 6 2(25)405) 5(22) 4(4) 3(4) 3 5(25),4(4).3(T) 5(‘ 5) 4(8) ( )
Spiral Avg. Fitness 0.61640.108 1.886+0.329 0.733+£0.078 2.11840.34: 1.97740.043 1.86340.0¢
3) Intra Distance 5.649+0.341 5.329+0.009 9.93240.091 6. 578 +0. 998 7.794+£0.272 7.525+0.385 7 25lj:0 897
Inter Distance 13.84541.610 18.819+1.227 12 227:E0 133 22.59243.051 23.7501-0.786 23.03241.534 20.91842.560
Avg. ARI 0.114 0.093 0.267 0.683 0442 0.109
#Counts 6 6 4(28).6(2) 3 2 3 4
Mockdatal Avg. Fitness 0.8744-0.023 2.43940.037 1.081£0.034 2,31840.066 2.07940.044 2.1584-0.048 2.010+0.018
“) Intra Distance 3.99940.001 3.32440.061 3.910£0.074 7.11040.082 8.04540.093 7.48140.059 5.51540.042
Inter Distance 11.164£0.187 15.449+40.302 11.368+£0.175 22.57840.139 22.585+0.370 22.28040.340 17.4 695i0 203
Avg. ARI 0.524 0.375 0.929 0.447 0.529 0.473 0.938
#Counts 6 [ 3 E) 3 5 5(28).402)
Mockdata2 Avg. Fitness 2.497+£0.015 2.68240.072 2.5054-0.049 3.112£0.017 2.49140.065 2.49540.029 2.569+0.020
2 Intra Distance 3.45240.028 3.64710.049 4.036+0.067 4.796+0.088 8.7931+0.056 4.286+0.055 4.058+0.036
Inter Distance 14.127£0.139 16.86440.415 14.174£0.233 17.2801+0.257 27.135£0.228 17.083£0.728 17.76940.467
Avg. ARI 0.239 0.313 0.326 0.494 0.369 0.487 0.524
#Counts 6 6 Z 2 2 7 E)
Mockdata3 Avg. Fitness 2.31640.025 2.94940.048 2.67240.060 3.83140.062 3.8261+0.073 2.58240.045 3.033+0.079
“ Intra Distance 7.198+0.026 7.886+0.036 16.894+£0.365 17.0384-0.074 17.3544-0.031 7.953+0.029 13.056+0.084
Inter Distance 37.796+£1.314 44.85411.784 39.899+7.822 55.081£1.936 60.184+1.273 48.30941.458 46.7471+1.789
Avg. ARI 0.472 2 0.389 0.624 .7 0.968 0.971
Total CSR N/A N/A 32.632% 44.386% 48.070% 53.158% 72.982%
Total ART 0.370 0.431 0.550 0.586 0.650 0.632 0.752

to our datasets in Table I. Unlike the traditional K-means
algorithm, the BF-K-means is conducted with different clus-
ter numbers and chooses the best result as the solution. The
other four algorithms, namely, ACDE, MANM, TGCA, and
the proposed E-DE, automatically adapt the cluster number
during optimization. The best result of each dataset is selected
and marked in boldface according to the correctness of #counts
and the average DB index value. Meanwhile, the best result
according to the ARI is also marked in boldface.

It can be observed that our E-DE algorithm exhibits better
performance when comparing other data clustering algorithms
on most datasets. E-DE can always find the correct num-
ber of clusters where it reaches approximately 81% clustering

accuracy on the 19 datasets. For the compared automatic data
clustering algorithms, we can observe that the ACDE algo-
rithm fails to find the correct cluster number in many cases.
The ACDE is sometimes unstable that its clustering results in
different runs vary widely, as can be seen from the #counts for
the Vowel, Vote, Ecoli, Dim2, G2, and Customer datasets. For
the MANM column in Table II, the memetic algorithm has
similar clustering accuracy with the ACDE. Its local search
strategies consume many fitness evaluations, which leads the
algorithm to exploit too much at the beginning. For the two-
stage TGCA algorithm, its performance is slightly better than
the MANM. But the crossover way that was used still has
the cross-dimension learning error that the clustering accuracy
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Fig. 5. DB index convergence curves of S-DE, ACDE, MANM, TGCA, and
E-DE algorithms. (a) Vote dataset. (b) Dim32 dataset.

cannot improve so much. Besides, although enumerating all
possible cluster numbers, the general performance of the BF-
K-means is lower than all evolutionary clustering algorithms.
The reasons are: 1) the K-means algorithm only minimizes the
intracluster distances, whereas the EC algorithms optimize the
cluster validation index that considers both intracluster and
intercluster distances and 2) the K-means is a local search
algorithm that can find a local optimum only, whereas the EC
algorithms try to find the global optimum of the problem.

For an evolutionary clustering algorithm, the dimension of
the problem space is at least the number of features times
the number of clusters. Commonly, in the field of EC, the
problem possessing higher than 500 dimensions is considered
as a high-dimensional problem. The Dim32 dataset contains
32 dimensions and 16 clusters, whose search space has at
least 32 x 16 = 512 dimensions. It can be considered a high-
dimensional problem in the EC field. From Table II, we can see
that the E-DE algorithm performs well for the Dim32 dataset
and surpasses the other six methods a lot. This is because
the traditional evolutionary clustering algorithms endure the
problems of encoding redundancy and/or cross-dimension
learning error, whereas our elastic encoding and subspace
crossover prevents the E-DE algorithm from these deficiencies.
Nevertheless, for some extremely high-dimensional clustering
situations like deep feature-based clustering, the dimension
reduction or the cooperative evolution framework [62], [63]
is required for the evolutionary clustering methods.

Further, we compare the convergence curves of the E-DE
algorithm with those of the S-DE, ACDE, MANM, and TGCA
algorithms. (We do not consider the K-means and BF-K-means
algorithms because such methods terminate in a short time.)
Taking the Vote and Dim32 datasets as examples, Fig. 5 com-
pares the convergence curves of the DB index fitness values.
It can be observed that the E-DE algorithm converges faster
than S-DE, ACDE, MANM, and TGCA.

2) Validation by the I Index: Next, we use the I index to
examine the seven clustering algorithms, for which the results
are presented in Table IIl. It can be observed that our E-
DE algorithm has an outstanding performance compared with
other clustering algorithms for most of the datasets. E-DE
tends to find the correct number of clusters so that it reaches an
approximately 73% CSR on the 19 datasets. Meanwhile, the
total ARI obtained by E-DE is much higher than the others.
Taking the Vote and Dim32 datasets as examples to exam-
ine the convergence of the compared algorithms evaluated by
the I index value, the curves are presented in Fig. 6. From
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Fig. 6. I index convergence curves of S-DE, ACDE, MANM, TGCA, and
E-DE algorithms. (a) Vote dataset. (b) Dim32 dataset.
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Fig. 7. Clustering results of Unbalance dataset using the I index: (a) is the

original dataset while (b)—(f) are the clustering results of the E-DE, BF-K-
means, ACDE, MANM, and TGCA algorithms.

Fig. 6(a), we can see that the E-DE converges much faster
than the S-DE, ACDE, MANM, and TGCA. In Fig. 6(b), the
E-DE algorithm eventually obtains better fitness than the other
four clustering algorithms.

Further, the clustering results of the 2-D Unbalance are
displayed in Fig. 7. Fig. 7(a) is the original dataset without
adopting the clustering algorithm, while the remaining sub-
figures show the results of the E-DE, BF-K-means, ACDE,
MANM, and TGCA algorithms in turn. The visual results also
validate the powerfulness of our E-DE algorithm. Particularly,
it can be seen from Fig. 7(a) that, for the Unbalance dataset,
the groups of points possess different densities. Then, as shown
in Fig. 7(b), E-DE correctly partitions the original dataset into
eight clusters, which proves the effectiveness of our elastic
encoding strategy and the corresponding evolution operators.
In comparison, in Fig. 7(d), the ACDE cannot divide the five
clusters in the right part thoroughly, and, in Fig. 7(c)—(f), the
BF-K-means, MANM, and TGCA wrongly regard the five
different clusters as one cluster.

3) Significance Tests: We conduct statistical tests based
on the fitness evaluation indices to ensure that our improve-
ment of performance is statistically significant. Particularly, the
Wilcoxon’s rank-sum test is performed for one-on-one com-
parisons, while the Kruskal-Wallis (KW) test is conducted for
multiple comparisons. The significance test results using DB
and I indices are reported in Tables IV and V, respectively.
Meanwhile, in the tables, the symbol (+4) indicates that the
performance of E-DE is significantly better than the compared
algorithm(s), whereas the symbol (—) indicates the opposite.
Considering Wilcoxon’s rank-sum test results, we can observe
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TABLE IV
P-VALUES OF WILCOXON RANK-SUM TESTS AND KW TESTS BETWEEN OUR METHOD AND THE OTHER S1X CLUSTERING ALGORITHMS OF THE DB
INDEX ON 19 DATASETS. (+) INDICATES THAT THE PERFORMANCE OF E-DE IS SIGNIFICANTLY BETTER THAN THE COMPARED ALGORITHM WITH A
CONFIDENCE LEVEL OF 95%, WHILE (—) REPRESENTS THE OPPOSITE

Method Tris Cancer Glass Vowel Zoo Vote Ecoli Seed Compound
E-DE to K-means’ 0.008(+) 0.010(+) 0.002(+) 0.002(-) 0.002(+) 0.037(+) 0.160 0.045(+) 0.010(+)
E-DE to S-DE 0.021(+) 0.010(+) 0.002(+) 0.002(-) 0.002(+) 0.002(+) 0.027(+) 0.037(+) 0.019(+)
E-DE to BF-K-means 0.038(+) 0.002(+) 0.042(+) 0.013(+) 0.002(+) 0.002(+) 0.026(+) 0.010(+) 0.037(+)
‘Wilcoxon E-DE to ACDE 0.002(+) 0.002(+) 0.002(+) 0.084 0.019(-) 0.027(+) 0.003(+) 0.007(+) 0.023(+)
E-DE to MANM 0.049(+) 0.028(+) 0.008(+) 0.017(-) 0.002(+) 0.002(+) 0.206 0.007(-) 0.010(+)
E-DE to TGCA 0.016(+) 0.002(+) 0.034(+) 0.063 0.002(+) 0.002(+) 0.008(+) 0.002(-) 0.016(+)
KW E-DE to Others 0.0T0(+) 0.007(+) 0.008(+) 0.178 0.002(+) 0.027(+) 0.0T0(+) 0.0T0(+) 0.003(+)
Method RT Dim2 2 Dim32 Customer Unbalance Spudl Mockdatal Mockd: Mockdata3
E-DE to K-means 0.0T0(+) 0.0T0(+) 0.002(+) 0.002(+) .084(-) 0.002(+) 0.084 0.042(+) 0.002(+) 0.026(+)
E-DE to S-DE 0.007(+) 0.010(+) 0.014(+) 0.008(+) 0.028(-) 0.009(+) 0.032(+) 0.016(+) 0.002(+) 0.002(+)
E-DE to BF-K-means 0.002(+) 0.005(+) 0.004(+) 0.063 0.002(+) 0.002(+) 0.002(+) 0.028(-) 0.010(+) 0.042(+)
Wilcoxon E-DE to ACDE 0.002(+) 0.002(+) 0.002(+) 0.014(+) 0.047(+) 0.004(+) 0.005(+) 0.024(+) 0.017(-) 0.002(+)
E-DE to MANM 0.002(+) 0.002(+) 0.013(-) 0.002(+) 0.008(+) 0.044(+) 0.004(-) 0.010(+) 0.002(-) 0.010(+)
E-DE to TGCA 0.010(+) 0.014(+) 0.002(-) 0.013(+) 0.019(+) 0.002(+) 0.002(+) 0.032(+) 0.037(+) 0.002(+)
KW E-DE to Others 0.012(+) 0.002(+) 0.006(+) 0.013(+) 0.002(+) 0.368 0.008(+) 0.002(+) 0.004(+) 0.025(+)
TABLE V

P-VALUES OF THE WILCOXON RANK-SUM TESTS AND KW TESTS BETWEEN OUR METHOD AND THE OTHER SIX CLUSTERING ALGORITHMS OF THE I
INDEX ON 19 DATASETS. (+) INDICATES THAT THE PERFORMANCE OF E-DE IS SIGNIFICANTLY BETTER THAN THE COMPARED ALGORITHM WITH A
CONFIDENCE LEVEL OF 95%, WHILE (—) REPRESENTS THE OPPOSITE

Method Tris Cancer Glass Vowel Zoo Vote Ecoll Seed Compound
E-DE to K-means 0.002(+) 0.002(+) 0.0020) 0.005(-) 0.002(+) 0.002(+) 0.010(+) 0.010(+) 0.002(+)
E-DE to S-DE 0.010(+) 0.010(+) 0.010(-) 0.010(-) 0.010(+) 0.009(+) 0.030(-) 0.010(+) 0.008(+)
E-DE to BF-K-means 0.005(-) 0.019(+) 0.044(+) 0.026(+) 0.002(+) 0.002(+) 0.002(+) 0.008(-) 0.020(+)
Wilcoxon E-DE to ACDE 0.002(-) 0.018(+) 0.010(+) 0.012(-) 0.010(+) 0.002(+) 0.005(-) 0.067 0.008(-)
E-DE to MANM 0.028(+) 0.023(+) 0.037(+) 0.010(+) 0.010(+) 0.010(+) 0.006(-) 0.006(+) 0.007(+)
E-DE to TGCA 0.002(+) 0.002(+) 0.005(+) 0.002(+) 0.004(-) 0.004(+) 0.001(-) 0.002(+) 0.002(-)
KW E-DE to Others 0.013 0.037(+) 0.036(+) 0 0.033(+) 0.030(+) 0.003(-) 0.004(+) 0.018(+)
Method RIS Dim2 G2 Dim32 Customer Unbalance Spiral Mockdatal Mockdata2 Mockdata3
E-DE to K-means’ 0.010(+) 0.002(+) 0.002(+) 0.010(+) 0.010(+) 0.002(+) 0.010(+) 0.033(+) 0.002(+) 0.002(+)
E-DE to S-DE 0.010(+) 0.002(+) 0.010(+) 0.010(+) 0.067 0.010(+) 0.010(+) 0.010(+) 0.065 0.003(+)
E-DE to BF-K-means 0.007(+) 0.033(+) 0.037(-) 0.002(+) 0.010(+) 0.002(+) 0.003(+) 0.001(+) 0.003(+) 0.010(+)
Wilcoxon E-DE to ACDE 0.003(+) 0.004(+) 0.005(-) 0.009(+) 0.001(+) 0.003(+) 0.003(+) 0.019(+) 0.010(-) 0.010(+)
E-DE to MANM 0.013(-) 0.006(+) 0.002(-) 0.002(+) 0.013(+) 0.002(+) 0.002(-) 0.007(+) 0.005(+) 0.010(+)
E-DE to TGCA 0.002(+) 0.010(+) 0.002(-) 0.002(+) 0.010(+) 0.005(+) 0.008(+) 0.009(+) 0.002(+) 0.084(+)
KW E-DE o Others 0.0T0(+) 0.044(+) 0.004 0.002(+) 0.030(+) 0.008(+) 0.00T(+) 0.003(+) 0.034(+) 0.042(+)

from Table IV that, in terms of the DB index, the differ-
ences between the results of E-DE and the other algorithms
are significant (the p-values are smaller than 0.05) on almost
all datasets. Meanwhile, in most cases, E-DE outperforms the
others. Similar results are also observed from Table V, show-
ing significantly better performance of the proposed method in
the comparisons using the I index. In addition, the above KW
test results prove that, on most datasets, our E-DE algorithm
is able to achieve statistically better results than the other six
algorithms.

C. Analysis of Time Complexity

For the evolutionary clustering algorithms, the computa-
tional costs involve two parts: 1) the fitness evaluation of the
clustering index and 2) the evolution operation. The complex-
ity of fitness evaluation is identical for different evolutionary
clustering algorithms. Particularly, the data assignment con-
sumes O(N x K) time in calculating the distance between
data points and cluster centroids, and the fitness evaluation
of DB and I indices both takes an additional O(K?) time to
calculate the distance between cluster centroids. Therefore,
the fitness evaluation step consumes O((N + K) x K x np)
time in each iteration. The E-DE algorithm does not bring
additional distance calculations when adopting the new muta-
tion and crossover operators. The complexity of the evolution
operation is the same as the classical DE algorithm, which is
O(K xnp) in each iteration. The evolution operations of ACDE
and TGCA have the equal time consumption with our E-DE.
Besides, MANM has an additional O((K +np) x np) time cost,
which is caused by the auxiliary merging and niching proce-
dures. From the time complexity analysis, we can see that the
evolution costs of the evolutionary clustering algorithms are far

less than the evaluation costs, which can be ignored, especially
when the scale of datasets is large. Besides, as indicated in
the experimental comparisons, the proposed E-DE converges
faster than the other algorithms, which consumes fewer fit-
ness evaluation times to obtain promising results. From this
point of view, E-DE is more computationally efficient than the
others.

V. CONCLUSION

In this article, we proposed an E-DE to tackle the auto-
matic data clustering problem. First, an elastic individual
encoding scheme was introduced to adapt the number of clus-
ters without external guidance. Unlike the zero-one switch
encoding scheme used in traditional algorithms, this elastic
scheme enables the population of DE to contain individu-
als that have different dimensions and evolves this parameter
(i.e., the number of dimensions) inherently during the evo-
lution. Second, a two-phase mutation operator was designed,
which subtly utilizes the information of three individuals with
random selection, deletion, and permutation operations to gen-
erate mutant vectors. Through this mutation, the individual
learns sufficient information about the data clustering struc-
ture from the current population in order to adapt the cluster
numbers and centroids. Third, we developed an exponential
subspace crossover strategy that exchanges partial cluster lay-
outs between parameter vectors. This exchange method not
only avoids the cross-dimension learning error encountered
by the previous algorithms, but it also adjusts the number of
clusters in a flexible way. The experimental results proved
that our E-DE algorithm outperformed the other clustering
algorithms in terms of both internal and external clustering
indices.
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The E-DE algorithm showed significant improvements over
the existing methods, but some limitations still remain. The
proposed algorithm belongs to centroid-based (partitioning)
clustering. Although such methods have been widely applied
in practice, they endure the performance degradation in han-
dling the nonconvex datasets. So one of our future works
is to extend the E-DE framework by incorporating some
density or connectivity-based clustering methods for noncon-
vex datasets. In addition, the evolutionary clustering meth-
ods may encounter deficiency when handling the extremely
high-dimensional datasets like the deep feature-based image
database. Another possible extension is to make some adjust-
ments, such as incorporating a cooperative coevolution frame-
work, to further enhance the scalability of the E-DE algorithm.
Besides, due to the good performance of E-DE, it would be
appealing to apply the algorithm to some practical applica-
tions, such as image analysis, document clustering, and gene
detection. To summarize, we believe that our E-DE clustering
method is flexible and robust to solve the automatic data clus-
tering problem and there remains lots of possibilities for it to
extend to other subjects or reality fields.
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