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Abstract

Clustering ensemble is a technique for improving clustering results’ robustness and accuracy. Basically, this technique
generates base clusterings and then combines them into a consensus solution whose quality is determined by the
diversity of the base clusterings and the consensus function’s performance. In order to improve the quality of consensus
solutions, it is necessary to generate base clusterings with regard to quality and diversity. Novel techniques were
employed in this study to generate diverse base clusterings for both low-dimensional and high-dimensional datasets, as
well as new criteria to compute the diversity of base clusterings with respect to quality. The impacts of different levels
of diversity on consensus functions were studied. The proposed methods generated diverse base clusterings, according
to the findings of the experiments.
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1 Introduction

Data clustering, often known as cluster analysis, is a critical issue in data mining. [25]. The objective of data
clustering is to understand the structure of unlabeled data by placing data samples into separate groups. Data
samples that are more similar to each other are put into the same group (cluster); the ideal state is achieved when
data in one group are completely different from data samples in other groups. In other words, clustering algorithms
apply a similarity criterion to the process of cluster formation in a way to maximize intra-cluster similarity and, at the
same time, minimize the inter-cluster similarity. Cluster analysis is applied into various fields such as bio-informatics,
text mining, face detection, health fraud detection, image segmentation, etc. [57, 47, [49, [1,22]. In the literature, many
clustering algorithms have been presented [43], [15] [21], each of which is suitable for some datasets based on their shapes
and distributions. However, no clustering algorithm outperforms others. This implies that each clustering algorithm
has its unique set of advantages and disadvantages. For a specific dataset, different clustering algorithms obtain various
results. Consequently, it is difficult to select the most proper clustering algorithm for a specific dataset. As a result,
researchers have introduced the concept of clustering ensemble which refers to aggregating different clusterings into a
single clustering result [2] 20] [l [45].

*Corresponding author
Email addresses: s.hamidi@qaemiau.ac.ir (Seyed Saeed Hamidi), akbari@iausari.ac.ir (Ebrahim Akbari),
motameni@iausari.ac.ir (Homayun Motameni)

Recetved: August 2021  Accepted: March 2022


http://dx.doi.org/10.22075/ijnaa.2022.6392

1152 Hamidi, Akbari, Motameni

Clustering ensemble or consensus clustering can produce a better and more robust and reliable clustering. First,
a set of base clusterings, called ensemble members, is generated. The base clusterings are then aggregated using a
consensus function to produce a consensus solution [23] [12]. Producing diverse base clusterings and selecting a proper
consensus function yields better consensus solution. Consensus clustering can be applied to different domains such as
business, biomedical, security, insurance, recommender system, etc. [31], I8, B3] 56]. The literature comprises a number
of methods for generating base clusterings as well as many different consensus functions [54l [44] 37, [I7]. The quality
of the consensus solution depends on the diversity of base clusterings and the performance of the consensus function.
The diversity of base clusterings is the degree to which the base clusterings differ. Higher diversity will result in better
quality; on the other hand, between base clusterings, quality is better to be lower.

Different strategies for generating diversity are utilized in this research, and the outcomes are compared. Four
methods are used to generate diversity in low-dimensional datasets, which employ the k-means algorithm with different
initializations (different values of k, where k is the number of clusters) as well as three methods for high-dimensional
datasets. In low-dimensional datasets, employing k-means algorithm with different & values is the best option to
generate diverse clusterings [19, [6], whereas in high-dimensional datasets, applying feature selection methods produces
base clusterings with higher diversity [54, [50].

To generate diverse base clusterings, most previously-conducted studies employed k-means with different initial-
izations for low-dimensional datasets and selected a subset of features for high-dimensional datasets [29] 54, [50]. To
obtain higher diversity, these two general approaches are examined. In the following, the major contributions of the
present research are presented:

e Proposing a new diversity generation method for low-dimensional dataset
e Proposing a new diversity generation method for high-dimensional dataset

e Using Chi? criterion to compute diversity in terms of quality

The rest of the paper is organized as follows. Section [2] presents the related work. After that, the proposed method
will be explained in section |3} Experiments and results will be presented in section |4l Finally, section [5| concludes the

paper.

2 Related Work

Clustering ensemble is the process of aggregating multiple clusterings into a single consolidated clustering [48]. In
fact, clustering ensemble is expected to acquire more consistent, reliable, and accurate clustering results compared to
individual clustering algorithms.

Diversity generation is the first step in clustering ensemble algorithms. In general, a cluster ensemble with higher
diversity performs better. Diversity refers to the degree of difference between base clusterings. Applying a suitable
generation method is of high importance because the base clusterings obtained at this step affect the final solution.
With respect to the literature, base clusterings generation is very important to success of the cluster ensemble solu-
tion [30, 29]. Different generation mechanisms have been proposed in the literature for creating diversity or ensemble
members, which are discussed as follow.

e Different clustering algorithms: Base clusterings are generated by employing various clustering algorithms, which
are called heterogeneous ensembles [8, B0, [34]. This mechanism assumes that different clustering algorithms
analyze the dataset in different ways; thus, diverse base clusterings are obtained.

e Different initialization of a clustering algorithm: Base clusterings are produced by employing a single clustering
algorithm by repeated runs of the algorithm with different initializations, which are known as homogeneous
ensembles [7 7). The clustering algorithm most commonly used to produce base clusterings is the k-means
algorithm due to its simplicity and low time-complexity. Many studies have used k-means algorithm with
different inputs [29, 16}, 51].

¢ Different subsets of instances: Random samples of instances are picked out to create base clusterings [44} [32] [40].
This mechanism is suitable for big data. Diverse base clusterings are produced by using several subsets of
instances.
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e Different subsets of features: Random samples of features are extracted to generate base clusterings [54, 50].
Differences in features lead to the production of different base clusterings. This mechanism is suitable to high-
dimensional datasets.

The second and fourth mechanisms are mostly used for low-dimensional and high-dimensional datasets, respectively.
Therefore, this paper focuses on these two mechanisms.

The aggregation phase is called clustering ensemble or consensus clustering, which is performed by applying a
consensus function to ensemble members. The consensus function aggregates ensemble members into a consensus
result. Co-association approaches, Graph based methods, Relabeling methods, and Feature-based methods are different
types of consensus functions proposed in the literature. This paper focuses on the diversity generation phase. In the
following, a review of recent and related work on diversity generation is presented.

Some researchers have used methods frequently used in the literature [19} [6] 4T], [37]. These generally-used methods
produce base clusterings by employing the k-means algorithm with different k values selected from [2, /n], where n
is the number of instances. Hamidi et al. [20] employed k-means algorithm with different & values to engender base
clusterings. They demonstrated that, to obtain base clusterings with higher diversity, the value of k£ should be larger
than the true number of clusters.

In [3] Alizadeh et al. applied the k-means algorithm with different values of k in the range [k, 2k] to engendering
base clusterings. Pividori et al. in [38] used two schemes to create base clusterings, and in both schemes, the k-means
clustering algorithm was used; in Scheme 1, k was a fixed value, while in Scheme 2, k was selected randomly from
the range [2,20]. Nazari et al. [35] selected the value of k from the range [2,4k] and applied the k-means clustering
algorithm with the chosen k as an initial parameter.

Tam-On & Boongoen [24] used two approaches for base clusterings generation and employed the k-means clustering
algorithm. In the first approach, the value of k was fixed to v/n, whereas in the second one, k was selected randomly
from the range [2,/n]. Jia et al. [27] generated diverse base clusterings by employing three methods: 1) Random
sampling in the Nystrom approximation, 2) Random scaling parameter in spectral clustering, and 3) using the k-means
algorithm with different initialization.

Fern et al. [I1] studied three various diversity generations for high-dimensional datasets based on the random
projection and principal component analysis. They showed that the random projection technique generates diverse
base clusterings. Wu et al. used three different generative mechanisms to produce base clusterings: 1) running k-means
algorithm with fixed k values and various cluster centers, 2) selecting different subsets of instances and then applying
k-means to the new sets, and 3) selecting different subsets of features by employing ReliefF algorithm [28] and then
applying k-means to these new datasets. Finally, they showed that the best mechanism is using the k-means algorithm
with different initializations to generate diversity.

Yang et al. [52] used several traditional generation methods and suggested a new method to produce base clusterings.
Traditional methods are 1) employing the k-means algorithm by randomly choosing k from the range [2, 10], 2) selecting
random subsets of features and then applying the k-means algorithm, and 3) selecting random subsets of instances
based on the nearest centroid followed by applying the k-means algorithm. Their suggested method was selecting
random subsets of instances based on the nearest neighbor followed by applying the k-means algorithm. The fourth
generation method, which is suggested in the present paper, was empirically found capable of obtaining higher diversity.

3 Proposed method

In this section, the proposed method is described in detail. The notations used in this paper are presented in
Table [I} At first, an ensemble is generated based on the second and fourth diversity generation mechanisms for low-
dimensional and high-dimensional datasets, respectively. The k-means clustering algorihtm with different values of
k was employed to generate ensemble members for low-dimensional datasets. In all suggested methods, the k-means
clustering algorithm was used to generate diversity with different parameters. Algorithm [I] shows the procedure of
diversity generation for low-dimensional datasets.

For high-dimensional datasets, different feature selection methods like random-based, wrapper-based, and filter-
based methods are employed. By applying these methods, a subset of features is selected. Then, the k-means clustering
algorithm is applied to the new dataset with minimal features subset to generate diversity.

Four methods are introduced for low-dimensional datasets (M1, M2, M3, and M4) and three methods are suggested
for high-dimensional datasets (M5, M6, and M7), which are described as follow:
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Table 1: Notations used in this paper

Symbol  Description

X Set of instances

T; i-th instance of X

n Number of instances

II Set of base clusterings

i i-th clustering of II

M Number of base clusterings
c! j-th cluster of m;

k; Number of clusters in m;

P Consensus function

* Consensus clustering

e M1: The value of k was fixed to the value of true number of classes of the dataset (The true numbers of classes
for all datasets are shown in the last column of Table |3)).

e M2: The value of k was selected between [2, true number of classes].
e M3: The value of k was chosen between [2, /n].

e M4: The value of k was selected using Eq.

e M5: Random-based feature selection (Algorithms .

e M6: Wrapper-based feature selection (Algorithms .

o MT: Filter-based feature selection (Algorithms [4).

Note that using the true number of classes in the M1 and M2 methods is only for experimental analysis because,
in fact, the true number of classes is not reachable in clustering algorithms. The M3 and M4 methods are used to
generate diversity.

k:{[\/ﬁ—l:\/ﬁ} ityn > 1, 51)

[V ) ifyn <

where [ signifies the number of runs for different k, and n denotes the number of instances. The k-means algorithm is
run h times for each value of k. Finally, [ x h base clusterings were generated.

Algorithm 1 : Diversity Generation for low-dimensional datasets using k-means (M1, M2, M3, and M4)

input: D, the dataset; M, the number of ensemble members;
Kunin, the minimum value of k; k.42, the maximum value of k&
//the value of ki and kp,q. are changed based on diversity generation method (M1, M2, M3, or M4)

output: {BCy, BCs, -, BC)y}, ensemble members
. fori=1to M do

BC; = k-means ( D, k)

k = new value from range [kmin, kmaz]
end

G oo

Algorithm [T illustrated the diversity generation method for low-dimensional datasets. In this study, the k-means
algorithm with various values of k is employed to generate M base clusterings. The value of k starts at k,;, and
continues to kyq.. The value of ky,in and ke, vary based on diversity generation method (M1, M2, M3, and M4).

The quality of each ensemble member was calculated using the NMI criterion. The NMI values between [0, 0.2]
have lower quality and higher diversity, while the values in the range [0.8, 1.0] have higher quality and lower diversity.
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Figure 1: The quality of base clusterings in terms of NMI (a) first method, (b) second method.

Therefore, according to [19], lower and higher NMI values were removed. Then, the remaining NMI values were
divided into ten equal parts. The number of values in each part was counted. To obtain higher diversity, the best case
is that NMI values be distributed in all parts. In other words, the expected counts in each part is equal with others.
To calculate the diversity and investigate the relation between quality and diversity, Chi? criterion was employed in
this paper, which is defined as follow:

10 N B2

where O(i) = n,,, and E(i) signifies the expected number of NMI values in the i-th part (p;). The value of E(7) in all
parts is a constant value that is calculated as follows:

B) = 15

. i=1,2,---,10 (3.3)

The Chi-squared (Chi?) is a number that determines the difference between the observed counts and expected ones.
If the observed and expected counts are equal, the Chi? is equal to zero. Therefore, a low-value for C'hi? is better.
In comparison between the NMI values distributed in all parts and those distributed in some parts, the former case
yields lower value of Chi?.

Table 2: The values of Chi? criterion and consensus solution’s quality corresponding to Fig.

NMI value distribution Chi® | CSPA | MCLA | HGPA
First method np, = 0,np, =0,n,, =0,n,, =0,
Np; = 0, Ny, =0, ny, =6, 56 0.70 0.76 0.50

Npg = 0, Npy =4, Ny, =10
Second method | np, = 0,np, = 0,np, = 0,1y, =0,
Nps = 1, Npg = 6, Ny, =9, 44 0.88 0.85 0.90

Npg =3, Npy =1, np,y =0

As an example, assume that X = {z1,22, -+ ,210} denotes a toy dataset with 10 objects, and IT = {my, w2, -+ , 20}
is an ensemble with 20 base clusterings on dataset X. The k-means clustering algorithm is employed to generate
ensemble members with two methods. In the first method, the value of k in the k-means algorithm is fixed, whereas
in the second, the value of k is increased with incremental step of 1 in each run. The value of NMI criterion is
computed for each base clustering according to the dataset class labels. Fig. [1| demonstrates the NMI values of the
base clusterings for both methods.

After calculating the NMI values of the ensemble members, the following steps are taken into action:
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1. Dividing the NMI values into 10 equal parts {p1,p2, -+ , P10}
2. Counting the number of NMI values in each part {n,,,np,, -, npy, }
3. Calculating the Chi? measure

The Chi? measure is used to compute the diversity between the base clusterings. The value of this measure is
calculated based on Egs. (3.2).

The calculated values for the above-mentioned example as well as the best case and worst case are shown in Table[2}
When the values are evenly distributed in all parts, the best-case occurs. In contrast, when all the values are in one
part, the worst-case occurs. As shown in Table [2| the NMI values distribution in the second method is performed
better than the first one. On the other hand, the second method values are more diverse than those of the first method.
The lower values of Chi? denotes better diversity, which can be realized with respect to Table

The diversity generation method for high-dimensional datasets based on the random feature selection is depicted
in Algorithm [2| First, a subset of dataset features is randomly selected. Then, the k-means algorithm is employed to
generate a clustering with minimal features subset. The feature selection phase and the use of the k-means algorithm
are repeated for M times to generate base clusterings.

Algorithm 2 : Diversity Generation for high-dimensional datasets based on the random-based feature selction (M5)

input: D, the dataset; M, the number of ensemble members; k, the number of clusters
output: {BCy, BCs, -, BC)y}, ensemble members
1. for i =1 to M do

2. F = a subset of features of D selected randomly (50 features)
3. BC; = k-means ( D, F,k)
4. end

The wrapper-based feature selection was employed in Algorithm [3|to produce ensemble members. First, a subset of
dataset features was selected using the Butterfly Optimization Algorithm [53]. Then, the k-means algorithm assumed
the selected features subset as input for generating a clustering. The feature selection phase and employing the k-means
algorithm were repeated M times to generate base clusterings.

Algorithm 3 : Diversity Generation for high-dimensional datasets based on the wrapper-based feature selction (M6)

input: D, the dataset; M, the number of ensemble members; k, the number of clusters
output: {BCy, BCs, -, BC)ys}, ensemble members
1. for i =1to M do
2. F = a subset of features of D selected using BOA algorithm
//Butterfly Optimization Algorithm (BOA) is an algorithm for wrapper-based feature selection [53]
3. BC; = k-means ( D, F\k)
4. end

Algorithm 4 : Diversity Generation for high-dimensional datasets based on the filter-based feature selction (M7)

input: D, the dataset; M, the number of ensemble members; k, the number of clusters
output: {BCy, BCs, -, BCy}, ensemble members
1. F = rank features of D using reliefF algorithm
//reliefF algorithm is an algorithm for filter-based feature selection [42]
2. for : = 1to M do
3. BCI = k-means ( 1)7 [fl?f’i-‘rlL k )
4. end

Algorithm [4] illustrated the diversity generation method for high-dimensional datasets based on the filter-based
feature selection. First, the dataset features were ranked using the reliefF algorithm [42]. Then, the k-means algorithm
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was repeated M times with different features subset to generate ensemble members. Assume that F' = {f1, fo, -+, fa}
denotes the ranked features of a dataset. The first selected features subset is {f1, f2}, the next subset is {f1, f2, f3},
and the final subset is {f1, fa, -+, far41}-

4 Experimental analysis

In this section, some experiments were conducted to evaluate the results. The k-means clustering algorithm was
employed to generate base clusterings, and the NMI criterion was applied to computing the quality of clusterings.
The value of NMI is between [0, 1]. The value of one signifies complete correspondence between two clusterings, and
the zero denotes dissimilarity between them. The class label information of datasets was used only to compute the
quality, and was not used in the process of consensus clustering. Note that the class label information was removed
from datasets before the clustering process. All experiments were run in MATLAB R2015a 64-bit environment on
Windows 10 Pro 20H2 64-bit, Intel Core 15-6300U CPU, and 8 GB of RAM workstation.

Table 3: Datasets used in the experiments

Dataset Instances (n) Features (d) Classes (k)
Jain 373 2 2
Artificial Path based 300 2 3
Compound 399 2 6
Flame 240 2 2
Iris 150 4 3
Low-dimensional Wine 178 13 3
Breast tissue 106 9 6
Seeds 210 7 3
GLI-85 85 22283 2
High-dimensional  Prostate-GE 102 5966 2
Leukemia 72 7129 2
PenglLeukEW 72 7070 2

4.1 Datasets

Experiments were executed on four artificial datasets, four real datasets, and four microarray datasets. The details
of these datasets are briefly summarized in Table|3|in which n denotes the number of instances, d signifies the number
of features, and k is the number of classes. The four artificial datasets came from the literature [26] O 55, [14]. The
four real datasets were extracted from the UCI machine learning repository [I0], while the four microarray datasets
were extracted from the literature [4, [39] 46] [13].

4.2 Test results

The first experiment was conducted on the artificial and low-dimensional datasets, while the second experiment
was conducted on the high-dimensional datasets. In the first experiment, four methods (M1, M2, M3, and M4) were
used to generate diversity. For each dataset, M = 50 base clusterings were generated, and for each generation method,
the algorithm was run 100 times, and the average of the results was recorded. For each method, the diversity was
calculated using the introduced criterion (Chi?), and the results were shown in Fig.[2l The CSPA, MCLA, and HGPA
consensus functions were employed to obtain consensus results, which are shown in Fig. [3]

As illustrated in Fig. 2| the diversity values which were obtained by the M4 method are better than the values
of other methods (Chi? values for M4 method are lower). It means that the M4 method generated better diversity
in comparison with the M1, M2, and M3 methods. This can be understood based on the output of the consensus
clustering algorithms (Fig. [3). As demonstrated in Fig. [3] the CSPA, HGPA, and MCLA consensus functions obtained
higher quality results by the M4 method. As a result, the M4 method was found the most proper choice to generate
diversity in low-dimensional datasets.

In the third experiment, three methods (M5, M6, and M7) were used to generate diversity for high-dimensional
datasets. This experiment was conducted in two phases. The values of k£ in the k-means algorithm were fixed at 2
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Figure 2: Diversity of base clusterings that is calculated using suggested criterion for artificial and low-dimensional datasets.
Jain Path based Compound Flame
04 07 07 06
0.6 / 05
03 065
05 04
02 0.4 06 03
03 02
0.1 055
02 0.1
0 > 0.1 05 0 *
M1 M2 M3 M4 M1 M2 M3 M4 M1 M2 M3 M4 M1 M2 M3 M4
—4—CsPA MCLA —*— HGPA —4—CsPA MCLA —*— HGPA —4—CsPA MCLA —— HGPA —4—CsPA MCLA —— HGPA
(a) (b) (©) (d)
Iris Wine Breast Tissue Seeds
1 045 045 08
07
09 0.4 0.4
06
08
0.35 0.35 05
07
03 03 0.4
06
03
025 025
05 02
04 * 02 02 0.1
M1 M2 M3 M4 M1 M2 M3 M4 M1 M2 M3 M4 M1 M2 M3 M4
—4—CsPA MCLA —*— HGPA —4—CsPA MCLA —— HGPA —4—CsPA MCLA —— HGPA —4—CsPA MCLA —— HGPA

® (2 (h)

Figure 3: Quality of the consensus solutions corresponding to Fig. El
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Figure 4: Diversity of base clusterings (employing k-means with k& = 2), which is calculated using the suggested criterion for high-
dimensional datasets.
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Figure 5: Quality of the consensus solutions corresponding to Fig. @

and 5 in the first and the second phase, respectively. For each dataset, M = 50 base clusterings were produced; the
computed diversities are illustrated in Fig. [ for £ = 2 and Fig. [f] for ¥ = 5. In addition, the qualities of consensus
solutions were shown in Fig. [5] and Fig. [7]

As illustrated in Figs. [4] and [6] the diversity values obtained by the M7 method are better than the values of
the M5 and M6 methods. Additionally, the quality values obtained by the consensus functions for the M7 method
are higher than others shown in Figs. [f] and [7] Consequently, the M7 method was found the most proper choice for
producing base clusterings in high-dimensional datasets.

5 Conclusion and future work

New diversity generating methods for low-dimensional and high-dimensional datasets were proposed in this study,
which use the k-means clustering algorithm and the feature selection method, respectively. The diversity values
were determined using new criterion. Diversity’s effect on consensus functions was explored. The findings of the
experiments conducted on four artificial, four low-dimensional, and four high-dimensional datasets revealed that for
low-dimensional datasets, utilizing the k-means clustering algorithm with a value of k greater than the true number of
classes is a good choice. Furthermore, for high-dimensional datasets, the employment of filter-based feature selection
methods combined with the k-means clustering algorithm generates diverse base clusterings.
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