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ABSTRACT

The Coordinate Descent Method for K-means (CDKM) is an improved algorithm of K-means. It identifies better
locally optimal solutions than the original K-means algorithm. That is, it achieves solutions that yield smaller
objective function values than the K-means algorithm. However, CDKM is sensitive to initialization, which makes
the K-means objective function values not small enough. Since selecting suitable initial centers is not always
possible, this paper proposes a novel algorithm by modifying the process of CDKM. The proposed algorithm
first obtains the partition matrix by CDKM and then optimizes the partition matrix by designing the split-merge
criterion to reduce the objective function value further. The split-merge criterion can minimize the objective
function value as much as possible while ensuring that the number of clusters remains unchanged. The algorithm
avoids the distance calculation in the traditional K-means algorithm because all the operations are completed only
using the partition matrix. Experiments on ten UCI datasets show that the solution accuracy of the proposed
algorithm, measured by the E value, is improved by 11.29% compared with CDKM and retains its efficiency
advantage for the high dimensional datasets. The proposed algorithm can find a better locally optimal solution
in comparison to other tested K-means improved algorithms in less run time.
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1 Introduction

Clustering is an unsupervised machine-learning method [1] that does not depend on data labels. It
has a wide range of applications in many fields [2], such as image segmentation [3], target recognition
[4] and feature extraction [5]. Among these applications, the K-means algorithm is one of the most
commonly used clustering algorithms due to its simplicity and interpretability [6,7].

The K-means clustering problem is a non-deterministic polynomial-time hardness (NP-hard)
problem [8]. The traditional K-means clustering algorithm is a greedy algorithm used to optimize
the K-means clustering model. However, its sensitivity to the choice of the initial centroids leads to its
tendency to fall into local optimal solutions.

Copyright © 2024 The Authors. Published by Tech Science Press.
@ @ This work is licensed under a Creative Commons Attribution 4.0 International License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.


https://www.techscience.com/journal/CMC
https://www.techscience.com/
http://dx.doi.org/10.32604/cmc.2024.060090
https://www.techscience.com/doi/10.32604/cmc.2024.060090
mailto:yy@cust.edu.cn

4876 CMC, 2024, vol.81, no.3

To address this problem, researchers have proposed many improved methods [9—10] for enhancing
the solution accuracy' of the K-means clustering algorithm. Gul et al. proposed the R-K-means
algorithm, which uses a two-step process to find the initialization centroids, making the K-means
algorithm effective in solution accuracy on large-scale high dimensional datasets[1 1]. Biswas et al. used
the computational geometry for cluster center initialization to make cluster centers uniformly dis-
tributed [12]. Layeb et al. proposed two deterministic initialization methods for K-means clustering
based on modified crowding distances, which are capable of selecting more uniform initial centers
based on the modified crowding distances [13]. Arthur et al. proposed the K-means++ algorithm,
which is based on a random seeding technique to make the initialization centroids as dispersed as
possible [14]. Lattanzi et al. improved K-means++ by adding a new local search strategy to it, which
can optimize the location of the center of bad clusters [15]. Senol proposed a method to find the
optimal initial centers using kernel density estimation so that the initial centroids are distributed in
regions with a high density of data points [16]. Reddy et al. selected the initial cluster centers by
constructing a Voronoi diagram using the data points, which reduces the problem of the K-means
algorithm’s overdependence on initial centroids and improves the convergence time of the subsequent
K-means algorithm [17].

In addition to the above methods, a large number of improvements for initialization have been
proposed in the literature [18]. The final result of K-means clustering is determined by initialization
and iteration. Iteration and initialization are similar. They can both make improvements to the
solution accuracy. However, there is little research on iterative processes. Recently, Nie et al. improved
the iterative process of the K-means algorithm. They rewrote the objective function of K-means
and introduced the Coordinate Descent Method [19,20] to optimize the K-means clustering model.
This new algorithm is called the Coordinate Descent Method for K-means (CDKM) algorithm.
Experimental results show that under the same initialization conditions, the CDKM algorithm has
a more significant improvement in solution accuracy than the K-means algorithm and runs more
efficiently on high dimensional datasets [21].

Although CDKM is able to find smaller local optimal solutions than K-means, CDKM is still
sensitive to initialization. There is a large room for improvement in the solution accuracy of CDKM.
Since selecting the appropriate initial center is not always feasible [21], we attempt to improve its
iterative process. Specifically, we introduce the split-merge criterion into CDKM. The split-merge
criterion was proposed by Kaukoranta et al. in the iterative split-and-merge algorithm in 1998 [22].
The iterative split-and-merge algorithm aims to optimize codebook generation by utilizing the split-
merge criterion. The split-merge criterion is also an excellent operation that can significantly enhance
the solution accuracy of K-means. Based on the split-and-merge criterion, many improved algorithms
have been proposed, such as the iterative split-and-merge algorithm [22], split algorithm [23], random
swap algorithm [24] and I-K-means-+ algorithms [25]. However, the split-merge criterion primarily
operates under the original K-means objective function, which may not apply to the CDKM objective
function. One of the key strengths of CDKM is its efficiency in high dimensional data. This efficiency
arises from its objective function, which eliminates the need for distance calculations during the search
process. This feature is not typically available in traditional K-means algorithms and its improved
algorithms, such as the algorithms mentioned above [11—14] and the split-merge algorithm [22—25]
analyzed earlier.

1 In this paper, when we say that the solution accuracy of solution CVis higher than that of solution C?, it means that the value of the objective function corresponding to
solution CV) s less than the value of the objective function of solution C® .
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The challenge is how to apply the split-merge criterion based on the original K-means objective
function to the CDKM algorithm, which is based on the CDKM objective function. We propose a
Coordinate Descending method for K-means algorithm based on Split-Merge (CDKMSM) algorithm
from the perspective of improving the iterative process of CDKM. First, an existing algorithm based on
split-merge criterion, specifically, the I-K-means+ algorithm, is modified with the aim of obtaining
an excellent solution. Then, the proposed split-merge criterion is converted into a partition matrix
operation to make it applicable to the CDKM clustering model. In order to retain the efficiency
advantage of the original CDKM under high dimensional data, the proposed algorithm avoids
distance computation, and its computation process can be accomplished only by using the partition
matrix.

2 Related Work
2.1 CDKM Algorithm

Suppose X = {x,x,,...,x,} € R is a data set with N individual elements. The goal of the
K-means clustering model is to divide the dataset into disjoint clusters C = {C,, C,, ..., C,.}. The K-
means algorithm uses the traditional error sum of squares (SSE) function within clusters as a measure
of clustering effectiveness. For a given solution C = (C,, C,, ..., C,), its SSE value is shown as follows:

SSE(C) = ZSSE (C), (1)

i=1
where, SSE (C)) of the i-th cluster is shown as follows:

2

SSE(C) =D [x;—mi, (2)
x;eCj
where, m; 1s the center of the cluster C,. The calculation of m; is shown as follows:
1
m= e > x, 3)

,‘(jEC[

The clustering model of K-means can be described as a minimization problem is shown as follows:

k
min SSE = min > =i 4)

i=1 xjeC;

CDKM rewrites the K-means clustering problem as Eq. (5) by using the partition matrix.

k (f((’))T XTXf(E’)
max obj (F) = max A A" 5
ee{l2,..., k)o 4 ( ) e{1,2,...k} z (">)T (e) ( )
I=1 ! !
In Eq. (5), F¥ (e =1,2,...,k) is a membership matrix, e represents the position information of

the updated element when the F* matrix is updated in rows, f}” is the /-th column of F*, obj (F")
represents the objective function value of the CDKM algorithm. Note: since both the expression
form and the objective function value of the rewritten CDKM solution are different from those in
the original K-means, different mathematical symbols are used here to distinguish them.
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In order to reduce the amount of calculation, CDKM defines i (¢) is shown as follows:
IX'Xf, fIX'Xf,—2x"Xf, + x"x,

= Tff{e fifo—1 o , ©
L XX +2x/Xf, +x/x, [ X XS,
Ff 1 Ty T
where, i € {1,2,..., N} represents the row number of the currently processed row when updating the

partition matrix F, p represents the column number of the element with the value of 1 in the row i
when the row is updated. The calculation of i (e) is divided into two cases: ¢ = p and e # p.

According to the coordinate descent method and the property of the partition matrix F*, the i-th
row of F is updated as follows:

|1 argmax,y (e)
fi= {0 otherwise )
The variables that need to be updated after the i-th row of F* are updated as follows:
Xfp:Xfp_xf;qu:qu+xi;

: (®)
prfp :prfp_ l’qufq :fszfq+1'
prXTXfp prTXTXfI, —2x/Xf, + x]x;; 9)
T T
qurqu :quTqu +2x/ Xf, + x/x..

Note: The CDKM method presents new formulas to modify the objective function and replace
the original K-means iterative process with a coordinate descent method. These formulas clarify the
improvement process and detail the iterative method used in the newly proposed algorithm (Algorithm
1). This paper includes the objective function and iterative process of CDKM, which is why the
formulas are presented.

Algorithm 1: CDKM algorithm

1. Input: data matrix X € R, cluster number k.

2. Initialize ¢ cluster centers by an initial strategy and get initial F € R,
3. Compute and store Xfe,fffe,fZXTXfe (e=1,2,....0,x'x;,(i=1,2,...,n).
4. repeat

5. fori=1ton

6. Calculate ¥ (e) (e =1,2,...,k) by Eq. (0).

7. Update the i-th row of F by Eq. (7);

8. if p # g then

9. Update Xf, and f'f, (e = p,q) by Eq. (8).

10. Update X" Xf, (e = p,q) by Eq. (9).

11. end if

12.  end for

13. until convergence
14. Output: partition matrix F € R™*
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2.2 The Problems of CDKM Algorithm

When the initial center position is not ideal (as shown in the left part of Fig. 1), the initial centers
in different regions may be too few or too many. As shown in the right part of Fig. 1, there may be
a local optimum problem after CDKM clustering. The datasets in the clusters are too sparse after
clustering in regions with too few centers, and the datasets in the clusters are too dense after clustering
in regions with too many centers. The division of these clusters is not accurate enough, which leads to
the solution accuracy needing to be improved.

™ _ . —
;. COTNGS DEWRN A the center after clustering
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Figure 1: The left part is initial center distribution. The right part is the division of datasets after
CDKM clustering

3 Design of Coordinate Descent K-Means Algorithm Based on Split-Merge

For the problem described in Section 2.2, in order to improve the solution accuracy of the CDKM
algorithm, we introduce the split-merge criterion and transform it to apply to the clustering model of
CDKM. Split-merge criterion has already been introduced in the iterative split-and-merge algorithm
in 1998 [22]. The iterative split-and-merge algorithm begins with an initial codebook and enhances
it through merge and split operations. Merging small neighboring clusters frees up additional code
vectors, which can then be reallocated by splitting larger clusters. We introduce the split-merge criterion
for the traditional K-means algorithm in Section 3.1. In Section 3.2, we analyze the shortcomings of
the split-merge criterion for the traditional K-means algorithm and introduce the modified method
in this paper. Since the split-merge criterion for the traditional K-means and the modified criterion
we proposed in Section 3.2 are used to optimize the objective function value SSE (C) of the original
K-means model, they cannot be directly applied to solve the objective function value obj (F “)) in
the CDKM clustering model. Moreover, the original split-merge process involves a large number
of distance calculations. In Section 3.3, we introduce a method that transforms the formulas and
operations corresponding to the improved split-merge criterion proposed in Section 3.2 of this paper
so that it can be applied to the optimization of CDKM models. This method relies solely on the
partition matrix and avoids distance calculation to improve the time efficiency of the algorithm in
high dimensional datasets.
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3.1 Split-Merge Criterion for the Traditional K-Means Algorithm

The idea of split-merge criterion has been used to improve K-means, resulting in many proposed
algorithms [22—25]. These algorithms generally share a common approach, utilizing split-merge
criterion to enhance the original K-means algorithm. In this paper, we build upon one of the more
recent split-merge criterion algorithms, specifically the I-K-means-+ algorithm proposed in 2018.
It improves the K-means’ solution accuracy by merging two clusters, splitting another cluster, and
regrouping in each iteration, which is capable of gradually approaching the global optimal solution.
The cluster C, with the smallest cost selected for deletion when merging, and the cluster C; with the
largest gain selected for division when splitting. The calculation of cost and gain is shown as follows:

cost (C,) = SSE(C) — > dis (. Z,)", (10)
VYpeCy
. 3
gain (C)) ~ 1x SSE (C), (11)

where, Z, in Eq.(10) is the sub-proximal centroid of the data point p.

3.2 Split-Merge Criterion in This Paper

Since the calculation of the gain value of the I-K-means-+ algorithm (Eq. (11)) is an approximate
calculation method, it may produce a misclassification when splitting and merging. So in this paper,
the split-merge criterion of the [-K-means-+ algorithm is modified in the expectation of obtaining
a solution with higher solution accuracy. We have changed the method of calculating the gain to an
exact one, and also improved the method of calculating the cost of the I-K-means-+ algorithm.

The merging strategy in this paper aims to find two clusters that are close to each other, which are
too densely populated with datasets, and merge them to minimize the cost is shown as follows [22]:

cost,, = SSE (C, ) — (SSE (C,) + SSE (Cy)), (12)

where, C, 5 denotes the new cluster after merging two clusters of C, and Cy. The merging operation is
shown in Fig. 2, assuming that there are k clusters, calculate the SSE values of all the clusters, find the
| £] clusters with the smallest SSE values, calculate the cost of these | £ | clusters merged with the rest
of the clusters two by two, respectively, and selecting the two clusters, 4 and B with the smallest cost
values to be merged, i.e., assigning the data points in 4 to B, and deleting the center a of the original
cluster A.

The objective of the splitting criterion presented in this paper is to identify clusters characterized
by sparse datasets. Upon splitting such a cluster into two distinct clusters, a significant reduction in
the SSE value is observed. Eq. (13) is employed in this study to facilitate an accurate calculation of the
gain resulting from splitting [22].

gain = SSE (C,) — (SSE (C!) + SSE (C?)) (13)

where, {C!, C?} represents the two clusters produced by each cluster C, division. The splitting operation
is shown in Fig. 2. In the splitting operation, a random point from the selected cluster is chosen as a
new center. Use this new center and the original cluster center to perform clustering on the cluster
using the K-means method. Traverse all clusters. Calculate the gain of all clusters after splitting. Then,
find the cluster with the largest gain H. Finally, a random data point in H is used as the second center
so that H splits into two clusters H' and H".
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The advantage of this split-merge criterion is that it avoids too dense or sparse division of clusters
and improves the solution accuracy.

SSE(C°!)=20.63

S ey i SSE(C"*Y)=11.33
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Figure 2: The left part is the division results corresponding to the original solution C*“ with SSE values.
The right part is the result after merging and splitting

3.3 Split-Merge Criterion for CDKM Model Optimization

Section 3.2 introduces the improved split-merge criterion, however, this criterion is based on the
original K-means model, which is not directly applicable to the CDKM model since the form of the
solution and the objective function value of the CDKM are different from the original K-means.
Moreover, this criterion needs to adjust the existing centers and redistribute the data points for the
split-merge operation, which involves more distance calculations, and the more the centers change,
the more the data points need to be calculated, and the higher the time complexity, especially in the
high-dimensional dataset, which is even more prominent. To address the above problems, this paper
uses the partition matrix to design a new split-merge criterion to make it applicable to the CDKM
model and reduce the time complexity at the same time.

1) Merging operation

We perform the merging operation by integrating the two columns of the partition matrix.
The split-merge criterion in the previous section used the objective function values of the K-means
algorithm for calculating the cost gain, which is modified here to use the CDKM form of the objective
function values. The values of the objective function before and after merging are calculated using
Egs. (14) and (15), respectively, and the cost after merging is calculated as clusters using Eq. (16).
Where, obj (f,.f,) represents the sum of the CDKM objective function values of the columns f, and
f, corresponding to the clusters before merging, obj (f a) represents the sum of the CDKM objective
function values of the new column £, , after the merging of these two clusters, and cost (f, ) represents
the cost after the merging of these two clusters. Using Eq. (5), calculate and find the L’—Z‘J clusters with
the smallest obj (F) value, and calculate the cost after merging this | £ | cluster with the other clusters
separately. The two clusters with the smallest cost after merging are merged, assuming that these two
clusters correspond to columns f, and £, in the partition matrix F. This is shown in Fig. 3. Find the



4882 CMC, 2024, vol.81, no.3

labels of the rows in f, with value 1, and set the values of these rows in f to 1. Delete £, after the
operation, and complete the merging of the two clusters by the above steps.

(r.) X'Xf, . (f.) X"Xf,

obj (f,.f,) = , (14)
(r.) 1, () f.
T
. XTXfM,
obj (f,,.) = (f)—T (15)
(/‘U,W) fa‘n'
cost (f,,) = obj (f,,) — obj (f,.f.) - (16)
Lo wi Lo+l wi
100 00 [0 0 01 0
000 01 00 01 0
010 00 10 00 0
100 00 oo 01 0
100 00 00 01 0
|1 00 00 0, 00 0 1 = 0] 0y

Figure 3: Use membership matrix to merge two clusters

2) Splitting operation

First, the gain of each cluster is calculated. Then, the cluster splitting operation is accomplished
by splitting the columns of the partition matrix. The specific method is as follows. For each cluster C,
before the splitting operation, find its corresponding column f, in the partition matrix F. As shown
in Fig. 4, we create a matrix g = (gl, gz), where g, = f, and g, is O for all elements except row u,
which is 1. u is the row label of a non-zero element randomly selected in f,. Clustering to convergence
using the CDKM algorithm for g yields the membership matrix g’ corresponding to the two clusters
after splitting. The objective function values before and after splitting are calculated using Eqs. (17)
and (18), respectively, and the gain after cluster splitting is calculated using Eq. (19), where, obj (f ,)
represents the CDKM objective function value before splitting of the cluster C,, obj (g}, g,) represents
the CDKM objective function value after splitting of the corresponding cluster of the column C,
into two clusters. gain (f ,-) represents the gain value of the column f, after splitting the corresponding
cluster.

Y XTXF
o ) XXy, ) X"Xg,
obj (g,.8,) = (&) Ao & (18)

@) g g g
gain (f,) = obj (g,.g,) — obj (f)) . (19)
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f, g g% &

Figure 4: Using partition matrix to split clusters

The following describes the method of splitting the cluster with the largest gain, i.e., column £, in
the F matrix. As shown in Fig. 5, a new column £, is added at the end of the membership matrix F.
The initial values of the column are all set to 0, and an element with a value of 1 is randomly selected
in f,, which is aligned with the element values of the corresponding rows in f,. Clustering was again
performed using CDKM to group the data points to the nearest centers, thus completing the merging
operation by the partition matrix.

\Lﬂ’l m~L I”\L
00 « 0 1 - 0] (000 « 01 = 0 0]
00 « 01 0 00 « 01 =090
10w 00 0 00 o 000 = 01
: _ :
00 = 01 =0 00 = 01 =090
00 « 01 0 00 = 01 =00
(000 0 1 0] (000 e 01 00

Figure 5: Using partition matrix to split clusters

3.4 Algorithm Description

Algorithm 2 is the proposed algorithm in this paper. The following steps provide a clear
representation of the algorithm’s workflow, illustrating how it progresses from start to finish. This
includes performing the CDKM, followed by the split-merge criterion, and concludes with the final
completion of the algorithm.

Algorithm 2: CDKMSM algorithm
Input: Dataset X', clustering number k
Step 1. Calculate F,,. F,,, < CDKM (X,.., k).

Step 2. F,.« — F,,_,,. Perform the merging operation on F,,, to obtain F,,, — F

4 .
nx(k—=1)*

k
For each f;, calculate and find ‘ 5

columns with the smallest obj (F) value by Eq. (5)

(Continued)
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Algorithm 2 (continued)

k
Find the two columns with the smallest cost from these LEJ columns and all other columns

by Eq. (16)
Merge their corresponding columns in the partition matrix to create a new merged matrix
F,nx k—1)°
Stelé 3.) F, .. — F,,. Perform the splitting operation on F’
For each f;, calculate the gain using Eq. (19).
Split the f; with the highest gain using the splitting operation in Section 3.3, updating the
partition matrix F'_,_, .
Step 4. Update F,,, by using F' and k value as inputs, and run the CDKM algorithm until conver-
gence to obtain F,,.
Output: partition matrix F,,,

k1, toobtain F,

3.5 Computational Complexity Analysis

Our proposed algorithm is mainly composed of four parts. Let ¢,, ¢,, t; denote the number
of iterations for the first, third and fourth parts of running CDKM, respectively. The first part
is clustering using CDKM, and its time complexity is O (ndkt,). The second part is the stage of
finding suitable clusters for consolidation, in which the time complexity of finding the smallest
| 4] clusters by sorting each cluster according to the objective function value is O (k?). The time
complexity of calculating the cost and merging the two clusters corresponding to the minimum value
is O (kd + nk). The total time complexity of this part is O (k°d + nk). The third part is to find the
cluster with the largest gain for splitting, and the time complexity is O (ndkt,). The fourth part is the
re-clustering using CDKM with time complexity O (ndkt;). So the time complexity of this algorithm
is O (ndk (t, + t, + 1) + k*d).

4 Experiment
4.1 Experimental Environment and Experimental Dataset

The hardware experimental platform for all the algorithms used Intel (R) Core (TM) i7-
9750H CPU @ 2.60 GHz processor. The results of the split algorithm and random swap algorithm
were obtained from the C++ software available at https://cs.uef.fi/ml/software/(data=May.26.2010)
(accessed on 19 November 2024), and they were executed in Linux environment. The other algorithms’
codes are written in C++. They were executed in Windows environment. Ten sets of UCI (The
University of California, Irvine) data sets are selected in the experiment, which can be downloaded
from https://archive.ics.uci.edu/(data=September.30.1985) (accessed on 19 November 2024). The
specific data set information is shown in Table 1.

Table 1: Information of seven UCI datasets

Data set Data amount Feature dimension
High-dimensional data sets Tox 171 1203

DARWIN 174 450

Driv 606 6400

(Continued)
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Table 1 (continued)

Data set Data amount Feature dimension

arcene 900 10,000

USPS 1854 256

TUAN 4464 241

1solet 7797 617
Low-dimensional data sets Liver 345 6

Tonosphere 351 34

Page 5473 10

Note: Abbreviation: Tox = Toxicity; Driv = DrivfaceD; USPS = USPSdata_20; TUAN = TUANDROMD:; Liver = Liver_Disorders; Page
= Page_Blocks.

In order to objectively evaluate the clustering performance of each algorithm, the evaluation
index adopted in this paper is SSE, and the SSE value of each algorithm is calculated by Eq. (1) and
compared. For the algorithms that rewrite the objective function, including CDKM and CDKMSM,
we run the algorithm to get its solution first, and then calculate the SSE value of the corresponding
K-means model objective function based on this solution.

4.2 Experimental Result

The experiment compares the results of K-means algorithm (KM), CDKM algorithm [21], split
algorithm [23], Random Swap algorithm (RS) [24], I-K-means-+ algorithm (IKM) [25], K-means with
new formulation algorithm (KWNF) [26] and CDKMSM algorithm. The K-means algorithm is the
original clustering algorithm. The split algorithm is an original algorithm based on splitting. Random
swap algorithm is an excellent variant based on the split-merge criterion. The I-K-means-+ algorithm
is a modified K-means algorithm based on split-merge criterion. CDKM is a new algorithm that
incorporates the coordinate descent method into the iterative process of K-means clustering. CDKM
is the algorithm that is to be improved in this paper. The KWNF algorithm is a recent and effective
improvement of the K-means algorithm.

In order to verify the effect of the algorithm with different numbers of clusters k, five different
values of k are chosen in this paper: 4, 6, 8, 10 and 12, and the corresponding clustering results are
counted. For each value of k£ for each data set, all algorithms run within 50 random times and the
results are averaged for comparison. For each algorithm, we used randomized initialization of the
centers.

The SSE value is affected by various aspects such as the dataset scale and the dataset size
dimension, resulting in large differences in the SSE value for different datasets and k values. By
defining a variable to represent the relationship between the SSE values of two algorithms, we can
directly compare their clustering performance. It allows us to quantify the difference in performance
between the two algorithms. Therefore, in addition to the SSE value (shown in Eq. (1)), we define the
following E value, which measures the relative degree of improvement in the solution accuracy of a
certain algorithm, named here as “algl”, with respect to another algorithm “alg2”.

SSEang - SSEalgl

E =
SSEang

x 100%. (20)
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where, SSE, ., denotes the SSE value of the algorithm “algl” to be measured, and SSE, ., denotes the
SSE value of the algorithm “alg2” to be compared.

By defining a variable that represents the relationship between the time values of the two
algorithms, we can directly compare their clustering performance. This variable serves as a quantitative
measure that encapsulates both the execution time and the effectiveness of the clustering results
produced by each algorithm. The index for the time of the algorithm we measured by the following
T value, which quantifies the percentage speedup of the running time 7, of our proposed algorithm
relative to the running time 7; of the rest of the algorithms.
r=1"%  1oom 21)

T,

The SSE results are shown in Table 2, with the optimal and sub-optimal results shown bolded as
well as skewed, respectively. The E value of the remaining algorithms as measured against the solution
accuracy of the K-means algorithm is shown in Table 3.

Table 2: Comparison for SSE value

k  Dataset Algorithm SSE

KM  Split[23] RS[24] IKM[25] CDKM[2]] KWNF[26] CDKMSM Scaling value>

4 Tox 14.87 18.42 6.37 13.62 7.88 15.21 6.37 x10"14
DARWIN  5.29 13.24 4.45 5.28 5.32 5.30 4.45 x10"13
Driv 6.13 8.93 6.51 6.11 6.10 6.18 5.82 x10704
arcene 2.07 3.61 1.97 1.92 2.04 2.08 1.84 1010
USPS 8.74 9.42 8.72 8.74 8.74 8.74 8.73 %1004
TUAN 2.58 3.17 2.30 2.59 2.67 2.60 2.41 %1004
isolet 6.46 6.72 6.42 6.43 6.46 6.46 6.42 10705
Liver 2.64 2.95 2.61 2.63 2.63 2.66 2.62 x10"05
Ionosphere 2.12 2.33 2.00 2.10 2.05 2.12 2.00 10703
Page 2.13 2.68 2.13 2.13 213 2.13 2.13 x10"°10

6 Tox 5.14 13.79 2.30 3.52 3.05 4.62 2.30 x10"14
DARWIN 4.57 13.20 3.39 4.55 3.96 4.58 3.53 x10"13
Driv 4.97 7.92 5.44 4.77 4.93 5.02 4.72 x10704
arcene 1.78 3.52 1.68 1.65 1.77 1.78 1.66 10710
USPS 7.92 8.90 7.88 7.92 7.91 7.92 7.90 %1004
TUAN 2.06 3.17 1.72 1.96 2.24 2.10 1.95 %1004
isolet 5.94 6.57 5.89 5.91 5.93 5.93 5.89 x10"05
Liver 2.10 2.44 1.87 2.02 2.06 2.10 1.92 10705
Tonosphere 1.94 2.26 1.81 1.92 1.85 1.94 1.83 %1003
Page 1.64 1.36 1.02 1.05 1.63 1.64 1.03 1010

8 Tox 46.68 137.79 3.56 16.77 22.99 46.17 8.18 10"13
DARWIN 4.04 13.19 2.89 3.91 3.51 4.03 3.02 10713
Driv 4.31 6.96 5.05 4.14 4.28 4.31 4.10 1004
arcene 1.63 3.51 1.63 1.54 1.62 1.63 1.55 10"10
USPS 7.29 8.51 7.25 7.28 7.28 7.29 7.27 %1004
TUAN 1.74 3.15 1.41 1.56 1.85 1.71 1.62 %1004

(Continued)
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Table 2 (continued)
k  Dataset Algorithm SSE

KM  Split[23] RS[24] IKM[25] CDKM[2]] KWNF[26] CDKMSM Scaling value

isolet 5.60 6.38 5.56 5.57 5.59 5.59 557 x10705
Liver 1.77 2.35 1.48 1.57 1.69 1.74 1.48 10705
Tonosphere 1.76 2.23 1.67 1.75 1.70 1.76 1.69 x10703
Page 15.44 8.65 6.49 7.40 7.60 15.44 6.47 x10709
10 Tox 48.41 109.20 1.23 15.24 22.99 47.88 8.18 x10"M13
DARWIN  3.66 13.19 2.60 3.25 3.19 3.67 2.68 x10"M13
Driv 3.95 6.72 4.64 3.83 3.94 3.97 3.82 x10704
arcene 1.55 3.50 1.51 1.46 1.55 1.55 1.49 x10710
USPS 6.79 8.43 6.74 6.77 6.79 6.79 6.77 %1004
TUAN 1.52 3.15 1.25 1.39 1.65 1.53 1.46 10704
isolet 5.36 6.36 5.30 5.32 5.35 5.36 5.32 x10705
Liver 1.47 2.28 1.28 1.34 1.37 1.44 1.30 10705
Tonosphere 1.67 2.21 1.55 1.63 1.60 1.68 1.57 1003
Page 14.33 5.39 4.59 5.95 6.29 14.33 4.68 10709
12 Tox 4928.50 399.50 1.35 1115.30  2289.20 4826.00 808.68 x10711
DARWIN  3.39 4.99 2.40 2.86 2.96 3.39 2.42 *10"M13
Driv 3.70 6.72 4.28 3.58 3.66 3.70 3.60 %1004
arcene 1.46 3.50 1.45 1.40 1.44 1.46 1.41 x10"10
USPS 6.47 8.42 6.41 6.44 6.46 6.47 6.43 x10704
TUAN 1.45 3.15 1.12 1.28 1.57 1.43 1.36 %1004
isolet 5.17 6.27 5.09 5.12 5.16 5.16 5.13 10705
Liver 1.26 2.25 1.13 1.16 1.19 1.26 1.14 10705
Tonosphere 1.60 2.11 1.48 1.56 1.51 1.59 1.48 x10703
Page 13.87 4.04 3.49 4.82 5.86 13.88 4.14 %1009

Note: 2The meaning of “scaling value” is that, for example, 10" 14 indicates that the values in this row are multiplied by 10" 14.

Table 3: Comparison of the E value between various optimization algorithms and K-means algorithm

k Split [23] RS [24] IKM[25] CDKM[2]] KWNF[26] CDKMSM
4 —37.70%  9.01% 1.75% 4.88% —0.53% 10.25%
6 —60.79% 15.05% 8.95% 5.35% 0.70% 14.75%
8 —72.56%  20.35% 15.14% 11.72% 0.45% 20.31%
10 —75.73%  21.95% 16.72% 12.42% 0.14% 20.67%
12 —38.66%  23.19 18.88% 12.88% 0.29% 21.27%
Mean —57.09% 17.91% 12.29% 9.45% 0.21% 17.45%

In Table 2, as the number of clusters increases, the sum of squared errors (SSE) typically decreases
because more clusters can better capture the data characteristics, resulting in a reduced distance
between data points and their cluster centers. Fig. 6 represents the comparison of the £ value between
each optimization algorithm and the K-means algorithm. Due to the relatively lower solution accuracy
of the split algorithm compared to the other algorithms, it was not included in the comparisonin Fig. 6.
The E value of the CDKM algorithm is 9.45%, the E value of split algorithm, I-K-means-+ algorithm,
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and KWNF algorithm are —57.09%, 12.29%, and 0.21%, respectively, the E value of the proposed
algorithm is 17.45%. The E value of the proposed algorithm is 11.29% with respect to the CDKM
algorithm, 35.61%, 7.87%, and 17.39% with respect to the split algorithm, [-K-means-+algorithm,
and KWNF algorithm, respectively. As the number of clusters increases, the £ value of the proposed
algorithm compared to the K-means algorithm gradually increases, indicating that the improvement
in the SSE relative to K-means and other tested algorithms apart from the random swap algorithm
becomes more and more significant. The solution accuracy of the proposed algorithm has achieved an
improvement over the K-means algorithm and other tested K-means optimization algorithms apart
from the random swap algorithm. Compared to the K-means algorithm, the E value of the random
swap algorithm is 17.91%, which is slightly higher than the E value of the proposed algorithm, which
is 17.45%.

=— RS
o | IKM
2 4— CDKM
v— KWNF =
20 - ¢ CDEMSM - IS
B L ]
L
154 ; ¥ o
— A A
2 A
=0 *
o e
D =1 s A
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T . T b T - L - T
1 6 8 10 12
cluster numbers ()

Figure 6: Comparison of the E value between each optimization algorithm and K-means algorithm

The runtime results of the algorithm are shown in Table 4 with the optimal and sub-optimal results
shown bolded as well as skewed, respectively. Since the split and random swap algorithms were run on
Linux system, we did not compare their execution time. As the number of clusters increases, the time
gradually increases. Fig. 7 represents the percentage speedup of our proposed algorithm with other
algorithms, for the higher dimensional datasets (first seven datasets) at k =4, 6, 8, 10, 12. The T values
of our proposed algorithm compared to another split-merge based K-means improved algorithm I-
K-means-+ algorithm are 9.16%, 32.69%, 44.65%, and 50.96%, respectively, 50.51%. Compared to
the I-K-means-+ algorithm, the algorithm in this paper operates more efficiently as the value of
k increases. Comparing the 7 value with K-means algorithm and K-means with new formulation
algorithm is 11.60% and 89.23%, respectively. As the number of clusters increases, the 7 value of
the proposed algorithm compared to other tested algorithms becomes increasingly larger. It can be
concluded that the proposed algorithm still maintains the efficiency advantage of CDKM algorithm
in high dimensional data.
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Table 4: Comparison for time

4889

k  Dataset Algorithm time
KM IKM[25] CDKM[21] KWNF[26] CDKMSM Scaling value

4  Tox 6.76 8.38 5.66 49.74 8.14 %1000
DARWIN  3.00 3.48 2.18 14.10 3.66 %1000
Driv 1.70 1.93 1.27 16.06 2.02 x10°2
arcene 4.29 5.48 3.16 30.41 4.58 10702
USPS 4.44 4.67 2.62 49.04 3.79 10701
TUAN 5.70 7.72 4.22 71.85 8.58 x10701
isolet 6.94 8.86 2.69 75.71 4.72 10702
Liver 1.40 2.80 16.40 25.60 27.00 x10"—01
Ionosphere  4.80 6.40 12.00 34.80 25.40 %107 —01
Page 3.88 4.52 25.02 69.18 50.48 10700

6 Tox 15.00 18.36 8.04 127.56 12.14 %1000
DARWIN  5.82 6.96 3.56 29.32 6.18 %1000
Driv 2.85 3.78 1.70 25.45 2.75 10702
arcene 8.01 14.99 4.34 58.69 7.25 10702
USPS 8.22 8.80 3.55 63.08 5.42 10701
TUAN 8.18 11.18 5.23 11.95 10.42 10701
isolet 9.38 14.73 3.53 90.06 5.97 10702
Liver 2.80 3.80 22.20 39.80 43.40 x10"—01
Ionosphere  9.20 12.20 19.20 66.00 34.20 %10 —01
Page 9.72 16.36 67.66 203.16 136.88 10700

8 Tox 3.13 4.47 1.38 27.99 2.05 x10701
DARWIN 8.18 9.72 4.52 40.48 7.70 %1000
Driv 3.31 5.38 2.14 28.97 3.50 x10°02
arcene 11.79  23.04 5.43 89.00 9.15 10702
USPS 11.44  12.66 5.27 82.45 7.40 10701
TUAN 12.06 17.78 6.77 192.50 12.31 x10701
isolet 13.14  26.22 5.22 132.27 7.81 10702
Liver 3.40 7.60 29.40 66.60 59.80 x10"—01
Ionosphere  1.18 2.06 2.50 8.66 4.46 10700
Page 1.95 2.99 18.24 42.35 30.76 x10701

10 Tox 2.82 4.95 1.33 26.39 2.22 x10701
DARWIN 10.30  13.30 5.46 52.26 9.22 10700
Driv 5.03 8.72 2.69 48.49 4.23 x10°02
arcene 14.34  32.16 6.63 129.26 11.25 10702
USPS 15.56  18.90 7.08 121.81 10.08 10701
TUAN 1549 24.56 8.63 338.22 15.43 10701
isolet 14.83  34.47 5.89 161.62 10.16 10702
Liver 5.00 9.20 34.80 77.60 64.20 x10"—01
Ionosphere  1.30 2.90 3.00 9.78 5.74 10700

(Continued)
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Table 4 (continued)

k  Dataset Algorithm time
KM IKM[25] CDKM [21] KWNF[26] CDKMSM Scaling value

Page 3.28 4.69 27.60 76.59 44.42 x10"01
12 Tox 3.09 5.59 1.57 25.54 2.54 x10701
DARWIN 10.66 14.86 6.30 51.76 10.92 %1000
Driv 5.80 10.67 3.02 45.26 4.72 x10°02
arcene 18.43 3597 8.44 158.30 13.77 x10°02
USPS 16.51  21.19 7.12 109.16 11.18 x10°01
TUAN 18.67 27.45 9.97 394.83 17.46 x10°01
isolet 20.07  39.58 7.02 192.58 11.28 x10°02
Liver 5.20 12.00 41.60 88.60 81.00 x10"—01
Ionosphere  1.78 3.30 342 11.26 6.72 10700
Page 5.56 7.62 33.50 145.30 63.64 x10701
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Figure 7: Comparison of T value between the proposed algorithm and other algorithms under high
dimensional data

The experimental results show that the solution accuracy of the proposed method is higher
than that of the K-means algorithm and the two algorithms based on split-merge, namely split and
I-K-means-+. The proposed algorithm improves the solution accuracy of CDKM while retaining
its computational efficiency advantage by using partition matrix under high dimensional data.
Additionally, it outperforms the recently proposed KWNF algorithm. However, its solution accuracy
is slightly lower than that of the random swap algorithm. The random swap algorithm is a variant of
the split-merge criterion that incorporates the swap operation into the traditional split-merge criterion.
This suggests that the swap operation can effectively improve the solution accuracy, which is a key focus
of our future research.
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5 Conclusions

The CDKM algorithm employs a coordinate descent method to optimize the K-means model
and improve the solution accuracy of the original K-means algorithm. However, it is sensitive to
the initial centers, which makes its solution accuracy not high enough. In this paper, the iterative
process of CDKM is modified, and a coordinate descent K-means algorithm based on Split-merge
is proposed. The proposed algorithm obtains the partition matrix by CDKM. Then the partition
matrix is optimized by the proposed split-merge criterion to improve the solution accuracy. Since the
introduced split-merge operations are completed entirely using the partition matrix, which avoids the
distance calculation in traditional K-means and related improved algorithms. So, like CDKM, it has
an efficiency advantage over other algorithms on high dimensional datasets.

The experimental results show that in terms of solution accuracy. The E value of the proposed
algorithm relative to K-means is 17.45%, which is higher than that of the CDKM algorithm (9.45%)),
and also higher than that of the I-K-means-+ algorithm, split algorithm, and KWNF algorithm. This
result indicates that incorporating basic split-merge criterion into the CDKM algorithm can achieve
better solution accuracy than traditional split-merge algorithm. We also observed that a variant of
the split-merge algorithm, known as the random swap algorithm, has a slight E value advantage
(17.91%) over the proposed algorithm (17.45%), which is significantly higher than the other two
algorithms, the I-K-means-+ algorithm and the split algorithm, which are based on the basic split-
merge criterion. This suggests that the swap operation plays a significant role in further enhancing
the solution accuracy of the split-merge criterion. As the number of clusters increases, the proposed
algorithm shows increasingly greater improvements in the SSE index compared to both K-means and
other tested algorithms apart from the random swap algorithm. In terms of computational efficiency,
the proposed algorithm is more efficient on high dimensional data than another split-merge based
algorithm, i.e., [-K-means-+ algorithm, and it is also more efficient than other tested algorithms. The
percentage of time speedup for the proposed algorithm relative to the time of I-K-means-+, K-means,
and the latest KWNF algorithm is 37.59%, 11.60%, and 89.23%, respectively. As the number of clusters
increases, the T value of the proposed algorithm gradually increases compared to other algorithms,
indicating that its time efficiency improves progressively.

The split-merge criterion can significantly improve the solution accuracy of the K-means algo-
rithm. CDKM model is fundamentally different from the K-means model, direct application of split-
merge criterion is not feasible. Therefore, this paper explores the integration of the split-merge criterion
into the CDKM clustering model to enhance its solution accuracy. We aim to apply the split-merge
criterion, traditionally used in the K-means model, to the CDKM model. In traditional K-means,
there are several methods for split-merge operations and subsequent improvements, such as random
swap clustering [24], which effectively enhance the solution accuracy of the original K-means model.
These represent further advancements built upon the foundation of split-merge. Some effective indexes
can measure clustering performance. In our future work, we plan to explore the integration of these
advanced methods and indexes into our research. Our goal is to demonstrate the successful application
of these methods and to explore the potential of incorporating such traditional methods into the
CDKM model in future research.
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