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ABSTRACT

KERNEL PROBABILISTIC DISTANCE CLUSTERING ALGORITHMS

OZKAN, DILAY
M.S., Department of Industrial Engineering

Supervisor: Prof. Dr. Cem lyigiin

July 2022, [100] pages

Clustering is an unsupervised learning method that groups data considering the sim-
ilarities between objects (data points). Probabilistic Distance Clustering (PDC) is a
soft clustering approach based on some principles. Instead of directly assigning an
object to a cluster, it assigns them to clusters with a membership probability. PDC
is a simple yet effective clustering algorithm that performs well on spherical-shaped

and linearly separable data sets.

Traditional clustering algorithms fail when the data set is non-spherical or non-linearly
separable, as in the case of PDC. The kernel method overcomes this problem by
implicitly mapping the data into a higher dimensional space via a nonlinear trans-
formation, where the data may be linearly separable. This study focuses on devel-
oping kernel-based clustering algorithms using the principles of PDC' to overcome
the problem of clustering non-spherical or non-linearly separable data sets and pro-
poses three kernel-based PDC' algorithms. In addition, different than the classical
approach, Mahalanobis distance is also considered in kernel clustering, and a new
kernel-based Mahalanobis distance is developed to be used in soft kernel clustering

techniques. An experimental study is conducted for real and synthetic data sets to



measure the performance of the proposed kernel-based P DC' algorithms.

Keywords: clustering, probabilistic clustering, kernel functions, kernel method
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0z

CEKIRDEK OLASILIKSAL MESAFE KUMELEME ALGORITMALARI

OZKAN, DILAY
Yiiksek Lisans, Endiistri Miihendisligi Boliimii

Tez Yoneticisi: Prof. Dr. Cem lyigiin

Temmuz 2022 , [I00| sayfa

Kiimeleme, nesneler (veri noktalar1) arasindaki benzerlikleri dikkate alarak verileri
gruplayan gozetimsiz bir 6grenme yontemidir. Olasiliksal Mesafe Kiimelemesi (P DC'),
bazi ilkelere dayanan yumusak bir kiimeleme yaklagimidir. Bir nesneyi dogrudan bir
kiimeye atamak yerine, bunlar iiyelik olasilig1 ile kiimelere atar. PDC, kiiresel se-
killi ve dogrusal olarak ayrilabilir veri kiimelerinde iyi performans gosteren basit ama

etkili bir kilmeleme algoritmasidir.

Geleneksel kiimeleme algoritmalari, P DC durumunda oldugu gibi, veri setleri kiire-
sel olmadiginda veya dogrusal olarak ayrilamadiginda basarisiz olur. Cekirdek yon-
temi, verilerin dogrusal olarak ayrilabilir olabilecegi, dogrusal olmayan bir doniisiim
yoluyla verileri dolayli olarak daha yiiksek boyutlu bir uzaya esleyerek bu soru-
nun iistesinden gelir. Bu ¢alisma, kiiresel olmayan veya dogrusal olarak ayrilamayan
veri setlerinin kiimelenmesi sorununun istesinden gelmek i¢in P DC' ilkelerini kul-
lanan ¢ekirdek tabanl kiimeleme algoritmalar1 gelistirmeye odaklanir ve ii¢ ¢cekirdek
tabanli PDC' algoritmasi Onerir. Ayrica, ¢ekirdek kiimelemede klasik yaklagimdan

farkli olarak Mahalanobis mesafesi de dikkate alinmis ve yumusak c¢ekirdek kiime-
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leme tekniklerinde kullanilmak iizere yeni bir ¢ekirdek tabanli Mahalanobis mesafesi
gelistirilmistir. Onerilen cekirdek tabanli PDC' algoritmalarinin performansimi olg-

mek i¢in gercek ve sentetik veri setleri icin deneysel bir calisma yapilmugtir.

Anahtar Kelimeler: kiimeleme, olasiliksal kiimeleme, cekirdek fonksiyonlari, ¢ekir-

dek yontemi
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CHAPTER 1

INTRODUCTION

Machine learning is a process of extracting the hidden patterns from the data [1]]. It is
one of the steps of knowledge discovery process, where the aim is to discover useful
knowledge from the data. Machine learning contains several approaches, and they
can be divided mainly and classically into two categories based on the information

provided by the data: supervised learning and unsupervised learning.

Supervised learning aims at finding a pattern using the data with information (label),
and then developing a model to predict the outcome of unlabeled data. The goal of
unsupervised learning, on the other hand, is to extract information from the data with
no labels. The most common method of unsupervised learning is clustering. It is
a process of exploring groups in the data based on the similarity between the data
points (objects). The objective of clustering is grouping the similar objects in the

same cluster while separating the dissimilar objects from each other.

Clustering methods can be divided into two categories as hierarchical and partitional
clustering. Hierarchical clustering is a non-parametric approach that aims at con-
structing a hierarchical structure of clusters based on a distance measure. Partitional
clustering represents each cluster with a cluster prototype (i.e. center, median, etc.).
It constructs clusters by considering optimization of an objective function and the
proximity between objects (data points) and prototypes. Partitional clustering is split
into two based on the assignment types. Hard (crisp) assignment methods assign
each object to exactly one cluster; therefore, it comes up with disjoint clusters. Soft
assignment methods, on the other hand, assigns objects to clusters with a probability

(membership degree) instead of directly assigning them to only one cluster.



Partitional clusters create hypersurfaces among clusters. According to those hyper-
surfaces, clusters in a data set are determined. Although there is no prior information,
the shape or the distribution of the clusters in a data set is important for a success
of a clustering task. In some cases, points in a data set cannot be linearly separable,
i.e. a hypersurface cannot separate the data. For those data sets, nonlinear separating
hypersurfaces between clusters should be constructed. Classical partitional clustering

approaches do not perform well in such data sets.

Kernel clustering methods aim to group non-linearly separable data sets, and they
create nonlinear hypersurfaces for clustering. Kernel methods implicitly map the data
from the original space (input space) into a higher dimensional space (feature space),
where the data is assumed to be linearly separable in that space, and then group the
data set using linear partitioning method. Kernel methods allow us to cluster the data
in the feature space without obtaining the mapped data points explicitly. To do so, the
mapping functions that map the data set into a higher dimensional space should satisfy
some properties. Thus, calculations in the feature space can be done using the data
set in the original space using a similarity function called kernel function. Kernel
functions provide the inner product of mapped data points in the feature space by
taking the data points in the original space as input. This property of kernel functions

reduces the computational complexity.

This thesis focuses on a soft clustering approach, Probabilistic Distance Clustering
(PDC) 2], and it works on the kernelization of this clustering approach. Rather than
using the squared distance function, PDC works with distance itself. Therefore, it
is insensitive in noise environment. P DC works well on spherical-shaped data sets.
However, it does not give good results on data sets with different shapes, such as non-
spherical or non-linearly separable data sets. In addition, it assumes that the cluster

sizes are fixed and equal.

1.1 Contribution to the Literature

To overcome the drawbacks of PDC', we adapt kernel methods to PDC'. Kernel-

based PDC' approach has not been studied in the literature. Using the principles
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of PDC' algorithm, kernel version of the algorithm is studied. We propose three
kernel-based PDC' algorithms. The first algorithm, named as KPD later, is a novel
approach when comparing with kernel-based clustering algorithms in the literature.
The second algorithm, called KPD-F, is another kernel approach where it handles
the center representation and its calculations in the original space, different than the
first approach. These two algorithms use Euclidean distance as a distance metric. In
the third algorithm, we focus on using the Mahalanobis distance and propose two
kernelized Mahalanobis distance functions. Then these distance functions are imple-
mented into the kernel clustering, and we develop a new kernel-based PDC' with
Mahalanobis distance, named as KPD-M. Different than the literature, this new ap-
proach implements Mahalanobis distance for kernel method without regularizing the
objective function of the clustering problem. With an extensive computational exper-
iments, the success of the proposed kernel methods is demonstrated by comparing

with the state-of-the-art soft kernel clustering methods.

The thesis is organized as follows. Chapter [2] provides a background on clustering,
literature of soft clustering approaches, and kernels. Literature review on kernel clus-
tering methods is given in Chapter [3] In Chapter 4 we introduce the principles of
kernel-based P DC approach and propose KPD and KPD-F algorithms. Kernelized
Mahalanobis distance and the novel kernel Mahalanobis P DC' algorithm, KPD-M, is
provided in Chapter[5] Chapter[6]contains the experimental results of three algorithms
on both real and synthetic data sets, and compares them with those of kernel-based
soft clustering approaches. Finally, Chapter [/| concludes this study and refers to the

future research directions.






CHAPTER 2

A BRIEF BACKGROUND ON CLUSTERING AND KERNELS

Clustering is an unsupervised learning method where patterns do not have any label
that shows the group they belong to. The aim of clustering is to group the patterns
(or objects) such that each group contains similar data points. In addition, groups
are created such that each group should be dissimilar to each other. Therefore, the

decision of how to measure the similarity gains importance.

Distance between the objects is one of the commonly used similarity measures in
clustering. The smaller the distance between two objects, the greater the similarity
of them. Similarity is defined based on the type of object attributes. Features can be
divided into two groups as continuous attributes and categorical attributes. Similar-
ity measure for each type varies. For the objects having the former type attributes,
common distance functions can be listed as Manhattan distance, Euclidean distance,
and Mahalanobis distance. Jaccard index and Hamming distance are commonly used

similarity measures for the objects with categorical attributes.

Besides determining a similarity measure, deciding on the objective of clustering is
important. One of the aims of clustering is to construct clusters such that they are
separated from each other. That is, clusters should be as much as dissimilar to each
other. This approach is called separation. In addition, similar objects should be

grouped in the same cluster, i.e. compactness should be maximized.

There exists various clustering algorithms in the literature. [3] grouped those algo-

rithms into two as hierarchical clustering and partitional clustering.



2.1 Hierarchical Clustering

Hierarchical clustering is a nested clustering approach where each cluster is a sub-
set of a larger cluster. This method only takes the data as input and returns with a
dendrogram, a structure that shows the nested clusters of data points and the cluster
similarities. One can obtain the clusters for each level of cluster numbers by examin-

ing a dendrogram.

According to its structure, hierarchical clustering is divided into two. Agglomerative
hierarchical clustering has the idea of merging the clusters iteratively until obtaining
a single cluster. That is, each data point is considered to be a cluster at the beginning.
In each iteration, clusters are merged according to a predefined criterion. When all
clusters are combined, the overall data set becomes the only cluster and the algorithm
stops. Agglomerative clustering has a bottom-up approach since it starts with clusters
with single data points (or /V clusters), and obtains one cluster at the end. The second
type of hierarchical clustering is the divisive hierarchical clustering. This approach
splits the clusters in each iteration. It starts with a single cluster, i.e. the whole data
set is the only cluster at the beginning. Then clusters are divided according to some
condition until each data point becomes a cluster by themselves. Therefore, divisive

clustering is a top-down approach.

In both of the algorithms above, dividing or merging operations take place based
on cluster similarities. Single linkage and complete linkage are the commonly used
methods to measure the cluster similarity. In single linkage, the distance between
two clusters is determined by the distance between two points that gives the smallest
pairwise distance obtained from those clusters. On the other hand, complete linkage
defines the distance between two clusters as the greatest pairwise distance between

two points, one from each cluster.

One of the advantages of hierarchical clustering is that it does not require any param-
eters. However, it is a computationally costly algorithm since it starts with one cluster
and iterates until obtaining N cluster, or vice versa. In addition, when assignment of
an object to a cluster is done in an iteration, the cluster that an object belongs to does

not change in next iterations since the algorithm does not take into account the possi-
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ble assignments to other clusters afterwards. [4] provides the recent developments in

hierarchical clustering methods.

2.2 Partitional Clustering

As opposed to hierarchical clustering, partitional clustering defines a center for each
cluster and assigns data points to clusters without constructing a hierarchical struc-
ture. It is based on optimizing a criterion function. Partitional clustering is an iterative

method which stops when the predefined convergence criterion is satisfied.

Clusters are described by centers in partitional clustering. Some of the mainly used
center representations are mean and median. When a cluster center is defined as
taking the average of the objects in that cluster, then the center representation of it
becomes the mean of objects. On the other hand, a cluster center can be obtained by

calculating the median of the objects in that cluster.

Partitional clustering is also called center-based clustering since the idea is based
on cluster centers. In addition to center representation, criterion function to be opti-
mized should be determined. Minimizing the sum of the squared distances between
objects and their cluster centers is the most common objective function in partitional

clustering.

Partitional methods differ in the assignment type of objects to clusters, and they are

divided into two as hard partitioning and soft partitioning.

e Hard (Crisp) Partitioning: Each object belongs to only one cluster. Thus,

none of the clusters intersects with any other clusters.

e Soft Partitioning: Objects are assigned to clusters with a probability. This
method allows objects to be assigned to more than one cluster based on their

membership values (or probabilities).

Partitional clustering algorithms do not require much memory and their time com-
plexity is low. However, the number of clusters is a parameter that should be specified

beforehand. In addition, partitional clustering algorithms start with random cluster

7



centers so their performance highly depends on the initialization. To overcome this

problem, algorithms should be run multiple times.

K-means clustering algorithm introduced in [3]] is the most popular hard partitioning
clustering approach. The algorithm starts with randomly selected K cluster centers.
In each iteration, objects are assigned to a cluster whose center has the shortest dis-
tance from them. Then centers are updated, and assignment procedure continues until
there is no change in any of the cluster centers. The distance used in K'-means algo-
rithm is Euclidean distance (L5 norm). Its objective is to minimize the sum of squared
error, which is equal to minimizing the total squared distance between objects and the
clusters that they are assigned to. Cluster center representation that meets the opti-
mality criterion of this objective function is the mean of cluster members. /K -means
is a simple yet an effective clustering algorithm. However, some of the drawbacks
can be listed as its sensitivity to outliers, dependency on initialization, and taking the

number of clusters to be constructed as input.

Similar to K-means clustering, K-median algorithm has a similar logic as in K-
means algorithm. However, it differs in center representation and objective function
it uses. According to K -median clustering, centers are represented as the median of
the cluster members. In addition, the algorithm minimizes the sum of the distance
between objects and their cluster centers, where the distance metric is Manhattan
distance (L; norm). Using the distance itself instead of the squared distance makes

K-median clustering less sensitive to outliers.

K -medoids clustering is also one of the widely used hard partitioning method. One of
the major difference of K-medoids approach is that its cluster center representation.
Instead of calculating the centers as mean or median of cluster members, data points
become cluster centers. That is, it selects A data points as cluster centers. In addition,
sum of the Manhattan distance (L; norm) between the objects and cluster centers is its
objective to be minimized. Partitioning Around Medoids (P AM) algorithm proposed
in [6]] is the most common A -medoids clustering method in the literature. Minimizing
not the squared distance but the distance itself yields the algorithm to be more robust

to outliers.

Soft partitional clustering algorithms assigns objects to clusters with a probability.



Therefore, they are called soft clustering methods. From soft clustering methods,
Probabilistic Distance Clustering (P D) and other probabilistic clustering approaches
such as Fuzzy c-Means (F'C'M), Gustafson Kessel Algorithm (G K'), and Gath-Geva

clustering algorithm (G'G) will be mentioned in this section.

2.2.1 Probabilistic D-Clustering

Presented by Ben-Israel and Iyigun in 2008 [2], probabilistic d-clustering (PDC') is
a soft partitioning clustering algorithm based on the assumption that the probabilities
are inversely proportional to the distance between objects and cluster centers. Here,

probability refers to the membership probability of an object to a cluster.

Consider we have N data points and M features, and x; € R represents object
i € 1,...N. Let the number of clusters be 7" and ¢; be the center of cluster j € 1,...,T".

Then PDC has two principles as follows:
Principle 1. For each object x;,
pij dj (Xz) = D(XZ) s (221)

where d;(x;) is the distance between object ¢ and cluster j, which is ||x; — ¢;||, p;; is
the probability of assigning object i to cluster j, and D(x;) is a constant depending
only on data point x;. This principle states that given cluster centers, the closer an

object is to a cluster center, the higher probability of being assigned to that cluster.

Principle 2. For each x;, probabilities add up to 1. That is,
T
j=1

Based on Principle 1 and 2, the membership probabilities of data point x; are found

as

py = —L . (2.2.2)




The optimization problem of PDC'is defined as

N T
w33 a0
i=1 j=1
T
S.t. Zp” =1 \4)
j=1
pij =0 Vi, j

Given the centers, the above problem becomes a convex optimization problem, and
optimal probabilities can be found using Lagrangian method. Optimality condition

of p;;’s matches (2.2.1) in Principle 1.

Given the probabilities, the optimality condition for cluster center ¢; is obtained as
¢;=-—=L (2.2.3)
7 ) WL

where

v;(X;) = m

Given the number of clusters as 7', PDC' algorithm starts with randomly selected
T cluster centers. In each iteration, it updates the cluster centers as in (2.2.3)) and

probabilities as in (2.2.2)) until a termination criterion is satisfied.

PDC is arobust algorithm since it uses the distance itself, not the squared distances.
Therefore, the algorithm is not sensitive to outliers. In addition, it is fast and easy to
apply. Some drawbacks of PD(' are that it may not work well on the non-spherical

shaped clusters and data sets where the cluster size are not equal.

PDC algorithm takes the cluster sizes as given. Therefore, it works well when the
cluster sizes are equal. To overcome the problem of clustering non-equal clusters,
Iyigun and Ben-Israel [7] come up with a modified PDC' algorithm, called PD()

algorithm, that takes the cluster sizes into account. Let g; be the cluster size of cluster
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j. Principle 1 in (2.2.1)) is arranged such that for each object x;

pij d;(x;)

L~ D(xi).
dk

The idea is that cluster membership probability is proportional to cluster size and

inversely proportional to the distance between cluster center and object. The proposed

algorithm also copes with unknown cluster sizes by estimating them.

Iyigun and Ben-Israel [8] also study semi-supervised probabilistic distance cluster-
ing. The proposed approach combines the clustering and classification approaches. It
gives weights to both clustering and classification problem. Besides semi-supervised
PDC, Caner 9] develops two-mode probabilistic distance clustering and two novel

algorithms for soft two-mode clustering problem.

2.2.2 Other Soft Partitioning Methods

Fuzzy c-Means (F'C'M), Gustafson-Kessel (G K), and Gath-Geva (GG) clustering al-
gorithms are the well known probabilistic clustering approaches that will be explained

in this section.

2.2.2.1 Fuzzy c-Means Algorithm

Based on the fuzzy clustering methods proposed by Bezdek in 1973 [10]], Fuzzy c-
Means clustering algorithm (F'C'M) was introduced by Bezdek et al. in 1984 [11].
The algorithm allows data points to be assigned more than one clusters. It is based on
taking into account the similarity between data points and clusters via a membership

function.

The objective function that F'C'M minimizes is
N T
Trom =Y ul |Ixi — ¢, (2.2.4)
i=1 j=1

where u;; represents the membership value of object i being assigned to cluster 7, ||. ||

is the Euclidean distance, and m is the weighting exponent of membership function,
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where m > 1. In addition, the membership function u;; should satisfy the following

constraints:
T
D uy=1 Vi (2.2.5)
j=1

Constraint (2.2.5) assures that the membership probability of object i belonging to
clusters should add up to 1. Since membership values are the probabilities, constraint

(2.2.6) ensures that the probability values are between 0 and 1.

When (2.2.4)) is minimized subject to constraints (2.2.5)) and (2.2.6), the optimal val-
ues for fuzzy memberships are found as

1

T dz 2/(m-1)\
Uuij = Z(d—i) Vi, j (2.2.7)

t=1
where d;; refers to the Euclidean distance between object ¢ and cluster . Optimal
cluster centers become

N
m
> Ui; X4
=1

¢ = Vj. (2.2.8)

N
2 ujj
i=1

The algorithm starts with predefined number of clusters and N x T fuzzy membership

h row J th column element of the matrix refers to u;;. In each iteration,

matrix where 7’
it first updates the cluster centers according to (2.2.8), and then new fuzzy partitions

are calculated using (2.2.7) until the termination criterion is satisfied.

One of the disadvantages of the algorithm is that it is computationally expensive.
In fact, it is sensitive to noise and suffers from the initialization since it is highly

dependent on the initial fuzzy partition matrix.

2.2.2.2 Gustafson-Kessel Algorithm

Gustafson-Kessel algorithm (GK), proposed by Gustafson and Kessel in 1979 [12]

is an adapted version of F'C' M, where Mahalanobis distance is used as a metric. The
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main advantage of using Mahalanobis distance over Euclidean distance is that the
former creates ellipsoidal shaped clusters whereas the latter forms spherical shapes

of clusters. Then optimization problem G K proposes is

N T
min - Jox =Y > _ul % — ¢l (2.2.9)

i=1 j=1

T
S.t. Zuij =1 Vi
j=1

OSUijﬁl Waj

Here u;; is membership value and m is the weighting exponent term as in F'C'M. The

distance term ||.||3, in (2.2.9) refers to the squared Mahalanobis distance defined as
Ixi = ejll3; = (% —¢;)" A (xi — ).,

where A; is a positive definite matrix. It is calculated using fuzzy covariance matrix

C; as follows:
A= (pIC;NVNCS,

where p > 0 is a scaling parameter. Fuzzy covariance matrix for cluster j is equal to

N

>oup(xi —¢)(xi —¢;)"
c, == ~ : (2.2.10)

Minimizing (2.2.9) with respect to ¢; yields

N
m
> Ui Xy
=

¢ = (2.2.11)

N
2 ujj
i=1

Given cluster centers, optimal membership value u;; that minimizes (2.2.9) is ob-

Uij = (x - )T A (% —g) | N :
iy — (Z ( (Xi — ct)T A, (Xz — Ct) ) )

t=1

tained as




2.2.2.3 Gath-Geva Clustering Algorithm

Gath-Geva clustering algorithm (GG) is an adaptation of F'C'M proposed by Gath
and Geva in 1989 [[13]. It both uses the ideas in /'C'M and fuzzy maximum likelihood

estimation. GG defines the optimization problem as

N T
min - Jog = Y ufldy, (2.2.12)

i=1 j=1

T
S.t. Zuzj =1 \4)
j=1

where d;; is the distance between x; and ¢;, which is an exponential distance that

takes fuzzy covariance matrix into account. The distance formula is given as

VGl (1
———exp

X g% =) G (xi - cf))
N ;Uzg

where C; is the fuzzy covariance matrix for cluster j as in (2.2.10). Taking the deriva-

dij =

tive of the Lagrangian of (2.2.12)) with respect to u;; and making it equal to zero yields

T g\ Yme) -1
_ ij
t=1

which gives the optimal fuzzy membership values. The optimal cluster centers are

found as in (2.2.T1).

2.3 Kernels

A metric on a set X is a function d : X x X — R that satisfies

i. d(x,y) > 0and d(x,y) =0onlyifx =y.
it d(x,y) = d(y.x).
iii d(x,y) <d(x,z)+d(z,y), forall x,y,z € X.
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A metric space is a vector space with a metric. A metric space is called complete if

every Cauchy sequence converges to a point in that space.

Inner product space is a vector space with inner product operator. Inner product

between vectors x and y, shown by (x,y) is calculated as

(xy) =) ziyi,
=1

for vector space R™. Inner product is considered as one of the similarity measures in

machine learning.

Hilbert space, denoted by 7, is a complete inner product space [14]. Norm of a

vector f in the Hilbert space is defined as

[£]]2 = /(£ 5) .

The Euclidean distance between vectors f and g in Hilbert space can be calculated as

If —gll = V(£.£) —2(f.g) + (2. 8).

A matrix which consists of inner products of a set of vectors is called Gram matrix.
Let the vector set {X;,Xs,...,X,}, X; € R™ forall i = 1, ..., n be represented by the

matrix
X = [xl Xo ... X,

Then the Gram matrix will be

T T T
T T T
X, X1 X3Xo ... X5Xp,
G = :
T T T
(X, X1 X, X2 ... XXy

which is equal to X X.

Let the space of the vectors x;’s be called as original space, and ¢ be a mapping

function, where

b:x = d(x), d(x) € A 2.3.1)
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When matrix X is mapped from the original space into .7 via ¢ function, the matrix

of the mapped data points will be

Xo = [ox) o(x) - o(xa)] -

Then Gram matrix of X, becomes

¢(x1)"o(x1) ¢(x1)"d(x2) ... B(x1)"d(xn)

G P(x2)TP(x1) B(x2)"d(x2) ... (x2)T(xn)
6= : : : :

O(%) d(x1) D(xn)TD(x2) ... B(xn)" D(xn)

G, gives the pairwise inner product of {X;,Xs, ..., X,} in the Hilbert space, while G

provides the inner products in the original space.

2.3.1 Kernel Function

Let k be a function that measures the pairwise similarity of the data points such that
k: X xX =R,

where it is a symmetric and non-negative function. Then £ is called kernel function

[15].

Let kernel function &k : X x X — R be defined as

k(x,y) = o(x)"o(y) . (2.3.2)

That is, domain of £ is the data points in the original space and it returns with the
inner product of them in the Hilbert space. Then the elements of Gram matrix in the

Hilbert space can be represented by function %, and G4 becomes

k(x1,x1) k(x1,X2) ... k(x1,X,)

k(x2,x1) k(x2,X2) ... k(X2,X,)
Gy = . : , :

E(Xn,X1) k(X X2) ..o K(Xp,Xp)

If G4 is a symmetric positive semi-definite matrix, then function £ is said to be a
symmetric positive semi-definite function. However, not every function k can be rep-

resented as in (2.3.2)) since there exists some conditions that function k& should satisfy.
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2.3.2 Mercer Kernels

Mercer condition states that there exists a mapping function as in (2.3.1)) such that
the inner products in J# can be written in terms of k(x,y) only if % is a symmetric
positive semi-definite function. In other words, a symmetric positive semi-definite

function k(x,y) can be represented as

k(x,y) = o(x)"o(y).

A function with domain X x X and image R is called Mercer kernel if it satisfies the

Mercer condition.

Mercer kernels allow us to calculate the inner products in the Hilbert space using
data points in the original space. For example, let x, y be in R? and ¢ be a mapping

function from R? to R3, where

' - | a2 . (2.3.3)

T T
Then ¢(x) = [m% 2 V21 xz} and ¢(y) = [y% 2 V2 yQ] . The inner
product of ¢(x) and ¢(y) (mapped data points) is

Y3
(6(x),6(y)) = 60 6) = |27 23 V2miwa| | 4
V21 v (2.3.4)
=aly; +a3ys + 2T Y1 T2y

= (z1 1 + 22 y2)2 .

Note that ; y; + x5y is the inner product of x and y, (x,y). Then is equal
to (x,y)?, or (xT'y)?, so if k(x,y) is defined as (x” y)? it will give the inner product
of ¢(x) and ¢(y), i.e. (p(x),d(y)) = k(x,y). That is, using a function that takes
an inner product in the original space as input, one can obtain an inner product of
mapped data points via ¢ function. This is called kernel trick in the literature. It
allows us to obtain the inner products without explicitly mapping the data into a new
space. Note that the idea of mapping the points via ¢ function is to project the data

set into a higher dimensional space and to separate the data linearly in the mapped
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space. On the other side, since mapping into a higher dimensional space increases
the computational complexity it would be costly to calculate the inner products in the
mapped space. However, the inner products in the mapped space can be obtained by
using the inner products in the original space with the use of kernel trick. Therefore,

it reduces the computational complexity.

Using kernel trick, the squared Euclidean distance between ¢(x) and ¢(y) is calcu-

lated as

[o(x) — o(¥)[I* = (¢(x) — ¢(¥), B(x) — B(y))
P(x), d(x)) — 2 (B(x), o(y)) + ((y), o(¥))
k(x,x) — 2k(x,y) + k(y,y) .

Here note that the Euclidean distance in the mapped space is calculated with function

{
{

k without explicitly knowing ¢ function.

Some examples of commonly used kernels are listed below.

a. Polynomial kernel

Polynomial kernel is represented by
k(x,y) = (a +x"y)", (2.3.5)

where a > 0, b € N. Polynomial kernel is a Mercer kernel function. When a
is 0, (2.3.5) is called homogeneous polynomial kernel. If a takes a value that is

greater than 0, (2.3.5) becomes inhomogeneous polynomial kernel.

b. Gaussian Kernel

Gaussian kernel is defined as

x -y

k(x,y) = exp 5oz |

where o > 0, which is one of the most commonly used kernel function. Gaus-
sian kernel is a Mercer kernel function. It is an example of radial basis function
(RBF) kernels. RBF kernels are functions of the distance between data points

in the original space, i.e. they are of the form
k(x,y) = f(d(x,y)),
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where d is a distance metric in the original space and f is a function on R. The
inner product of a point with itself is equal to 1 when Gaussian kernel is used,
i.e. k(x,x) = 1. When the Gaussian kernel is used, data points are mapped into

an infinite dimensional space.

. Sigmoid (Hyperbolic Tangent) Kernel

The general formula for sigmoid kernel is
k(x,y) = tanh(ax’y + v),

where o > 0 and v < (. Sigmoid kernel is not a positive semi-definite function
[16]. Therefore, it is not a Mercer kernel. However, it is widely used in practice
and gives good results. The distance between two data points sometimes can

be less than 0 when sigmoid kernel is used depending on the data points and

1 5
parameter values. For instance, let x = ,y = ,a=1,and v = —1.

0 )
Then the distance between ¢(x) and ¢(y) becomes

lo(x) = d(y)ll = VE(x,x) = 2k(x,¥) + k(y,¥)
= /tanh(x7x) — 2 tanh(x7y) + tanh(y’y)

~ /0 —1.9987 + 1,

which does not satisfy the metric condition which states that the distance should

be a non-negative real number.

Data points can be mapped into a higher dimensional space using kernel functions.

When the data set is nonlinearly separable, it is difficult to separate the data using

linear methods. The aim of kernel methods is to separate the data set in a higher

dimensional space where the data becomes linearly separable. Thus, in the new di-

mension, the data can be separated linearly. This motivates that there may exist a

higher dimensional space for a data set where it can be separated linearly. For in-

stance, consider the data set in Figure There are 20 data points where half of

them is labeled O and the other half has label 1. When the data set needs to be di-

vided into two based on their labels, it cannot be done linearly since the data set is

non-linearly separable.
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Figure 2.1: Example for a data not linearly separable

We can map the data set using a ¢ function from two-dimension to three-dimension

as in (2.3.3). That is,

T T T
QSI [Q?l 132} — |:Zl 29 23] = [SL’% LE% \/il’lxz

Mapped data points in the new space is shown in Figure [2.2] Note that now the data

can be linearly separable in this mapped space.
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Figure 2.2: Mapped Data

Input space, or original space, implies the space that the data set is defined at the
beginning. Kernel space, mapped space, and feature space refer to the higher dimen-

sional space that data is mapped into, and will be used interchangeably in this study.
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CHAPTER 3

LITERATURE REVIEW ON KERNEL CLUSTERING METHODS

Kernel functions in machine learning is started to be used in [[17] in 1964. Cortes and
Vapnik proposed support vector machines (SV M) in 1995, a classification algorithm
where the data is mapped into a higher dimensional space using a nonlinear mapping
function [18]. In this higher dimensional space, the data was able to be linearly
separable. SV M performs better than other classification algorithms. This success

broadened the usage of kernel methods in other algorithms.

Kernel k-means is an adaptation of kernel methods to k-means algorithm [19] 20].
The basic idea of kernel k-means algorithm is to apply k-means clustering in the
mapped space. The algorithm aims at minimizing the sum of squared error in the
kernel space. Given the data set X, mapping function ¢, and number of clusters 7',

data set is mapped into kernel space via ¢ function and clusters are constructed by

¢

randomly assigning data points. Cluster center ¢; is calculated by taking the average

of data points belonging to that cluster as follows

1
¢/ = o > px) Vj (3.0.1)

| ‘7| i€A;

where A; is the set of data instances that is assigned to cluster j. Then based on
the squared Euclidean distance between data points and cluster centers in the kernel
space, each data point is assigned to the closest cluster. Considering the assignment
procedure, cluster centers are recalculated as in (3.0.1). The process continues until
there is no change in the cluster centers. The major challenge in this method is to
measure the distance between cluster centers and data points. Since kernel methods
assume that ¢ function is not known explicitly, data points in the kernel space and

cluster centers in (3.0.1) cannot be known. Therefore, the distance cannot be calcu-
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lated. However, kernel trick overcomes this problem. The distance between ¢(x;) and

cj’ is obtained as

lp(x:) — €[> = d(x:)" d(x:) — 26(x:)" ¢ + (e)" ¢ . (3.0.2)

Substituting (3.0.1)) into (3.0.2)) gives

lo(x:) — eZ||* = d(x:)" B(x:) — 2(x;)" |A— > o(xp)
kEA;

(3.0.3)

> o(xx)

141 J’keA |4; keA;

Using kernel trick and rearranging (3.0.3)), the distance is found as

lo(xi) — €71 = k(xi,x;) —

kaz,xk szxk,xh

2
| J|keA, | J| k€A; he A,

where k(x;,X;.) = ¢(x;)T ¢(x;). That is, without explicitly knowing the cluster cen-
ters in the kernel space, the distance between data points and cluster centers can still

be calculated.

FCM algorithms based on kernel methods can be divided into two categories based
on the space that the cluster centers are defined, i.e. whether they are created in the
input space or in the kernel space initially. When the cluster centers are constructed in
the kernel space, they can only be known implicitly since we cannot obtain any data
point in the kernel space explicitly. Therefore, when the distance between a cluster
center and a data point is calculated, it will be enough to map the data point into kernel
space since centers are already been defined on the kernel space. In this study, fuzzy
kernel algorithms that use this cluster definition will be called KFCM-K algorithms.
On the other hand, cluster centers can be created in the input space initially. In this
case, both the data points and the cluster centers belong to the input space. Then the
distance function will be kernelized since the proximity between two objects in the
kernel space will be measured by mapping them from the input space to kernel space.

We refer to the algorithms that use this approach as KFCM-F in general.

24



3.1 Literature of KFCM-F based Algorithms

KFCM-F algorithm is the adaptation of FCM algorithm in the kernel space where
cluster centers are constructed in the original space. Then centers are mapped into the

kernel space via kernel function. The objective to be minimized is given as

Zzu l¢(xi) — ple;)|.

i=1 j=1

which can be rewritten as

ZZUM (xi,X;) — 2k(xi,¢;) + k(cj, ¢;)) (3.1.1)

i=1 j=1
using kernel trick. This objective minimizes the sum of squared error in the kernel
space. Note that c; is the cluster center in the original space whereas ¢(c;) refers
to the mapped cluster center. The objective is just the kernelization of the metric
used in FCM. This method updates the cluster centers in the original space, not the
image of them in the kernel space. Therefore, in order to find the cluster centers that
minimize , kernel function to be used should be known beforehand since ¢; in

the objective function depends on function &.

KFCM-F algorithm works as follows. Cluster centers are initially created in the in-
put space. Then they are mapped into kernel space. According to distance between
mapped cluster centers and mapped data points, fuzzy partition matrix is updated and
cluster centers in the input space are recalculated. The algorithm goes on until termi-
nation criterion is satisfied. Using this method, final cluster centers in the input space
are obtained. Shortly, KFCM-F algorithm defines and updates the cluster centers in
the input space. Using the image of those centers in the kernel space, it updates the

fuzzy matrix.

Zhang and Chen [21] propose KFCM-F algoritm and kernel possibilistic c-means
algorithm (KPCM). They use Gaussian kernel function in their algorithms and give
the update rules based on this function. They compare the robustness of kernel-based
algorithms with F'C'M and PC'M using a data set with outliers. They reported that

kernel-based methods yield better results.
Wu et al. [22] develop KFCM-F algorithm where the cluster centers are updated im-
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plicitly. They still define cluster centers in the input space. However, center equation
in the kernel space is embedded into the distance calculated in the kernel space. That

is, cluster centers in the kernel space are defined as
N
m
_ =1 _
m
Z Usj

The distance between a cluster center and an object is obtained by substituting the

center equation into the distance function as

N
k(xi, Xy.) up; ups gy k(Xe, X;)

l6(x) — d(e))[|” = klxi,x;) — 2 Z >
k=1 Zut] k=1 =1 (Z ut])

They experimented the proposed algorithm on ring and spherical data set using sec-

ond order polynomial kernels, and observed that KFCM-F works well on those data

sets.

Zhang and Chen [23]] develop a kernel-based FCM and apply their algorithm on MRI
data set. They also propose a KFCM-F method with a spatial penalty constraint on
fuzzy membership values. This penalty is added to the objective function, and it
acts like a regularization term, which aims at dealing with noises in images. Their
proposed method is developed for Gaussian kernel. Experiment results show that
their algorithms work well on the image data compared to the FCM and FCM with

spatial constraints.

Shen et al. [24] propose attribute weighted KFCM-F algorithm. The idea behind this
method is that some of the attributes in higher dimension may be irrelevant. There-
fore, to reduce the effect of these features on the clustering, they come up with a
weighted kernel-based fuzzy clustering algorithm. They also extend their algorithm
to be effective on clustering incomplete data. The computational studies support the

success of weighted KFCM-F algorithm over FCM and hard clustering methods.

Ding and Fu [25] apply genetic algorithm to KFCM-F algorithm. They determine
the initial cluster centers in the input space using genetic algorithm. These centers
become the input of the KFCM-F algorithm. With this way, they aim at improving

the clustering performance by providing a good initial centers.
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3.2 Literature of KFCM-K based Algorithms

Kernel fuzzy clustering algorithms based on kernel space (KFCM-K) construct the
cluster centers in the mapped space. Therefore, there is no explicit representation of
the centers in the input space. In fact, the centers in the kernel space are also not

known. Basically, these algorithms use the following objective function

S5 o) — <P,

i=1 j5=1

where cj’ refers to the cluster center which is defined in the kernel space. Note that
only the data points are mapped since clusters already belong to kernel space. The
distance term in the objective cannot be rewritten using kernel trick since kernel trick
can only be used for the case where the data points in the original space are known

explicitly, and we do not know the inverse image of cluster centers in the input space.

Optimal fuzzy membership values are obtained as

-1

T o2\ V/m=1)
X;) — ¢
w= > <—”¢( ) ;"2) Vi, j (3.2.1)
= \llo(x:) — ¢/
Given the cluster centers, optimal cluster centers are found as
N
> ufy d(xq)
_ =1
D uij
i=1
Note that the center equation above cannot be obtained since ¢(x;) are not known.

Therefore, KFCM-K methods embed the center equation into the distance terms in

(3.2.1)), where the distance becomes

lo(xi) = efI* = k(xi, x;) 22% (%, X +ZZuk]ul] (X, %0) - (3.22)

k=1 1=1
With this way, fuzzy partition values are calculated without obtaining the cluster cen-

ters explicitly.

KFCM-K algorithm starts with random fuzzy partition matrix. Then membership
values are updated using (3.2.1) and distances calculated in (3.2.2)). Center updates
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are made implicitly since the distance term does not contain the centers explicitly.

Algorithm continues until fuzzy partition values does not change.

Li et al. [26] obtain KFCM-K algorithm by modifying FCM algorithm. They ap-
plied both KFCM-K and FCM on a nonlinearly separable two clustered data set and
reported that KFCM-K outperforms FCM.

Zhou and Gan [27] develop KFMC-K algorithm and came up with approximated
cluster centers in the input space. The idea is that approximate cluster centers in
the input space can be obtained such that the difference between centers in the kernel
space and the image of input space centers are minimized. This minimization requires
prior knowledge of the kernel function to be used. The authors propose approximate

cluster centers for both polynomial and Gaussian kernels.

Zhang and Chen [28] propose KFCM-K algorithm where cluster centers in the kernel
space are represented by a combination of all data points. That is, each data point has
a coefficient for each cluster center. The algorithm determines the center coefficients
and fuzzy membership values iteratively. They also decide on the number of clusters
in data sets by examining the behavior of the block-diagonal structure on the kernel

matrix.

3.3 Literature of Other Kernel-based FCM Algorithms

Graves and Pedrycz [29] compare kernel-based fuzzy clustering methods with FCM
and GK algorithms. From the kernel-based clustering algorithms they use KFCM-K
algorithms with both polynomial and Gaussian kernel and KFCM-F algorithm with
Gaussian kernel only. They measure the performance on traditional clustering algo-
rithms and kernel fuzzy algorithms on UCI machine learning data sets and synthetic
data sets. They conclude that the results of the kernel-based algorithms are similar to
that of FCM and GK. However, kernel function outperforms the traditional algorithms

on non-spherical shaped data sets.

Filippone et al. [30] provide a literature survey on kernel and spectral clustering

methods. They present the kernel version of the already-proposed clustering algo-
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rithms. They also focus on the kernel-based fuzzy clustering algorithms. Kernel
k-means, kernel fuzzy clustering methods, support vector clustering, kernel self orga-

nizing maps are some of the kernel methods that are mentioned in this survey.

One of the challenges of kernel based clustering is the decision of the kernel function
to be used. Sometimes the data sets can come from different distributions so that each
of them can be represented better with different kernel functions or kernel parameters.
To overcome the problem of difficulty in choosing the appropriate kernel functions,

multiple kernel algorithms have been proposed.

Baili and Frigui [31] propose multiple kernel KFCM-F algorithm. Their multiple
kernels contain Gaussian kernels with different parameters. Each kernel function has
a weight, and convex combination of the Gaussian kernels construct multiple kernel
function. They experimented the proposed algorithms on data sets containing clus-
ters with different densities and observed that multiple kernel KFCM-F outperforms
KFCM-F. Dagher [32] develops multiple kernel KFCM-F algorithm with Gaussian
kernels, and aims at optimizing the Gaussian kernel parameters. The method uses
an approach that is similar to expectation maximization. Huang et al. [33] come
up with a multiple kernel KFCM-K clustering algorithm where kernel functions are
not limited to Gaussian kernel only. They also determine the weight of each kernel

function.

Zeng et al. [34] provide KFCM-K with Mahalanobis distance. The major difficulty of
using Mahalanobis distance in the kernel space is to obtain the inverse of the covari-
ance matrix of features in the kernel space. They subtract logarithmic determinant of
the covariance matrix to their objective function as a regularization term. With this

way, they obtain the approximate covariance matrix of features in the kernel space.
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CHAPTER 4

KERNEL PROBABILISTIC DISTANCE CLUSTERING

4.1 Introduction

This chapter firstly introduces PDC' in kernel space and its principles. Following
that, two kernel-based PDC' algorithms will be provided, namely KPD and KPD-F.

Consider we have an N x M data set X, where N and M represent number of data
points and features, respectively. We show data point x; as M -dimensional vector,
where © = 1, ..., N. There are T clusters, and cluster centers (prototypes) are shown
by ¢;, where j = 1,...,T. Then p;,; is the probability of data point x; belonging to
cluster ¢;. Please note that cluster center j in the kernel space will be represented by

¢; from now on.

4.2 Probabilistic Distance Clustering in Kernel Space

Given the data set X and the number of clusters 7', x; € R is mapped into a higher
dimensional space, kernel space, via ¢ function. ¢(x;) represents the image of x; in
the kernel space. Centers in the kernel space are shown by c¢;. Figure [@.1] provides

the mapping from input space to kernel space.

Following the ideas in [2]], probabilistic distance clustering starts with two principles.
First one states that for given cluster centers, the product of the probability of a data
point ¢(x;) being a member of cluster ¢, p;;, and the distance between ¢(x;) and c;,
| (¢(x;) — ¢;)]| or simply d;(¢(x;)), is a constant which only depends on ¢(x;). We

accept that these principles hold in kernel space, and we obtain the following:
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X "¢ P (x;)

Input space Kernel space

Figure 4.1: Kernel Pd-clustering in Input and Kernel Space

Principle 1. For each data point in the kernel space, ¢(x;), i = 1,..., N,
d; (o(x:)) pij = Si 4.2.1)
where S; is the constant for ¢(x;).

Principle 2. Probabilities add up to 1 for each ¢(x;), ¢ = 1, ..., N. That is,

T
S py=1 Vi 4.2.2)
j=1

4.2.1 Probabilities

For simplicity, assume there are two clusters, i.e. 7' = 2. Using the principles men-
tioned above, we can find the membership probabilities of each cluster for each data

point as

dy (p(x:)) di ((x:))

L) +dlm) T hem) T hlr)

Di1 =

Proof. We can write

pi1 dy (¢(Xz))
= 424
b do (¢(Xz)> ( :
using @.2.1)). In fact, piy + pi2 = 1. Substituting [@.2.4) gives
ds (¢(Xz))
g = 4.2.5
P17 5 (600) + da(6() 2
O
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In general, when there are T clusters, the probability of i** data point being a member

of cluster j becomes

q#3j

S 1T dy (6(x,)

t=1 q#t

Pij =

4.2.2 The Joint Distance Function

The probabilities in (#.2.1)) can be written as

__ 42.6
Pij = W (4.2.6)
Substituting (4.2.6)) into #.2.2)), we get
B di(¢(x:)) d2(o(x:))
e dy (¢(Xz)) + dy (¢(Xz)) . #27

S; in (4.2.7)) is the joint distance function of x;, and it is a measure of distance between

¢(x;) and all cluster centers. In the case of 7" clusters, the above equation becomes

4.2.3 An Extremal Principle

Given the cluster centers ¢; and ¢, the probabilities in (4.2.3)) are the optimal solution

of the minimization problem below.

N
min Y di(¢(x:)) pfy + da(6(x:)) Py (4.2.8)
=1
s.t. pa+pi2 =1 Vi
pi1, Pz 2 0 Vi

33



Proof. The Lagrangian of the problem is

N N
L(P,A) = Z dy (¢(Xz)) p?l +dy (¢(Xz)) pgz - Z Ai(pin+pi2—1) .  (429)
i=1 i=1

Taking the partial derivative of (#.2.9) with respect to p;; yields

oL
Making (.2.10)) equal to 0 gives
Ai
Dij = m 4.2.11)
We know that p;; + p;» = 1 and substituting (4.2.T1) for the probabilities yields
Ai Ai .
+ =1.
2d, (¢(x;))  2da(o(xy))
Then ), is found as
d i) d i
A =2 1(6x)) do(P(x) (4.2.12)
d; (¢(Xz)) +dy (¢(Xz))
Using (#.2.12), @.2.1T]) for p;; becomes
di ((x:)) da(¢(x,)
_ di(o(xi) +da(o(xi)) da (¢(x7))
bi1 = - )
2d; (p(x:)) di ((xi)) + d2(o(xi))
which gives the same equation as in (#.2.5)). O

When there are 7' clusters, the general version of the above minimization problem

becomes
N T
min Y Y di(é(xi)) pf (4.2.13)
i=1 j=1
T
S.t. Zpij =1 Vi
j=1
pij = 0 Vi, j
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4.2.4 Centers

When Euclidean distance is used, distance function in (4.2.8)) becomes

di(o(x:)) = [lo (x:) — ¢, j=12.

For Euclidean distance, the objective function in (4.2.8)) can be written as

N
flee) = llo(x) — el ph + 1o (%) — 2| P, (4.2.14)
=1

Given the probabilities and assuming that the centers do not coincide with data points,

¢; and ¢y will be

pzzj
v I
[o(xi) — ¢ .
¢ = 2 - " d b(x;) ji=1,2. (4.2.15)
1= ij
L o) o

Proof. The derivative of ||¢ (x;) — ¢;|| with respect to ¢; is equal to
o(xi) — ¢ .
TP VARSEPNE J
16 (x:) — ¢l
when ¢ (x;) # ¢; Vi € {1,...,N}. Then given the probabilities, the derivative of
(#.2.14) with respect to ¢; will be

Ve, llo (xi) — ¢l = =1,2

N o(xi) — ¢
Ve fle,e)=—» ————p2 =1,2. 4.2.16
e flere) ;quﬁ(xi)— P j ( )
Making (4.2.16)) equal to O gives
N
=3 {p(x) ox), =12, (4.2.17)
=1 ; vj (¢(Xt))
where
p?j
u(00) = 55— f=1.2
O
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Please note that when there are 7" clusters, (4.2.15) is still valid and can be applied
forj=1,..,T.

We have two groups of decision variables, p;;’s and ¢;’s. When centers are known,

we solve the problem in (4.2.13). We find the centers using (#.2.17).

4.3 Kernel Probabilistic Distance Clustering Algorithms

The probabilistic distance clustering model in kernel space has been introduced in

Section The generalized version of the model will be provided in this section.

In Kernel Probabilistic Distance Clustering there are two spaces, which are input
space and kernel space (or mapped space). Input space is the original space of the
data points. On the other hand, kernel space represents the space where data points
are mapped into via ¢ function. The dimension of the input space is the number of
features data points have. However, kernel space’s dimension is determined by the ¢
function to be used. Since we will not know the ¢ function, we will not be able to

detect the dimension of the kernel space.

4.3.1 Kernel Pd-clustering in Kernel Space

In Kernel Pd-clustering in kernel space (KPD Algorithm) centers are defined in the
kernel space (or mapped space). In fact, center update rules are made in the kernel
space. The data points are in the input space, and they are mapped into the kernel

space via ¢ function.

Since the update rules in the algorithm are valid for all kernel functions, prior knowl-
edge of the kernel function to be used is not required. In addition, cluster prototypes

do not have an explicit representation in both kernel and input spaces.

As a distance metric Euclidean distance is considered. In general, Euclidean distance

between x; and ¢;, d(x;, ¢;), is

M
d(x;, ¢;) = Z (Xim — €jm)” = 1% — ¢]].

m=1
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If mapping of x; into kernel space is considered, then d(¢ (x;) ,¢;) = ||¢ (x;) — ¢;]|.

The optimization problem of clustering in Section 4.2/ becomes

N T
min Y ) pi e (x) — ¢ (4.3.1)

i=1 j=1
T

S.t. Zplj =1 A4
j=1

pij =0 Vi, j

|¢ (x;) — ¢;|| is simply denoted by d;;. The nonlinear objective function is convex in
terms of p;; and d,;. This is because when p;;’s are given and d;;’s become unknown,
the objective becomes convex. Similarly, given d;;’s, the objective function in (4.3.1)
will be a function of d;;’s which is a convex function. Considering the fact that
constraints are all linear, i.e. they are also convex, the problem becomes a convex

optimization problem.

When ¢;’s are given, the Lagrangian becomes

T N T
L(P,C,A) ZZ})]Hqﬁ x) = ¢l = > A (Zpijq). (4.3.2)
i=1 j=1

i=1 j=1

When we take the derivative with respect to p;; and make it equal to zero, we obtain

2pij 1@ (xi) — ¢l = Ai =0

Ai
— Dij = m (4.3.3)
When we substitute (4 into (4.3.2)), we get
Zp” L Z Mot e~
Then
A = ! : (4.3.4)
T 1

Z 2o =g

37



If (4.3.4) is substituted into (#.3.3)), we find out p;; as

1
N 1 ]
T 1
o) —al

Fixing p;; and taking the derivative of (#.3.2) with respect to ¢; gives

N p?j o(xi)
& ot =<

¢ = (4.3.5)
2
>
i1 lo(xi) — ¢
The distance between ¢(x;) and ¢; can be calculated as
l6(x) — ¢l = /o (x)" 6 (x) — 20 (x) ¢, + e, (43.6)
Substituting (4.3.5) and using the kernel trick, (4.3.6) can be written as
o (xi) — ¢l =
N N
P = I L0 mmwm—gn |
N Py N Pi;
2 Tos) — & 2 o) — o]
\ iz l[o(xk) — ¢ =1 llo(xk) — ¢l
4.3.7)

where k is the kernel function. However, the cluster centers cannot be calculated

using (4.3.5)) since ¢(x;)’s are not known explicitly. Therefore, there is no explicit

representation of cluster centers. In fact, since we cannot calculate the cluster centers,

the distance given in (4.3.7) cannot be obtained.

On the other side, the centers can be described in terms of the data points that belong

to the corresponding clusters. That is, the centers will be the convex combination of

¢(x;)’s. Then (4.3.5) can be rewritten as
N
¢ = Zﬁij o(xi),
i=1
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where

p?j
X;) —C;
N Dij
DB ey m——
= llo(x:) — ¢
For a given cluster index j, when we sum (4.3.9) for each data point, we obtain
p?j é\’: p?j
N N Ty e— P vAnem—
S =3 [o(xi) — ¢ _ =) —ell (4.3.10)
i=1 i=1 % p2- % p2-
=1 lo(xn) = ¢ =1 lo(xn) = ¢

When (#4.3.8) is substituted into ¢;’s in the objective function, then the problem be-

comes

min ZZp?J o (x;) Zﬁw (x;)] (4.3.11)

=1 j5=1
T
S.t. Zp” =1 \4)
j=1
N
d Bi=1 Vj
i=1
pij > 0 Vi, j
Bij >0 Vi, j

N
The distance ||¢ (x;) — > B;;¢(x;)|| in the objective function is equal to
=1

d(xi) O (xi) =2 Bryd (i) 6 (xk)+ DD Brj By b (i) b (x).

k=1 1=1
(4.3.12)

We replace ¢ (x;)" ¢ (x;)’s with k(x;, X;)’s, and 4.3.12| becomes
waz 225]@ wak + ZZﬁkj /Blj Xk‘axl) (4313)

k=1 =1
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The objective in (4.3.11)) can be represented in terms of matrices and vectors. We
can define 3; as the column vector containing all 3;;’s for a given cluster j, which is
B, = [ﬁlj Baj ... BNJ} T. Let K be the kernel matrix (or Gram matrix in Hilbert
space as in Section , K; be the i™ column of the matrix, and K;; be the i™ row and
" column element. Then the distance in will be written as

\/Kii — 28] K; + 8K, .

So, the optimization problem in (#.3.11]) becomes

N T
min Z Zp?j \/Ku - 25? K; + IBJTKBJ'

i=1 j=1

S.t. ipij =1 Vi
j=1
1y B, =1 vj
pij >0 Vi, j
Bij >0 Vi, j

where 1y is a column vector of length /V, whose elements are all 1. The Lagrangian

of the problem becomes

T

N
P.6,AT) =331 \/Ki— 287K, + BTKB,

i=1 j=1

ZN:Al (ipzj—1> —jZ:% (18, - 1)

=1

(4.3.14)

Given f3;;’s, taking the derivative of (4.3.14) with respect to p;; and making it equal

to zero gives

1

\/Kn; — 287 K; + B K,
T 1
Kzz 21315 Kz + ﬂt KIBt
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Taking the derivative of (4.3.14) with respect to 3; yields

L 1 —K; +Kp3,
p 2T K 287K+ BTKB,
Making (4.3.16) equal to 0 gives
p?j

N
KB,
i=1 \/Kzz - QBJT K; + IBJTKBJ'
v , (4.3.17)
=1

\/ K, — 28] K; + 8] KB,
If kernel matrix K is invertible, then (4.3.17)) can be multiplied by K~ from the left,

+’Yj1N.

and (3, is obtained as

N LK 'K;
i:zzl K. — 28T K. K _
1) /Bj i T ﬁj ﬁj Vi K ! lN
B = 2 * 2
i\f: Dij é\’: Dij
=1 \/Kzz - 2,3? K; + ﬁJTKﬁj =1 \/Kzz - 2ﬂJT K; + ﬁer,@j

(4.3.18)

Taking the derivative of (4.3.14) with respect to ; and making it equal to O gives

oL
—— —_1'3.-1=0. 4.3.19

By substituting (#.3.18) into (@.3.19)), we obtain
p?j 1% K™ K;

L \/Kzz - 2,3? K, + ﬂJTK,Bj
p?j % p?j

! \/ Ki; — 23] K, + B KB, =1 \/K — 287 K; + B KB,

o8

s
I

K1

+

M=

.
Il

(4.3.20)

Note that K™ ' K; is equaltoI;, Vi = 1, ..., N, where I is a column vector of length NV
whose " element is 1 and the remaining elements are all 0. Therefore, 13, K ' K; =
1,Vi=1,..., N, and the first term in (4.3.20) equals to 1, then the equation becomes

T -1
Iy K 1y —0. 4.3.21)

pzz J
VKi — 287 K, + 87K,

M=
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The denominator of (4.3.21) is greater than 0. The term 15 K™* 1, in the nominator
is the sum of all elements in matrix K !, which is not equal to 0. Therefore, V;

becomes 0. Substituting ; = 0 into (#.3.18) gives

ﬁf: p?j K™'K;
B i=1 \/K” — 2,3? K, + ﬁ?KIBJ 4.3.22
5 : . (4.3.22)
Pi;

=

1

! \/Kzz - 2,33 K; + ﬁ]TKﬁj

B, vectors are updated as in (4.3.22). Using (4.3.15) we update p;;’s. In that formula

since ¢;’s are substituted with 3,’s and ¢(x;)’s, there is still no need to know ¢;’s

explicitly.

4.3.1.1 KPD Algorithm

KPD Algorithm (Kernel Probabilistic Distance Clustering in Kernel Space) can be
developed by determining an update rule for 3;’s and p;;’s. Since the centers are not
known explicitly, they are updated implicitly in the algorithm. 3; in can be
calculated using previous values of 3,’s. Thus, @) can be written as

2
> (5 K

- T T
K2 () K (8 K
ﬁgm _ , (4.3.23)

> (b5
T (o) e (o) e

where r is the current iteration.

Using the updated 3;’s and substituting them in (#.3.T5), p;;’s can be updated as

1

T r T T T
pg) B T\/Kn' -2 (,35 )> K; + (5; )) Kﬁ§ ) ‘ 3.2
1
>

T T
= \/ K.-2(8") K+ (8) k8"
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The pseudocode of KPD Algorithm is given in Algorithm [I|below.

Algorithm 1: KPD Algorithm
Input : data set X, coefficient matrix B, number of clusters 7', kernel

function k, stopping criterion e
Output: probability matrix P

1 Initialize B to a random coefficient matrix and Calculate kernel matrix K

(©0)
ij

’s in P matrix as in (4.3.24).

[

Calculate p

3 Serr =0.

=

T
while Z ’BJ(T) — ,Bj(ril)‘ > edo
j=1

5 r=r-+1
Update 3;'") as in (4.3.23
7 Update pg) as in (4.3.24

=)}

8 end

4.3.1.2 Cluster Centers in Input Space

Although KPD Algorithm defines the centers in the kernel space, the centers in
(4.3.5) cannot be calculated explicitly due to the ¢ function so the centers are up-
dated implicitly through the iterations. The centers are required only when the dis-
tance between the data points and the centers are calculated. We embedded the center
equation in the distance function, and using kernel trick we obtained the correspond-
ing distances. Then the algorithm progresses without calculating the centers, only
with updating the probabilities p;;’s and center coefficient vectors 3;’s (see steps (6)
and (7) in Algorithm [I). In fact, the center updates are made in the kernel space

implicitly because 3,’s are the coefficients of the kernel centers.

In the case that the cluster centers in the input space needs to be known, it leads to the
preimage problem. The inverse image of kernel center ¢; in the input space is called
as preimage, and is denoted by cjf. . To get a center in the input space, one should find

the inverse mapping of it, which is ¢ ' (c;). If ¢ is invertible, then ¢ ' (¢;) = ¢.
Note that the mapping function is nonlinear. Some kernel functions such as poly-
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nomial kernels with odd exponent term or sigmoid kernel are invertible. However,
for many kernel functions, inverse may not exist since some points on the span of
d(x1), (x2), ..., (X)) may not correspond to the image of a single point in the in-
put space. Figure [4.2] provides an example. When the data points in X are mapped
into the kernel space, their image becomes dark gray-colored region, shown by ¢(X).
However, the point ¢;, which can be written in terms of mapped data points, is not
an image of any point in X. Therefore, it does not have an exact preimage since we

ol Iy _
cannot find a point ¢; where ¢(c¢;) = c;.

¢ span ¢(X)

X/—\

Figure 4.2: Exact Preimage Problem

For instance, Gaussian kernel function is not invertible so no exact preimage can be

found. In that case, the approximate preimage of a cluster center can be obtained.

Let ¢; € X, and ¢ = a ¢(¢;) tries to approximate ¢; so ¢; is called the approximate
preimage. [33] suggests to minimize the distance between ¢; and the orthogonal
projection of it onto span ¢(¢;), o ¢(€;), instead of minimizing the squared distance

between ¢; and 1), where

N N N
ch — ’l,b” = Z Zﬁu 5” k(Xi,Xl) -2 Zﬁm ozk(xi,f:j) -+ 042 k(éj,éj) . (4325)

i=1 [=1 i=1

Figure 4.3| describes the orthogonal projection.
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»
»

¢(&) c? ' span ¢(&;)

Figure 4.3: Orthogonal Projection of ¢; onto span ¢(¢,)

The orthogonal projection of ¢;, shown by ¢, is ¢(€;). Then the ob-

jective is
o(¢;)| - (4.3.26)

1
This objective minimizes ||cp |?, where ¢ = ¢; — ¢}. From Pythagorean theo-

(6(€)), ¢5)?
rem, we know that [ |2 = [le;||> — [|¢Z]|. Since |7 = =, (4.3.26

(0(¢;), 0(¢;))’

becomes

(0(¢)),¢5)?

] ] 2 T T~ N o~ 4.3.27
el G@) e (320
Note that minimizing (#.3.27) is also equal to
(0(¢)), ¢;)?
X ~— 4.3.28
N &) o) s

If we want to minimize (4.3.23), then the optimal « value is obtained by taking the

derivative with respect to o and making it equal to 0, which gives

20k(¢;,¢5) — 2 Z@j (¢,x;) =
Then

N N
2 Bigh(€xi) 20 Fij(0(&),0%:)) 4@, ¢;)
a==—— == = (4.3.29)
k(¢;,¢;) (6(¢)), o(¢))) (0(¢)), 0(¢5))
If v is chosen as in (4.3.29)), then minimizing (4.3.25) is equal to maximizing (4.3.28).

We prefer the former objective since it is easier to work with. If we want to minimize
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(4.3.25) for each cluster, we can obtain an objective that is the sum of the squared

distances between ¢; and c¢;, which is
T
min V=3 [6(&) - ¢l (4.3.30)
j=1

since minimizing each cluster center is independent of each other.

The function V in (4.3.30) can be written as

T T
S le@) -l =Y \/k:(éj, &) — 206(&) ¢; +clc)) . 4.3.31)
i=1 j=1

Then ¢;’s can be expressed as in (#.3.5)), so we substitute them in (#.3.31). Thus,
the multiplication of two ¢ functions will be obtained, and they can be written as a

function of K using the kernel trick. That is, (4.3.3T)) becomes

é\’: i k(xi, €5)
B(E;, ) — 2= [9(xi) — ¢
RE)
j=1 N p?j

Z ot =<l

12 (4.3.32)
pl2j pﬁj k(xh Xk)
+ii [o0x) = ¢ lo0xe) — ¢

2 2
I=1 k=1 [ N Dij N Dij

L) —ol ) \ & Tt —e

To find the optimum ¢;, one can take the derivative of (4.3.31) with respect to ¢;
and make it equal to 0. However, to take the derivative, prior information about the
kernel function must be known. Below, Gaussian and polynomial kernel functions

are considered to calculate the centers.

e Gaussian Kernel
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When the kernel function is chosen as Gaussian kernel, (4.3.32) becomes

2 —||x;i—¢;]|2 /02 2 2 o—|x—xz]|%/0?
N p”e Hl J”/ pljpkje ”l k”/

2

S |k@.E) -2 [o(x:) — ¢l +ZZ\|¢(Xz)—cj||||¢(xk)—§j\|

] N v =1 k=1 N vi;

2. 2.

\ = lo(xi) — ¢l = [lo(xi) — ¢

(4.3.33)

Since in Gaussian kernel the distance between the object and itself is equal to 1,
k(¢;,€;) = 1 in Equation (4.3.33). Then taking the derivative of (4.3.33) with

respect to ¢; and equalizing it to O gives

1% 1 _9 ZN: p e Ix=gl*/0* 9 (x; — ¢&) 1
o 2 y py o\ o) — g a2 lo(€;) — ¢l
Z I
i=1 llo(xi) — ¢
=0.
Then
N 2 X;
A e L
g, = SIo) — ¢ (4.3.34)
’ N P2 o
STl
i=1 lo(x:) — ¢
for Gaussian kernel.
e Polynomial Kernel
If the Polynomial kernel is considered, now (4.3.32) becomes
N p?j (éfxi +a)
T
Z (éTé+a)b—2 =1 ||¢(X’L) _C]H
i €
j=1 N p?j
25—l
i=1 [lo(xi) — ¢
1/2 (4.3.35)
Py Piy (X Xk + a)’
N N
lo(x1) — ¢jl[lo(xk) — ¢
2.2 ,
I=1 k=1 [ N p?j N pfj

Z o) —ol ) \ & Tt —el
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where a and b are the predefined parameters of the Polynomial kernel.

The derivative of (#.3.35)) with respect to ¢; is

prb(c x; +a)’ 1 x;

G_VZE QbéA(ETéAjLa)b—l_Qi:l [o(x:) — ¢ 1
Z - 4
= lo(xi) — ¢
=0.
Then

N[ p% (€ X+ a)!

BRI A
& = : (4.3.36)
@& +apy
7 iz llo(xi) — ¢l

for Polynomial kernel.

4.3.1.3 Center Update

¢; values can be calculated using (4.3.34) and (4.3.36) but these equations contain

¢;’s in the denominator terms. Therefore, ¢;’s can be approximated with the image of

¢;’s from the previous iteration, so using kernel trick we obtain

(r=1\2 o
f: iy )% e i
\/2 Qk(x“ & ”)
&) = (4.3.37)
N ( (r— 1))
Z p'Lj e_HXi_ég_rfl)Hz/a2

=1 \/2—2k<x2, & ”)

for Gaussian kernel. When function % is replaced with Gaussian kernel,

becomes
(r=1\2 o

oW VX e
= T G

) 1\/2—26 [[x;—¢; Y2/02

&) = . (4.3.38)
N (il )? D2
> J e Iki=&" 12 /o

=1 \/2 9 ¢ Ixi=& " V12/02
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For polynomial kernel, ¢;’s are approximated and (4.3.36)) is obtained as

(p(r—l))z ((E(T—l))T X; +a)!

ij J

k%) — 2k (%, @) RET,E0Y)

X;

J L]

J (p(r—l))Q

)

J P

(4.3.39)

Sk x) — 20 (2, €07 RETY )

using kernel trick. Writing polynomial kernel function explicitly in (.3.39) would
give

(p(r—l))z ((E(-T_l))TXZ- + a)b—l

ij

i= - b o o
1 \/(XiT x; +a)’ — 2 <xiTé(. Dy a) + <c(. DT &

J

(4.3.40)

The centers in any iteration will be updated as (4.3.38) for Gaussian kernel and
(4.3.40) for polynomial kernel.

A new version of KPD Algorithm where the input space centers can be derived is

called KPD-C Algorithm, and Algorithm [2] provides the pseudocode of it.

4.3.2 Kernel Pd-clustering in Feature Space

KPD Algorithm defines the cluster centers in the kernel space. Since the centers in
the kernel space cannot be calculated, they are updated implicitly. In addition, the al-
gorithm proposes a method to find the approximate centers in the input space. On the
other hand, Kernel Pd-clustering in Feature Space Algorithm (KPD-F Algorithm)

defines and updates the centers in the input space.

Let ¢; be the cluster centers in the input space. Then ¢(¢;) gives the image of them in
the kernel space. To calculate the distance between each data point and their corre-
sponding clusters in kernel space, both data points and the cluster centers are required

to be mapped into kernel space beforehand as shown in Figure 4.4
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Algorithm 2: KPD-C Algorithm

10

11

12

13

14

Input : data set X, coefficient matrix B, number of clusters 7', kernel
function k, stopping criterion €, stopping criterion for centers €.
Output: probability matrix P

Initialize B to a random coefficient matrix and Calculate kernel matrix K

©0)
¥

Calculate p;:”’s in P matrix as in (4.3.24)).

Setr = 0.

T
while )~ |3,7) — 8;07Y| > e do
j=1

r=r+1

Update 3;") as in (4.3.23

Update p}) as in (4.3.24
end

Set r = 0. Use optimal probability matrix P*.
(0)

Initialize ¢; " as a random center of cluster j for j = 1,..7.
T
while > " (¢} — &V > ¢. do

j=1
r=r+1

Update éy) as in (4.3.38)) if kernel function is Gaussian, and update as in

(4.3.40) 1f kernel 1s chosen as polynomia
3.40) if k 1is ch poly 1al
end
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e

"X : ¢(xi)
\v
Input space ¢ Kernel space

Figure 4.4: Kernel Pd-clustering in Feature Space in Input and Kernel Space

Then the optimization problem becomes

min ZZ pij 16 (x:) — ¢ (&) |

i=1 j=1
T
S.t. Zp” =1 A4
j=1
pij =20 Vi, j

where ¢; represents cluster centers in input space. Let @, be a7’ x 1 vector containing
T
the images of input space centers. That is, ®. = [gb(él) o(e2) ... gb(éT)} . Then

the Lagrangian becomes

N T
L(P, @, A) = ZZP@ o (x:) = ¢ (&) | = DA (Zpijﬂ). (4.341)
i=1 j=1

=1 j=1

Taking the derivative with respect to p;; we obtain

16 (xi) — (&) . (4.3.42)

T 1

STt o @)l

DPij =
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Given p;;’s, if we take the derivative of (4.3.41]) with respect to gb(éj), we obtain
% P?j P(x;)

n (4.3.43), ¢(¢;) depends on ¢(x;)’s, which cannot be derived. Therefore, the deriva-
tive of with respect to ¢; can be calculated only when the kernel function is
known since the distance term can be rewritten using kernel trick, and ¢; becomes the
input of kernel function. We consider two kernel functions which are Gaussian and

polynomial kernels.

e Gaussian Kernel

We observe ||¢(x;) — ¢(¢;)|| can be written as

\/k:(xi,xi) — 2h(x,, &) + k(&, ¢5) \/2 —2k(xi, &), (4.3.44)

for Gaussian kernel. If we substitute the distance term in (4.3.41)) with (4.3.44),
then L becomes the function of p;;’s and ¢;’s. To take the gradient of L, we need

to know kernel function. In the case of Gaussian kernel, Lagrangian becomes

L(P,C,A) ZZ})U 2 — 2k(x;, &) ZA (Zp” ).(4.3.45)

=1 j5=1

Then for the given p;;’s the derivative of (4.3.45)) with respect to ¢; is

oL 1N 1 N
ae; 2= 2 — 2k(x;, ¢;) >
al e~ lxi—¢&l*/o?
2 A~
i=1 ’ 2— Zk(Xi,Cj)
Therefore, we obtain ¢; as
N e
2
Pij -
i:zl J 92— Qk(Xi, cj)
“= ' (4.3.46)
j N e~ lIxi=¢;]1?/0

zzp” V2 = 2k(x;, ¢;)
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e Polynomial Kernel

When the kernel function is chosen as polynomial, ||¢(x;) —¢(¢;)]| is calculated

as

l6(x) — 3@l = /(% + ) — 2%, + ) + (€7¢, + a).

Lagrangian becomes

L(P,C,A) ZZ}?M \/x X; +a)’ —2(&]x; + a)’ + (€] ¢; + a)®

=1 j=1

N T
- Z)\i (Zpij - 1) .
i=1 j=1

(4.3.47)
For given p;;’s, the derivative of (4.3.47) with respect to ¢; becomes
(_2 bx; (€7 % +a)' "+ 20¢; (€7 & + a)b_1>
pz ~ - 0
0% Z_: ’ lp(xi) — ¢(¢))l
Then
N P2,
ij <A AT A b—1 b—1
- ¢;(¢;¢;+a) —xz(c X; + a) >:0,
; lo(xi) = (&)l V777
which gives
N pfj T
Z = (é] X; =+ a)b_l X;
é] —_ =1 ||¢(XZ) gb(q?)” . (4348)
N p?j

(€ &+ )™t 2 [o(xi) — o(&;)]

4.3.2.1 Center Update

Since the denominator terms in center equations for both Gaussian and polynomial

kernels have ¢;’s, previous center values should be used when they are updated. Thus,

(4.3.46) is rearranged as

~A(r—1
e Ixi= V120

X;

S (D2
Z (pij ) D
=i V2 - 2k(x, &)
e _ (4.3.49)

1)
i s

y J
= V2~ 2k(x,, &)
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for Gaussian kernel. If function £ is replaced with Gaussian kernel, then (4.3.49)

becomes

~(r—1
o lIxi—&" V2 /0%

N
(r-1)
> (pij )2

; 2r=1) Xi
A(r) - \/2 — 2 Ik /0 4350
¢ = e D202 ) (4.3.50)
e "t
r—1
> ) —
=l V2 = 2 e
In the case of polynomial kernel, (4.3.48) can be rewritten as
r—1 ~(r—1 _
(w7 (&) x4 a)! ]
i ~(r—1 (r—1) A(r—1)r
o B i) T
i r— ~(r— ~(r— _ ’
(5 ) @ o)

N
>
S ke x) — 2k(x, @) RET, &)

which gives
P2 (@) %+ )

)
- \/ (% + ) =2 (<o) + a)b + (0@ )T &) + a)

- \/ (x4 a) =2 (o)) +a) + (o€ )T o0&l V) +a) ’
(4.3.51)

4.3.2.2 Probability Update

Upon completing the center updates in the input space, p;;’s are updated using ¢,

J
Then @.3.42)) becomes




Distance terms in the denominator terms of the probability update is a function of &,

and it refers to

py = B : (4.3.52)

4.3.2.3 KPD-F Algorithm

This algorithm defines and updates the centers in the input space. Since they are
introduced in the input space, they are known explicitly. After the center update,
probabilities are updated accordingly. Pseudocode of KPD-F Algorithm is given in
Algorithm 3]

Algorithm 3: KPD-F Algorithm
Input : data set X, number of clusters 7', kernel function k, stopping

criterion ¢

Output: probability matrix P
0
J

k(x;,x;) fori,l € 1,...,N.
(0)

ij

1 Initialize ¢’ as a random center of cluster 7 for j = 1, ..., T and Calculate

’s in P matrix as in (4.3.52).

18

Calculate p

3 Setr =0.

>N

T
while 3" [¢!” —¢"™V| > ¢ do
j=1

5 r=r-+1

6 Update ég-r) as in (4.3.50)) if kernel function is Gaussian, and update as in

(#.3.51)) if kernel is chosen as polynomial

7 Calculate k(xi,é(r)) foriel,.,N,j¢€1,...T

J
8 | Update p” asin (4.3.52

]

9 end
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CHAPTER 5

KERNEL PROBABILISTIC DISTANCE CLUSTERING WITH
MAHALANOBIS DISTANCE

We consider Euclidean norm in the algorithms explained in Section[4.3] In this chap-
ter, following the ideas in [36]], we study the statistical distance (i.e., Mahalanobis
distance) in the kernel algorithms, where the correlation between the data features
is considered. First, we introduce two Kernel Mahalanobis distance functions. Later,

Kernel probabilistic distance clustering with Mahalanobis distance will be introduced.

5.1 Kernel Mahalanobis Distance

Consider we have an m x n data set X, where n shows the number of data points
and m is that of features in the input space. Therefore, each data point x; is an m-
dimensional column vector, ¢ = 1,...,n. Function ¢ represents the mapping from
original space to Hilbert Space 7 (or kernel space), i.e. ¢ : X — . In this
mapping, the dimension of the vectors is changed to s. Therefore, ¢(x;) becomes

s X 1 vector.

Let @ contains the mapping of each data point x;. Then @ is an s X n matrix shown

as ® = [¢(x1)...0(Xy)],,,- The mean of ¢(x;)’s are calculated as

1 .n 1
¢u=>5§;¢@0=:ﬁ®L“ (5.1.1)

where 1,, is a column vector of 1’s. If data point ¢(x;) is centered with ¢’u’ it 1is

denoted by

o(xi) = o(x;) — P, - (5.1.2)
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Using (5.1.1), we can write (5.1.2) as

- 1
(xi) = o(x;) — Ean- (5.1.3)

Let & represent the matrix of centered data points x;, ¢ = 1, ..., n. Then

$ = [&(xl)...&(xn)} —®—¢,1". (5.1.4)
We can substitute (5.1.1)) in (5.1.4) for ¢ ,and obtain
b=--21,1 = L, — 1,1, . (5.1.5)
n n
Then (5.1.5) can be written as
® = H, (5.1.6)

where H is an n X n centering matrix shown as
1
T
H=1,, — Elnln :

H matrix has some properties. The transpose and square of H is equal to itself. That

is, H=H" = H%.

The covariance operator in the Hilbert Space, shown as C : 7 — J¢, operates on

o(x) € A as

n

Cot = -3 (9(x) — 6,) (6(x) — ¢, 6(x). (5.7
i1
We know that (¢(x;) — ¢,) is equal to ¢(x;), so (5.1.7) can be written as
Co) = -3 dx)dx)6(x) = BB o(x).

i=1
Using (5.1.6), C becomes
1

n

1

. 1 1
C=-%% = —®HH"®” — ~PHH®” = —dHD" .
n n n

Remember that ® is the matrix of centered data points in kernel space. Then using
(5.1.6), centered kernel matrix (i.e., the matrix containing the inner products of all

centered kernels of data points) is

K=4" & — H6'®H — HKH,
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where

K=®"®. (5.1.8)

th

For instance, the entry in ' row and /** column in K gives the inner product of

centered kernels of data points x; and x;.

Let k, be a column vector whose i*" element represents the inner product of x and x;

in the kernel space. That is,

Ry = [0, %), o k(%% = BTH(x) (5.19)
Then the inner product of ¢(x) with other centered kernel data points ¢(x;)’s is

—® (x). (5.1.10)

When (5.1.6) is substituted into (5.1.10)), we obtain

ke = (®H)" $(x) = HT®T4(x) = H (@T(;B(x)) . (.1.11)
Using ¢(x) in (5.1.2), (5.1.11)) becomes
ke =H(®" (¢(x;) — ,)) =H (2" ¢(x;) — @7 9,,) . (5.1.12)

We know from (5.1.9) that & ¢p(x;) in (5.1.12) is equal to ky. Moreover, by substi-

tuting (5.1.1) for ¢, into (5.1.12) we get

k,=H <k - —@Tm ) (5.1.13)
Using (5.1.8) for &7 ®, (5.1.13) becomes
k, = H <1‘(X — lK1n> . (5.1.14)
n

The inner product of kernel of x with itself is shown as k(X, X) or ky. That is,

b = 9(x) D(x) . (5.1.15)

When £y is for the centered data points, we obtain

b = 0(x)T(x) . (5.1.16)
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Using (5 - for q§ ) in ( m ) we get

i = <¢<x> - %%)T (¢<x> - %@ln)

2 1
= 6(x)"0(x) — ~1,®T0(x) + — (@1,)" (P1,) .
Substituting ( m for o(x - for & ( and - for &7 ® gives

~ 2 1

ke = kyx — 1Tk + 1TK1

5.2 Kernel Mahalanobis Distance for Invertible Covariance

The kernelized Mahalanobis distance is

dic(x) = djc(6(x); {#,, C}) = (6(x) — ¢,)" CH((x) — B,,).

Therefore, the covariance matrix must be invertible to calculate the Mahalanobis dis-
tance. It restricts the dimension of 7# to a finite dimension, which is s and s < n. )

has a singular value decomposition, which is
d = UTV”. (5.2.1)

Note that U € R***, V € R™*", and ¥ € R**", where U and V contain the eigenvec-
tors and the eigenvalues are in the diagonals of 3 matrix. Then the covariance matrix

can be written as
C=-9d . (5.2.2)
Using (5.2.1)), the covariance in can be rewritten as
C-= %UEVT (usvh)’ = %UZVTVETUT.

By using the orthogonality of U and V matrices, we know that U"U = I .and V'V =

I. Then we obtain
1
Cc=-uxxu”
n

and

letoymsn)”

n

ur. (5.2.3)
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If both sides of |D are multiplied with ®, and li is substituted for ® on the

right-hand side of the equation, we obtain
%Clii) —u(zxh) 2V (5.2.4)
Note that K = &' &. Following the SVD, it is equal to
K=vV'U"usv’ = ve'sv’,

If & is invertible, then X! exists. If ® is not invertible, we can find the pseudoinverse
of 3, denoted by >, In this case, we assume that ® is not invertible, therefore X
is singular and pseudoinverse of it should be calculated. X' is found by taking the
reciprocal of the diagomal elements, i.e., eigenvalues, and then taking the transpose
of the matrix. Since 3. is singular, 7% is also non-invertible. Therefore, we find the

pseudo-inverse of 12, shown as RT, as
K =V (='s) v
By multiplying both sides with @ from the left, we get
K =&V (275) V7. (5.2.5)
When we substitute into ® on the right-hand side of , we obtain

3K =Us (=7%) VT, (5.2.6)

Note that (5.2.4) and are equal to each other. Therefore, we obtain

S~ 1 -
K =-C'd. (5.2.7)
n
1 ~ ~T ~
We know that C = —®® from (5.2.2). Therefore, using (5.1.3) C ¢(x) can be
n
written as
~ | 1
Co(x) = —dd ((b(x) - —<I>1n> . (5.2.8)
n n

By substituting the transpose of |D into ® in li we get

Co(x) = %@H@T (¢(x) — %%) _1%m (@qu(x) — %@Tmn) . (529

n
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Note that &7 ¢(x) is equal to k, and ®”® is K. Then (5.2.9) will be
1= -1

Cit) = i (k- K1, ) |
n n

and using (5.1.14), it leads to

Co(x) = %ci)l}x. (5.2.10)

We know that C' is invertible. Using (5.2.10), we obtain
1
$(x) = —C~ ' ®k,. (5.2.11)

Substitute (5.2.7) into (5.2.1T)) and get

d(x) = ®K k. (5.2.12)
Therefore, kernelized Mahalanobis distance for invertible covariance becomes
~ 1z ~-|- ~
d2o(x) = x); {#,,C}) = d(x)"C'(x) = ¢(x)"C 'K ky.  (5.2.13)

Note that when C~'@® is obtained from (5 and substituted into (5.2.13)), the dis-

tance function becomes

B2 (x) = o (6(x); {,, C}) = nd(x)T 8K K'ky

— 3()TC'G(x) = nky (IN<T)2 K, . (5.2.14)

5.2.1 Mahalanobis Distance between Two Data Points

Please note that (5.2.14) refers to the distance between ¢(X) and the mean of the data
set. However, we can find the distance between two data points which are centralized

in kernel space, say ¢(x) and ¢(y). Mahalanobis distance function can be written as

dfo(& y) = dfc( ’ {¢W~C} ) (5.2.15)
= [o(x) - ¢(Y)]T C™ [o(x) — o(y)].
Following the difference between ¢(x) and (y) is
O(x) — oly) = 2K [ky — Ky (5.2.16)



When (5.2.16) is substituted into (5.2.15]), Mahalanobis distance becomes

Eo(x,y) = [6(x) — d(y)]" € BK [y — k] (5.2.17)

For C™! & in (5.2.17)), lb is substituted and we get

Bo(x,y) = n[6(x) — o))" & (K')?[k, — k] .

Following (5.1.10), ¢(x)T ® and ¢(y)” @ are equal to l~(XT and R;F, respectively. There-

fore, we obtain the Mahalanobis distance between the centralized data points x and y

in the kernel space as

T2~ :

dic(%,y) = dic(6(x), 6(y); {,, C}) = n [k — k" (K')[ks — Ky

5.3 Kernel Mahalanobis Distance for Regularized Covariance

When the dimension of 7 is higher than n or infinite, the covariance operator is
non-invertible. Therefore, it is regularized so that it will not be singular. Regularized

covariance, denoted by C,.,, becomes
2 1.7 9
Creyg=Ct+o Ly =—22 +0, Ly, (5.3.1)
n

where I, is an identity matrix with Hilbert space dimension and o, is a predefined
parameter. When (5.3.1) is multiplied with ® from the right, we obtain
1

_156"% 1 021,90 (53.2)
n

C,oy®
Note that &' & is equal to K. Therefore, lb can be written as
. 1./~
Cy® = - (K + nazln> ,
n

which can be defined as

- 1.~
Creg® = ~ Ky, . (5.3.3)

where f{,.eg = Iz—l—nazln. When no? > 0, then C,., and fimg become strictly positive
definite and nonsingular. Multiplying 1b with C,. 4 from the left and f(mg from
the right gives

~~—1 1 1 &
PK. — -Cld. (5.3.4)

reg n red
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When C,, in | is multiplied with ¢(x), we obtain

d(x) + 0’Lyd(x).  (5.3.5)

Creg 0(X) = %&n}x + 02p(x) . (5.3.6)

Since C,., is invertible, multlply w1th C;.! from the left. Then

reg

P(x) = —Cregtﬁk +07C,L 0(x). (5.3.7)
Afterwards, multiplying each side of (5.3.7) with ¢(x) from the left gives

o(x)7d(x) = ~9(x)"C,, Pk + 070(x)TC, . 0(x). (5.3.8)

:I>—‘

Substitute (5.3.4) into (5.3.8)), we get

o(x)Td(x) = o(x )T<I>ngk +020(x)TC, L o(x). (5.3.9)
Then the second term, ¢(x e, ggb ,in - W111 be

o(x)7 9(x) — (x )TCI)Kregk

2

o(x)7C o (x) =

o,

which is equal to kernel Mahalanobis distance for regularized covariance, shown by

B (x). From $(x)Td(x) = s and $(x)7D =k,

djo(x) = X); {},.Creg}) = ( —k, K. Ky ) (5.3.10)

5.3.1 Mahalanobis Distance between Two Data Points

As in (5.2.14)), the expression (5.3.10) provides the distance between ¢(x) and the
mean of the centralized data points in the kernel space. Following (5.3.10), we can
also find the distance between two centralized data points in the kernel space. Using

the equation in (5.3.7)), the difference between two data points will be
¢(X) - (b(y) Creg(ﬁ[k - k ] + Ugcreg [(b( ) - é(YH . (531 1)
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If we multiply both sides with [¢(x) — ¢(y)]”, it becomes

[p(x) — d(¥)]" [d(x) — (y)] = l[9?5(X) — o(¥)]"C,y B[k — k]
n ) (5.3.12)

+ 07 [6(x) — o))" Coyl(x) — S(¥)]

When (5.3.4) is substituted for — C,,eg<I> in (5.3.12), we obtain

[B(x) — 6" [D(x) — 6(¥)] = [P(x) — H(y )]T‘I’Kreg[k ~ k]
+ 07 [6(x) — S(¥)]"Crry [6(x) — S(¥)]
Then the Mahalanobis distance between ¢(X) and ¢(y) is

dio(%,Y) = dio(6(%), 6(3); {#,, C}) = — (¥ Crylo(x) — o(y)]

~ ~ ~ ~~—1

= = (160 = S BX) — 63)] — [6(x) — SR, ke ~ Ky]) - (53.13)

~T

Again from ¢(x)T ® = Rz and ¢(y)T @ = ky, (5.3.13) will be

- ~—1

17~ . - . .
dRC(X y) = 2 (Fxx — 2kixy + kyy) — (kx — ky)TKreg(kX - ky)} .

Note that l%xy is the inner product of mapped x and mapped y.

5.4 Kernel Pd-clustering with Mahalanobis Distance

Kernel Pd-clustering with Mahalanobis distance algorithm (KPD-M) uses Mahalanobis
distance as a distance measure. The Mahalanobis distance between two data points is

shown as

6 (x:) = 6(%;)l|ar = J (60x) — 0(x)) € (6(x) — 0(x,)) .

It defines and updates the cluster centers in the kernel space as in KPD Algorithm.
The cluster centers cannot be calculated explicitly; therefore, they will be written as a

linear combination of data points. Using (4.3.8)), the optimization problem becomes

min ZZp?]Hqﬁ X;) Zﬁm (i)l s (54.1)

=1 j=1
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s.t. Z pij =1 Vi

i=1

pij > 0, Vi, j

where

N

¢ (x;) — Zﬂz‘j o(xi)|[ar =

=1

(Cb (xi) — ﬁ: Bi Cb(xi))T c! <¢ (xi) — ﬁ: Bij ¢(Xi)> :

The Mahalanobis distance above will be calculated using kernel Mahalanobis dis-

tance with regularized covariance as in Section[5.3]. Rearranging (5.3.11)) gives
N ~
- Z ﬁl]¢(xl) - _Cregq)< X; Z 61] Xz)
i=1
—+ Ufcreg < N(Xi) — Z ﬁ”(;(xl)> .
i=1

(5.4.2)

Let (o(x;)— Z B3i;6(x;)) be A;;. Then multiplying each side in (5.4.2) with A7, yields

N
AL Ay = A= C,,eg<I>< Zﬁul’ix) + 0 ALCL A (5.4.3)

ij reg
=1

1
When (5.3.4) is substituted for — Creg<I>1n 5.4.3)), we obtain

reg ij —reg

AL Ay = ALOK, ) (K, Zﬁm Ky, ) + 02 ALCL Ay (5.4.4)

Note that Arc ! A;; in (5.4.4) gives the squared Mahalanobis distance between QE(XZ)

1] reg

and Z 3:;6(x;). Then the distance is found as
=1

N
ALC;L A, _012<A5A AT<I>KTeg<k _Zﬁijli,()).
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3 T
From ¢(x;)7 ® = k AT‘I> becomes < Z 3Ky > ,
I (%) Zﬁm x;) |3

= g'iT [( XiX; QZﬁl] X;X] + Zzﬁljﬁhj Xlxh) (545)

=1 h=1
(oY) Kol 3ok |

The distance in (5.4.5) considers the centered data points. Coefficient and probabil-
ity calculations in (5.4.12) and (5.4.13) use the distance between non-centered data
points. (5.4.5) can be directly used in those calculations because centering of data

points will not change the distance value. Since we need the Mahalanobis distance

N
itself, ||¢ (x;) — > Br; &(Xk)||a is equal to the square root of (5.4.5).
k=1

The Mahalanobis distance ||¢ (x;) — Z Br; ¢(Xk)|[as can be written in terms of ma-

trices and vectors. As in Section 4. 3 1 let 3, be the column vector containing all
Bi;’s for a given cluster j. K is the kernel matrix of centered data points. Thus, Ki
becomes the column of that matrix and IZM is the i*" row and i*" column element.

Representation of the Mahalanobis distance in terms of 3; and K becomes

1 [~ - - ~ o~ \T ~_
\/—2 [K — 287K, +B8'KB, - (K — K@) K, (K K3, )} . (54.6)
0-7'

Using the Mahalanobis distance obtained in (5.4.6), the objective function (5.4.1)) can
be written as

ZZ% \/ {~ ~287K,+ g/ KB, - (K- Kg,) K, (K.~ Kp, )]

i=1 j=1

Then the Lagrangian L(P, C, A) becomes

ZZ@% \/ {N ~287 K+ BT KB, - (K —ﬁﬁj)Tﬁ;g (K -~ K8, )}

=1 j5=1

N T
(w1
i=1 j=1

(5.4.7)
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The derivative of (5.4.7) with respect to 3, is found as

_iil , —2Ki+2Kp, + (2K K (K, -Kg))) 5as)
T o2 &gl dni (i, ) ’ -

where dy (i, 7) is

%[I’Zii—wff(ﬁﬂff(ﬁj—(K—f(ﬁjyﬁ;g(l{ KB)] (5.4.9)

r

Making (5.4.8)) equal to 0 yields

, KB, - K ngKB ~K KK,

Z 7y dni (i ] Z T dui (i, 7)

By rearranging the above equation, we obtain

(K-K'K.)K)8, Z - P ” i P (1 _CZI (ZKJ)9>K . (54.10)

MZJ

~ ~—1
Assuming that K matrix is invertible, multiplying both sides of (5.4.10) with K

from the left gives

N 2 N =

1] > _ Kz
(-, K)8, > de(z'J,j) - (K -k} > e RCRAT)

i=1

~ ~ 1 ~T
Please note that since K matrix is symmetric, K K = I. From (5.4.11)), Bj 1S

obtained as

S 48—
p .
L1 - i=1 m(i,7)
B, = <I K K> <K —Krelg> (5.4.12)
N pt
ij

For given 3,’s, p;;’s are found as by taking the derivative of (5.4.7) with respect to
pi; S. We obtain

pij = : (5.4.13)




5.4.1 KPD-M Algorithm

KPD-M Algorithm updates the cluster centers implicitly as in KPD Algorithm.

Therefore, it is enough to update 3;’s and p;;’s only. The update rule for 3,’s becomes

N (Pgﬁl))Q K;

o\ =1/ — iog)(r=1)
B0 = (1-K 4 K) (R -k ST s
N (pTY)?
PP

i=1 dM(Z}j)(r*l)

After all 8,’s are updated, using new 3; values p;;’s will be updated as

) = : (5.4.15)

t=1 dM(Zv t)('r‘)

The pseudocode of KPD-M Algorithm is given in Algorithm

Algorithm 4: KPD-M Algorithm
Input : data set X, coefficient matrix B, number of clusters 7', kernel

function k, stopping criterion ¢, regularization parameter o,
Output: probability matrix P
1 Initialize P to a random probability matrix and B to a random coefficient
matrix and Calculate K (x;,x;) and léxm fori,l€1,...,N, l~(xi for
icl,..,N,andK,,.

2 Calculate p{s in P matrix as in (5.4.15).
3 Setr = 0.
£l 1
4 while > |B§T) - BEF )| > edo
j=1
5 r=r+1
6 | Update B\ asin (5.4.14

7 | Update p? as in (5.4.15

8 end
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CHAPTER 6

EXPERIMENTAL STUDY

In this section, experimental study for the proposed algorithms KPD, KPD-F, and
KPD-M are conducted. These algorithms are coded in MATLAB R2021b, and they
are run using a computer with Intel Xeon E2246G, having a 3.6 GHz processor, and
16 GB RAM. For each algorithm, real data sets from UCI machine learning repository
and synthetic data sets are used for the experiments, and performance of them are
measured. The experiment results of the proposed algorithms are compared with the
best known results coming from soft kernel methods for each data set. These results

are taken from the study [29] with the algorithms of KFCM-F and KFCM-K.

Eight real data sets are chosen from UCI machine learning data sets [37], namely
Iris, Wisconsin Diagnostic Breast Cancer, Wine, Wisconsin (Original) Breast Cancer
[38]], Ionosphere, Haberman, Sonar, and SPECT data sets. For the synthetic data sets,
different patterns of data are generated, and they are named as Ring, Line, Dense,
Fuzzy X, Parabolic, and Noisy Ring data sets. All data sets are normalized to have

zero mean and one standard deviation.

Polynomial (P) and Gaussian (G) kernel functions are used for the experimentation.
For the kernel functions, several parameter values are explored. Table [6.1] shows the

parameter settings for the kernel functions.
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Table 6.1: Parameter settings for kernel functions

Kernel Function | Parameter Value

a 0,1,2,3,4,5,6,7,8,9, 10, 11, 12, 20, 30, 40, 50
Polynomial

b 2,3,4,5,6,7,8,9,10, 11, 12
Gaussian o 0.01, 0.02, 0.05, 0.1-10%, 20, 30, 40, 50, 60, 70, 80, 90, 100

* Values are incremented by 0.1 starting from 0.1 until 10.

Here, polynomial kernel has two parameters to be determined, constant a and expo-
nent b. For the constant a, 17 different values ranging between 0 and 50 are tested.
The values for the exponent term b vary between 2 and 12. Therefore, 17 x 11 differ-
ent parameter setting is experimented for each algorithm that use polynomial kernel

to determine the kernel parameters.

Gaussian kernel has only one parameter o. For the experimentation, 112 different o
values between 0.01 and 100 are tested. For each parameter value, algorithms are run
100 times because of the randomness in the algorithms, and the parameters giving the

best result on the average accuracy are chosen for each algorithm.

For KPD-M algorithms, o, parameter used in the distance function (5.4.9) should also
be determined. Therefore, 10 different o, values, shown in Table [6.2] are tested for

both KPD-M algorithms.

Table 6.2: o, values for KPD-M algorithms

Parameter Values

oy 0.01, 0.05,0.1,0.2,0.5, 1, 2, 5, 10, 20

Among those parametres, the value that gives the best average accuracy level is set as

O

KPD and KPD-M algorithms have a stopping criterion of
T
S I8P By <1071,
j=1
That is, when the sum of the change of all the cluster coefficients becomes less than
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10719, the algorithm stops. For KPD-F algorithms, the stopping criterion is deter-

mined as

T
Z |c§T) — ch_1)| <1071,

j=1

which means that the algorithm will stop when the sum of the change in the centers
in the input space is less than 107!, In all of the algorithms, we also add another
stopping criterion that ensures that the total number of iterations does not exceed 100

in order to prevent looping.

We report the results of the algorithms for both polynomial (P) and Gaussian (G)
kernels. Since we propose three algorithms and use two kernel functions for each
algorithm, six algorithm results are provided for each data set. Note that, [29] reports
KFCM-F algorithm results for Gaussian kernel only, while giving KFCM-K results

for both of the kernel functions.

KPD-M algorithm is developed using the Mahalanobis distance with regularized co-
variance only. Mahalanobis distance with invertible covariance in Section is not

taken into account since it is not known whether the covariance matrix is invertible.

In the result tables provided for each data set, the first column gives the algorithms
to be tested with their optimal parameters. The second, third, and fourth columns
provide the best, worst, and average accuracy levels, respectively. Best accuracy is
obtained by taking the maximum accuracy level out of 100 trials. The minimum
accuracy of 100 trials is reported as worst accuracy. Average accuracy level is found
by taking the mean of the accuracy of 100 trials. Fifth column provides the average
CPU time of the algorithms. The number of times the best accuracy level is obtained

in these trials, called best hit, is supplied in the last column.

Kernel probabilistic distance clustering algorithms are soft clustering methods. There-
fore, instead of assigning a data point to a single cluster, they calculate the probability
of a data point to belong to a cluster. To make a hard clustering assignment, we assign

a data point to a cluster such that the probability of data point belonging to a cluster
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is the highest. That is, given x;,
x; € A; if j = argmax{p;;},
J
where A; is the set of data points in cluster j.

Label of a cluster is determined by choosing the majority class of data points in that
cluster. After cluster labels are specified, the original class of data points and their
assigned class coming from clusters they belong are compared. The accuracy is ob-
tained by dividing the summation of data points with correct matching into total num-
ber of data points. That is,

Z 5% Ui

=1
accuracy = ZT,
where IV is the number of objects, y; is the class of object ¢, y; is the assigned class

- 1s the Kronecker

of object ¢ (or the class of cluster that object i belongs to), and d,, 4,

delta function such that

]., lfyzzgz,

0, ify; #7i.

6%‘ Ji

6.1 Real Data Sets

UCI Machine learning data sets that are used are multivariate data sets, and each data
point belongs to a class. According to those labels, clustering accuracy is calculated

by checking whether data points having the same label are clustered together.

6.1.1 Iris Data Set

Iris data set consists of three classes and four attributes. Data set contains 150 objects,
and there are no missing values. Each class has the equal number of data points.
Table [6.3]shows the clustering algorithm results of the proposed algorithms and kernel
algorithms in the literature for the Iris data with three clusters. The optimal parameter

values for each algorithm are also supplied.
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When the best results are examined, KPD (G) and KPD-M (G) can construct clusters
with 100% accuracy for 11 and 8 times out of 100 trials, respectively. Variance of
the accuracy level of these algorithms are high, and they have low average accuracy.
When the average results are investigated, KPD-F (P) has the highest accuracy. It
finds 96.7% accuracy in 99 trials. On the other hand, KPD-F (G) algorithm has a high
average accuracy with no deviation. When proposed algorithms are compared with
the ones in the literature, it can be seen that KPD-F (P) and KPD-F (G) performs very
well on the average. KPD (G) and KPD-M (G) can obtain perfect clustering.

While KPD (P) has the highest CPU time, KPD-F (G) has the lowest one. However,
considering the fact that the CPU time unit is seconds, CPU time of the algorithms

are close to each other, and there are no significant difference between them.

Table 6.3: Results for Iris data set

Algorithms Best | Worst | Average Avg CPU | Best

Time (sec) | Hit
KFCM-F (G) (o = 10) 84.0% | 84.0% | 84.0% - -
KFCM-K (G) (o = 2) 85.3% | 85.3% | 85.3% - -
KFCM-K (P) (a = 15,b = 8) 88.7% | 88.7% | 88.7% - -
KPD (P) (a = 2,0 = 3) 99.3% | 66.0% | 87.4% 0.767 11
KPD (G) (¢ = 0.78) 100.0% | 66.0% | 75.0% 0.413 11
KPD-F (P) (a = 10,0 = 2) 98.7% | 56.0% | 97.2% 0.015 99

KPD-F (G) (o = 7.8) 96.7% | 96.7% | 96.7% 0.009 100
KPD-M (P) (a =9,0=4,0, =10) | 97.3% | 54.0% | 78.1% 0.555 10
KPD-M (G) (6 = 0.8, 0, = 2) 100.0% | 63.3% | 77.0% 0.483 8

6.1.2 Wisconsin Diagnostic Breast Cancer Data Set

Wisconsin Diagnostic Breast Cancer data consists of 569 data points, each having
30 attributes with no missing values. There are two classes that define the data set.

Therefore, in the experiments the cluster number is set to two.
Table [6.4] indicates that when the results are examined in terms of the average accu-
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racy, KFCM-F (G) gives the highest accuracy, which is 92.8%. KPD-M (G) provides
an average accuracy of 91.5%, which is the highest accuracy compared to the results
of our proposed algorithms. The best accuracy is obtained by KPD-F (P) algorithm,
and this result is observed 31 times in 100 trials. KPD-M (G), KPD-M (P), and KPD
(P) algorithms also provide high best accuracy results. The CPU time of KPD-F

methods are the lowest while the highest time is observed in KPD (G) algorithm.

Table 6.4: Results for Wisconsin diagnostic breast cancer data set

Algorithms Best | Worst | Average Avg CPU | Best

Time (sec) | Hit
KFCM-F (G) (o = 6.32) 92.8% | 92.8% | 92.8% - -
KFCM-K (G) (o = 10) 91.6% | 91.6% | 91.6% - -
KFCM-K (P) (a = 50,b = 2) 91.2% | 91.2% | 91.2% - -
KPD (P) (a = 30,b = 2) 91.9% | 70.1% | 86.0% 12.419 3
KPD (G) (¢ = 2) 88.1% | 80.6% | 84.9% 24.309 3
KPD-F (P) (a =2,b=T7) 95.3% | 77.3% | 85.1% 0.257 31
KPD-F (G) (¢ = 9.8) 86.3% | 84.7% | 84.7% 0.109 1
KPD-M (P) (a =12,b= 2,0, =10) | 93.3% | 61.8% | 81.8% 18.617 2
KPD-M (G) (6 =9.1, 0, = 5) 94.9% | 88.1% | 91.5% 15.285 6

6.1.3 Wine Data Set

Wine data has 178 instances, each has 13 attributes. The data set consists of three
different classes, and classes have 59, 71, and 48 objects. There is no missing value.

The experiment is conducted for three clusters. Table[6.5|shows the results.

The average accuracy level of the proposed algorithm ranges between 75.4% to 78.5%.
On the other hand, the kernel algorithms in the literature yields 96-98% accuracy with
no deviation. Therefore, our algorithms does not provide good results when the aver-
age accuracy is considered. When the best accuracy values are examined, KPD (G)
and KPD-M (G) give 98.3 % and 98.9 % accuracy, respectively. They obtain the best
result two times since these algorithms have higher variance. KPD-F (G) algorithm

has the lowest variance, and gives highest average accuracy when only proposed al-
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gorithms are considered. CPU time of the algorithms are so close to each other, and

KPD-F algorithms have the minimum value.

Table 6.5: Results for Wine data set

Algorithms Best | Worst | Average Avg CPU | Best

Time (sec) | Hit
KFCM-F (G) (o = 1.41) 96.1% | 96.1% | 96.1% - -
KFCM-K (G) (0 = 3.46) 97.8% | 97.8% | 97.8% - -
KFCM-K (P) (a = 20,b = 2) 97.8% | 97.8% | 97.8% - -
KPD (P) (a = 3,0 = 2) 97.2% | 62.3% | 77.3% 0.565 5
KPD (G) (o = 1.4) 98.3% | 63.3% | 75.6% 0.401 2
KPD-F (P) (a = 2,0 = 6) 84.8% | 75.3% | 77.4% 0.078 4
KPD-F (G) (¢ = 9.8) 78.7% | 713.0% | 78.5% 0.041 93
KPD-M (P) (a =2,b=2,0, =10) | 97.2% | 62.2% | 76.9% 0.644 2
KPD-M (G) (6 =1.3,0, =1) 98.9% | 61.7% | 75.4% 0.619 2

6.1.4 Wisconsin Original Breast Cancer Data Set

This data set contains 699 data points with nine attributes. 16 data points have missing
values, therefore those objects were excluded in the experiments. The data set has two
classes with a size of 444 and 239 (after objects with missing values are eliminated).

Table [6.6] shows the experiment results.

KPD-M (P), KPD-F (P), and KPD-F (G) algorithms yield good results on Wisconsin
original data set, and their results are better than other kernel algorithms reported.
KPD-M (P) algorithm has the highest average accuracy rate when compared with all
of the algorithms. It finds the best result 92 times. The worst result it gives is 96.3%.
KPD-F (P) and KPD-F (G) algorithms find the second highest average accuracy rate.
These algorithms have zero variance, and they have the smallest CPU time. KPD
(G) provides 96.6% accuracy with no deviation, and beats KFCM-K (P) algorithm.
However, it is costly in terms of CPU time. KPD (P) has the highest best accuracy
level, which is observed 62 times in 100 trials. It has a higher average accuracy level

although it has a deviation. KPD-M (G) is the only algorithm that does not find a
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good result. Its clustering accuracy is the lowest compared to all the algorithms.

Table 6.6: Results for Wisconsin (Original) breast cancer data set

Algorithms Best | Worst | Average Avg CPU | Best
Time (sec) | Hit
KFCM-F (G) (o = 1.41) 97.1% | 97.1% | 97.1% - -
KFCM-K (G) (6 = 6.32) 97.1% | 97.1% | 97.1% - -
KFCM-K (P) (a = 50,0 = 2) 95.2% | 95.2% | 95.2% - -
KPD (P) (a =40,b=17) 97.7% | 714.5% | 96.4% 12.894 62
KPD (G) (¢ = 1.7) 96.6% | 96.6% | 96.6% 51.184 100
KPD-F (P) (@ = 50,b = 2) 97.2% | 97.2% | 97.2% 0.050 100
KPD-F (G) (o = 20) 97.2% | 97.2% | 97.2% 0.023 100
KPD-M (P) (a =12,b= 2,0, = 10) | 97.5% | 96.3% | 97.4% 27.965 92
KPD-M (G) (¢ =7.7,0, = 1) 62.8% | 62.8% | 62.8% 26.483 100

6.1.5 Ionosphere Data Set

Ionosphere data consists of 351 objects with no missing value. There are 33 features
and two classes. According to the experiment results in Table KPD and KPD-M
(G) algorithms perform better than KPD-M (P) and KPD-F algorithms in terms of
average accuracy. KPD-M (G) provides 74.5% average accuracy level, which is the
highest considering our proposed algorithms, and so close to the accuracy of KFCM-
K (G). In addition, this algorithm has small variance compared to KPD algorithms.
KPD (G) algorithm finds 74.4% accuracy on the average but with a higher variance.
KPD (P) also has a good average accuracy result, which is 74.0%. These two algo-
rithms are better than KFCM-F (G) and KFCM-K (P) algorithms in the literature in
this data set.

The best accuracy level is obtained by KPD (P), and the algorithm finds this level 3
times. On the other hand, KPD (G) has the best accuracy of 74.9%, which is achieved
84 times. KPD-M (P) and KPD-M (G) gives 76.9% and 75.5% accuracy, respectively.
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Table 6.7: Results for lonosphere data set

Algorithms Best | Worst | Average Avg CPU | Best

Time (sec) | Hit
KFCM-F (G) (o = 7.07) 70.7% | 70.7% | 70.7% - -
KFCM-K (G) (0 = 6.32) 74.6% | 74.6% | 74.6% - -
KFCM-K (P) (a = 30,b = 8) 729% | 712.7% | 72.7% - -
KPD (P) (a = 1,0 =12) 77.8% | 711.8% | 74.0% 0.479 3
KPD (G) (0 = 2) 74.9% | 52.7% | 74.4% 1.334 84
KPD-F (P) (a = 1,b =12) 77.5% | 62.7% | 64.7% 0.200 3

KPD-F (G) (c =9) 65.8% | 65.8% | 65.8% 0.033 100
KPD-M (P)(a =1,b=12,0,=2) | 76.9% | 62.7% | 64.7% 11.987 1
KPD-M (G) (6 =9, 0, = 5) 75.5% | 73.2% | 74.5% 1.639 7

6.1.6 Haberman Data Set

Haberman’s Survival data has 306 objects with three features with no missing value.

There are two classes which represent whether the patients survived. The experiment

results of this data set is given in Table[6.8]

Except KPD-M (G), all the proposed algorithms yield good accuracy results with

low variance when compared with the algorithms in the literature. KPD (P) has the

highest average accuracy, which is 74.6%. Moreover, it has a low CPU time. The

average accuracy of KPD (G) and KPD-F algorithms are 73.5%, and KPD-M (P) has

73.7% accuracy on the average. KPD-F (P) algorithm has no variation. Based on the

best accuracy levels, KPD (P) leads the way since it has 75.2%. Then comes KPD-F
(G) and KPD-M (P) with 74.2%. Although the KPD-M (P) provides good accuracy,
its average CPU time is the highest, which is 44.378 seconds. On the other hand,

KPD-M (G) results are not promising.
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Table 6.8: Results for Haberman data set

Algorithms Best | Worst | Average Avg CPU | Best

Time (sec) | Hit
KFCM-F (G) (o = 0.71) 73.8% | 73.8% | 73.8% - -
KFCM-K (G) (o = 10) 73.5% | 713.5% | 73.5% - -
KFCM-K (P) (a =4,b=4) 73.9% | 73.9% | 73.9% - -
KPD (P) (a = 3,0 =38) 752% | 713.2% | 74.6% 0.433 4
KPD (G) (o = 9.8) 73.9% | 73.4% | 73.5% 1.025 1

KPD-F (P) (a = 0,b = 6) 73.5% | 73.5% | 73.5% 0.011 100
KPD-F (G) (¢ = 0.01) 74.2% | 712.9% | 73.5% 0.001 18
KPD-M (P) (a =1,0 =12,0, = 10) | 742% | 73.2% | 73.7% 44.378 6
KPD-M (G) (¢ = 0.02, o, = 20) 72.5% | 57.5% | 65.3% 1.503 5

6.1.7 Sonar Data Set

This data set has 208 data points. Each object has 60 features and belongs to one

of two clusters. According to the experiment reuslts reported in Table [6.9, KPD-F

algorithms performs better on the average accuracy and outperforms KFCM-F and

KFCM-K algorithms.

Based on the best accuracy levels obtained in these runs, KPD-M (P), KPD (P), and
KPD (G) give the highest best accuracy of 73.1%, 72.6%, and 70.2%, respectively.

However these algorithms have high variance, and their average accuracy results are

low compared to KPD-F algorithms. Moreover, the best value is observed 3 times

only. KPD-F algorithms, on the other hand, observes the best accuracy levels approx-

imately 90 times, and they provide lower variance. All the algorithms have low CPU

time since they can perform in less than one second on the average.
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Table 6.9: Results for Sonar data set

Algorithms Best | Worst | Average Avg CPU | Best

Time (sec) | Hit
KFCM-F (G) (o = 4) - - 61.4% - -
KFCM-K (G) (¢ = 10) 56.3% | 56.3% | 56.3% - -
KFCM-K (P) (a = 50,b = 2) - - 59.2% - -
KPD (P) (@ = 20,b = 2) 72.6% | 52.5% | 57.2% 0.368 3
KPD (G) (0 = 2) 70.2% | 53.8% | 56.4% 0.361 3
KPD-F (P) (a =40,b=17) 63.9% | 63.5% | 63.9% 0.027 94
KPD-F (G) (¢ = 3.3) 62.5% | 61.1% | 62.0% 0.020 96
KPD-M (P) (a = 50,0 = 2,0, =5) | 73.1% | 54.9% | 59.1% 0.572 3
KPD-M (G) (o = 8.6, 0, = 10) 63.5% | 51.9% | 56.3% 0.459 3

6.1.8 SPECT Data Set

SPECT Heart data set has 80 training and 187 test objects. Both training and test data

is used in this experiment. There are 22 features and two classes. No missing value

is observed. Table provides the results of the algorithms on SPECT data.

All of the algorithms perform well when the average accuracy level is considered. Av-

erage accuracy level of the proposed algorithms range from 84.1% to 84.6% whereas
that of KFCM-F and KFCM-K algorithms vary between 79.4 % and 84.3%. KPD
(G), KPD-F algorithms, and KPD-M (G) provide good results with no variation, and
KPD-M (P) and KPD-F (G) outperform all other algorithms. KPD-M (P) gives the

highest best accuracy 50 times out of 100 trials. KPD (P) has a variance but on the

average and best accuracy, it performs well. The average CPU time of all algorithms

are low, and that of KPD-F algorithms are the lowest.
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Table 6.10: Results for SPECT data set

Avg CPU | Best

Algorithms Best | Worst | Average

Time (sec) | Hit
KFCM-F (G) (¢ = 0.32) - - 80.4% - -
KFCM-K (G) (o = 0.22) 84.3% | 84.3% | 84.3% - -
KFCM-K (P) (a = 50,b = 2) 79.4% | 79.4% | 79.4% - -
KPD (P) (a = 0,b = 3) 84.6% | 719.4% | 84.1% 0.922 35
KPD (G) (o = 0.02) 84.3% | 84.3% | 84.3% 0.779 100
KPD-F (P) (a = 5,b=3) 84.1% | 84.1% | 84.1% 0.062 100
KPD-F (G) (¢ = 2) 84.6% | 84.6% | 84.6% 0.021 100

KPD-M (P) (a = 30,b = 3, 0, = 10) | 85.8% | 80.5% | 84.5% 1.066 50
KPD-M (G) (¢ = 0.02, 0, = 0.1) 84.3% | 84.3% | 84.3% 1.023 | 100

6.2 Synthetic Data Sets

Synthetic data sets are created to measure the performance of the proposed algorithms
where the data set cannot be separated linearly. It is difficult to cluster these data sets
using traditional clustering algorithm. The experimentation on these data sets reflects

the performance of kernel-based clustering on extreme clusters.

Figure [6.1] provides six synthetic data sets that are constructed for this section. These
are ring, line, dense, fuzzy X, parabolic, and noisy ring data. Each data set has two
clusters, colored by red and blue dots. For the noisy ring, black objects refer to the

noise that does not belong to any cluster.

6.2.1 Ring Data Set

In this data set, there is an inner and an outer ring that should be clustered. Each ring
consists of 200 data points. Table provides the experiment results on ring data

set. Note that for each algorithm, number of clusters is taken as two.
KPD (P) and KPD-M (P) are the two algorithms that can separate the rings and cor-
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(e) Parabolic data set (f) Noisy ring data set

Figure 6.1: Synthetic data sets
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rectly clusters all data points with no variation. Based on the CPU time, KPD-M (P)
is less costly. The performance of KPD-F algorithms are not promising since they
cannot correctly cluster the data set in any of the trials. The KPD (G), on the other
hand, can separate the data correctly only 5 times. KFCM-K algorithms in the litera-
ture can also provide the best results always while KFCM-F (G) is not successful at

separating the rings.

Table 6.11: Results for Ring data set

Algorithms Best Worst | Average Avg CPU | Best

Time (sec) | Hit
KFCM-F (G) (¢ = 0.22) - - 76.3% - -
KFCM-K (G) (o = 2.83) 100.0% | 100.0% | 100.0% - -
KFCM-K (P) (¢ = 15,0 = 8) 100.0% | 100.0% | 100.0% - -

KPD (P) (a =0,b=4) 100.0% | 100.0% | 100.0% 19.233 100
KPD (G) (¢ = 0.4) 100.0% | 50.0% | 72.7% 0.073 5
KPD-F (P) (a = 0,b = 2) 783% | 50.0% | 62.5% 0.044 1
KPD-F (G) (¢ = 0.3) 92.8% | 50.0% | 63.4% 0.001 4

KPD-M (P) (¢ =1,b=11, 0, = 10) | 100.0% | 100.0% | 100.0% 8.804 100
KPD-M (G) (¢ = 0.4 0, = 10) 97.0% | 52.3% | 75.0% 8.230 2

6.2.2 Line Data Set

Line data set has two clusters. The first one is a line, and the second cluster is a
sphere-like shape near the line. Each cluster contains 200 objects. Based on the
experimental results provided in Table kernel fuzzy algorithms obtain 100%
accuracy. However, in KFCM-F (G) and KFCM-K (P) algorithms, these results are

obtained when the cluster number is set to four.

Therefore, in our experimentation, we first run the algorithms for two-cluster case,
which is more accurate considering the behavior of the data set. Then, based on
the accuracy results for two clusters, we rerun some of the algorithms by setting the

cluster number as three and four in order to improve the clustering results.
All of the proposed algorithms can cluster the line data set with 100% accuracy. KPD
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(a) KPD-F (P) result (b) KPD-F (G) result

Figure 6.2: Results of KPD-F algorithms on line data set when 7' = 4

and KPD-M algorithms can obtain perfect clusters when the cluster number is taken
as two. However, the reported results of KPD-F algorithms are when there are four
clusters (1" = 4). Figure shows the clusters obtained by KPD-F (P) and KPD-F
(G) when T'is four. KPD-F (P) divides the line and the sphere into two. KPD-F (G)
groups the sphere as one cluster and the line as three clusters. When CPU times of the
algorithms are compared, KPD-F algorithms are the fastest while KPD and KPD-M

algorithms run slower.

Table 6.12: Results for Line data set

Algorithms Best Worst | Average Ave CPU | Best
Time (sec) | Hit
KFCM-F (G) (6 =1, T = 4) 100.0% | 100.0% | 100.0% - -
KFCM-K (G) (¢ = 0.71,T = 2) 100.0% | 100.0% | 100.0% - -
KFCM-K (P) (a = 30,6 =2,T = 4) 100.0% | 100.0% | 100.0% - -
KPD (P) (a=3,b=4,T =2) 100.0% | 100.0% | 100.0% 12.454 100
KPD (G) (c =0.5,T = 2) 100.0% | 100.0% | 100.0% 14.322 100
KPD-F (P) (a = 10,0 =9,T =4) 100.0% | 100.0% | 100.0% 0.224 100
KPD-F (G) (c =1.4,T =4) 100.0% | 100.0% | 100.0% 0.055 100
KPD-M (P) (a =4,b=5,T =2, 0, = 10) | 100.0% | 100.0% | 100.0% 12.282 100
KPD-M (G) (6 =09, T =2,,0, =5) 100.0% | 100.0% | 100.0% 8.521 100
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6.2.3 Dense Data Set

Dense data set has a cluster that is cumulative on the upper left corner and another
cluster that spreads uniformly in a range. Each group has 100 objects. According
to the results presented in Table KFCM-K (G) algorithm can cluster the dense
data with 100% accuracy using two clusters only. KFCM-K (P) and KFCM-F (G)
obtains 99.5% and 98.8% accuracy, respectively, and KFCM-F (G) has a variation. In
addition, these two algorithms obtain these accuracy levels when the cluster number

18 set to siX.

From the proposed algorithms, KPD and KPD-M algorithms with both polynomial
and Gaussian kernels yield 100% accuracy when they are run for two clusters. The
CPU time of these algorithms are close to each other and less than one second except
KPD (P) algorithm. For KPD-F (P), the best accuracy level is observed when number
of clusters is fixed to three. With this way, KPD-F (P) correctly clusters the dense
data. On the other hand, KPD-F (G) algorithm gives its best result when the cluster
number is set to four. On the average, it provides 96.6% accuracy, and it reaches
100% accuracy only once. KPD-F algorithms are the fastest ones when their CPU

time is considered.

Table 6.13: Results for Dense data set

Algorithms Best Worst | Average Avg CPU | Best
Time (sec) | Hit
KFCM-F (G) (¢ =7.07,T = 6) - - 98.8% - -
KFCM-K (G) (6 =0.32,T = 2) 100.0% | 100.0% | 100.0% - -
KFCM-K (P) (¢ =2,b=4,T = 6) 99.5% | 99.5% | 99.5% - -
KPD(P) (a=0,0=3,T =2) 100.0% | 100.0% | 100.0% 1.180 100
KPD (G) (¢ =0.2, T =2) 100.0% | 100.0% | 100.0% 0.620 100
KPD-F(P)(a =2,b=7,T = 3) 100.0% | 100.0% | 100.0% 0.070 100
KPD-F (G) (6 = 0.8, T =4) 100.0% | 91.0% | 96.6% 0.013 1
KPD-M (P) (a =3,0=5,T =2, 0, = 10) | 100.0% | 100.0% | 100.0% 0.571 100
KPD-M (G) (6 =03, T =2,0, = 1) 100.0% | 100.0% | 100.0% 0.586 100
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6.2.4 Fuzzy X Data Set

Fuzzy X data is one of the most challenging data sets since objects from two clusters
intersect with each other in the middle. Therefore, it would be difficult to separate
the clusters. The experiments are reported for two clusters only since increasing
the number of clusters does not affect the accuracy levels. Table [6.14] provides the

accuracy levels of each algorithm.

Based on the average accuracy levels, KPD-M (P) outperforms all of the algorithms.
However, it has a higher variance. The average accuracy value of KPD-F (P) provides
the second highest accuracy, and KPD-F (P) has a lower variance when compared
with all other algorithms. From the kernel-based fuzzy algorithms, KFCM-K (P)
gives the highest accuracy on the average, which is 75.6%. KFCM-K (G) is the
one with the lowest average accuracy level when compared with all the algorithms.
When the best acuracy is examined, KPD-M (P) provides the highest result 11 times,
which is 96.8%. Then comes KPD-M (G) and KPD algorithms. Figure [6.3] shows
the clusters obtained by KPDM (P) algorithms with best and average accuracy levels,

respectively.

(a) Average KPD-M (P) result (b) Best KPD-M (P) result

Figure 6.3: Results of KPD-F algorithms on line data set when 7' = 4

We can conclude that considering the average results, Mahalanobis distance has a
distinguished effect on explaining the clusters. However, KPD-F (P) is the most con-

sistent algorithm since it performs the best result almost half of the trials.
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Table 6.14: Results for Fuzzy X data set

Algorithms Best | Worst | Average Avg CPU | Best
Time (sec) | Hit
KFCM-F (G) (o0 = 1.41) - - 69.5% - -
KFCM-K (G) (o = 1.41) - - 52.0% - -
KFCM-K (P) (a = 0,0 = 2) - - 75.6% - -
KPD (P) (a = 8,0 =11) 87.8% | 50.3% | 61.1% 3.954 4
KPD (G) (c =0.2) 86.8% | 50.0% | 58.4% 7.630
KPD-F (P) (a = 0,0 = 2) 76.8% | 75.0% | 75.8% 0.027 48
KPD-F (G) (¢ = 0.8) 73.5% | 50.5% | 66.5% 0.023 8
KPD-M (P) (¢ =0,0=2,0,=2) | 96.8% | 56.0% | 86.5% 8.515 11
KPD-M (G) (o = 0.3, 0, = 9) 89.0% | 50.0% | 55.2% 8.511 2

6.2.5 Parabolic Data Set

Parabolic data set consists of two parabolas having some randomness. Each parabola

contain 250 data points. The experiments are conducted for two clusters, and Table

reports the results.

From all of the algorithms KFCM-K (G) has the highest average accuracy, which is
89.0%. The average accuracy level of the proposed algorithms ranges between 84.3-
87.7%. KPD-F (P) provides an average accuracy level of 87.7% with a less deviation.
Best accuracy level is obtained by KPD (G) algorithm 31 times. KPD-M (G) gives the
second highest best accuracy, but performing it three times only. KPD-F algorithms
have less variation when compared with KPD and KPD-M algorithms. CPU times of
KPD algorithms are the highest and those of KPD-F give the lowest.

Briefly, the average results of the algorithms on the parabolic data are similar to each
other while KPD-F algorithms have a low variance and kernel-based fuzzy algorithms

has no variance.
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Table 6.15: Results for Parabolic data set

Algorithms Best | Worst | Average Avg CPU | Best

Time (sec) | Hit
KFCM-F (G) (o = 1) 88.2% | 88.2% | 88.2% - -
KFCM-K (G) (o = 1) 89.0% | 89.0% | 89.0% - -
KFCM-K (P) (a = 10,0 = 12) 87.8% | 87.8% | 87.8% - -
KPD (P) (a = 2,0 = 3) 88.4% | 81.4% | 86.0% 26.665 5
KPD (G) (o = 0.6) 90.4% | 711.2% | 86.4% 19.238 31
KPD-F(P) (a =7,b=7) 87.8% | 87.0% | 87.7% 0.182 63
KPD-F (G) (¢ =1.2) 87.2% | 86.8% | 86.9% 0.053 60
KPD-M (P) (a =1,b=3,0, =10) | 88.6% | 72.0% | 84.3% 13.257 2
KPD-M (G) (¢ = 0.9, o, = 10) 89.2% | 77.8% | 85.8% 13.668 3

6.2.6 Noisy Ring Data Set

This data set is created by adding uniform noise to ring data set. Number of noises is

determined as the 10% of the number of objects in the ring data. It is assumed that

noises does not have any cluster. Cluster accuracy is measured whether the objects

in the rings are correctly clustered. Since KPD (P) and KPD-M (P) provide the best

accuracy in the ring data set, noisy ring data set is run for these two algorithms. Table

[6.16|refers to the experiment results. Both of the algorithm correctly clusters the rings

and do not affect on the noises at all. In terms of CPU time, KPD-M (P) is faster than

KPD (P) algorithm.

Table 6.16: Results for Noisy Ring data set

. Avg CPU | Best
Algorithms Best Worst | Average
Time (sec) | Hit
KPD (P) (a =0,b=4) 100.0% | 100.0% | 100.0% 23.660 100
KPD-M (P) (¢ =1,b =11, 0, = 10) | 100.0% | 100.0% | 100.0% 10.105 100
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6.3 Comments on the Performance of the Proposed Algorithms

6.3.1 Performance on the Real Data Sets

When the performances of proposed algorithms for real data sets are compared, it
can be seen that KPD-F (G) has the lowest variance in general. It also provides good
results in terms of average accuracy in many real data sets. The performance of KPD-
F (P) depends on the data sets. Although in some data sets KPD-F (G) performs well

when it comes to best accuracy level, its performance is not steady.

KPD algorithms yield good results in terms of best accuracy. Their performances for
the average accuracy depend on data sets. They have high variance when compared
with KPD-F algorithms. Performance of KPD algorithms are promising when their
best accuracy levels are examined; therefore, they require good initialization to reduce

the variance of the results and increase the average accuracy levels.

As in KPD algorithms, KPD-M algorithms suffer from the initialization, so they do
not perform well in terms of average accuracy levels. However, according to their
best accuracy levels, they produce good results. Thus, improving the initialization

will affect the performance of KPDM-algorithms positively.

When the average CPU time of the algorithms are compared, KPD-F algorithms are
the fastest. In all of the data sets, they give results in less than a second. The speed of
KPD and KPD-M algorithms depends on the size of the data sets. When the number

of data points and features are increased, their average CPU time is adversely affected.

6.3.2 Performance on the Synthetic Data Sets

KPD algorithms perform well on synthetic data sets. In most of the cases, KPD (P)
outperforms KPD (G). These algorithms provide good results when the number of
clusters is selected as two. In addition, KPD (P) is experimented for noise data, and

it is observed that KPD (P) is noise-insensitive.

KPD-M algorithms work well on almost all synthetic data sets. KPD-M (P) algorithm

outperforms the other algorithms in data sets with intersecting clusters. In addition,
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KPD-M algorithms yield good results for two clusters. The performance of KPD-M

(P) algorithm on the noisy data shows that it is not sensitive to the noises.

When the performance of KPD-F algorithms are compared, KPD-F (P) is better than
KPD-F (G) in terms of average accuracy. In some data sets, KPD-F algorithms per-
forms well when the number of clusters are increased. KPD-F algorithms have the

lowest average CPU times than KPD and KPD-M algorithms in synthetic data.
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CHAPTER 7

CONCLUSION

Clustering is an unsupervised machine learning technique that aims to group the sim-
ilar objects and to separate dissimilar objects from each other. While doing so, it

considers an objective function and an appropriate similarity measure.

Kernel-based clustering methods are used to group the non-linearly separable data
sets in a higher dimensional space. In this space, it is assumed that the data can be
linearly separable, and traditional clustering approaches can be applied there. How-
ever, it is computationally costly to map the data into a high-dimensional space and
make a calculation in that space. Kernel functions solve this problem by allowing
us to obtain calculation results in higher dimensional space using the non-mapped
(original) data set. That is, there is no need to obtain the mapped data points to clus-
ter them in the higher dimensional space. Clustering in that space can also be made

using the objects in the original space with the help of kernel functions.

In this study, we work on a kernel-based soft clustering approach. Our focus is Prob-
abilistic Distance Clustering (P DC)) given in [2], which is a soft clustering approach
that has a basic principle saying that membership probability of an object and its
distance to a cluster are inversely proportional. We adapt kernel method to PDC

approach, and propose three novel kernel-based P DC' algorithms to the literature.

The principles of kernel-based P DC' has been developed based on PDC' principles.
Then using those principles, optimization models for this problem are generated. We
propose three novel algorithms. The first algorithm, KPD, defines and updates the
cluster centers in the kernel space implicitly. Center representation in KPD has a

novel approach. Centers are formed as the convex combination of all objects, and
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they are updated by updating the center coefficients. Moreover, an algorithm to obtain
the approximate centers in the input space is provided. The second algorithm, KPD-F,
constructs the cluster centers in the input space and applies clustering by mapping the

centers into feature space. Both KPD and KPD-F algorithms use Euclidean distance.

We also propose two kernelized Mahalanobis distance functions for feature space.
These functions differ depending on whether the covariance matrix is invertible or
not. Please note that the kernelized Mahalanobis distance functions in the literature
are developed either for squared Mahalanobis distance or by regularizing the objective
function of the clustering problem. The proposed Mahalanobis distance functions, on
the other hand, do not use these approaches in the literature. Given the covariance
matrix is non-invertible, we develop KPD-M algorithm, which is a kernel-based Ma-
halanobis P DC' method. This algorithm follows the center definition and update rule

as in KPD algorithm considering the proposed Mahalanobis distance.

Experimental study for measuring the performance of these algorithms has been con-
ducted. We test the algorithms on both real and synthetic data sets, and compare the
results with soft kernel-based clustering algorithms. The performance of the algo-
rithms in the real data sets are promising. When the best accuracy levels are exam-
ined, proposed algorithms generally outperform soft clustering methods. On the other
hand, average accuracy results show that algorithms depend on the initialization for
some data sets. For synthetic data, our algorithms work with 100% accuracy in many

data sets with requiring less number of clusters.

Kernel-based P DC' algorithms suffer from initialization since the results are strongly
dependent on the initialization, especially for real data set. As a future research di-
rection, the initialization effect should be reduced. In addition, proposed algorithms
are developed assuming that cluster sizes are given as fixed. However, data sets may
have different cluster sizes, and taking the cluster size as fixed may affect the perfor-
mance of the clustering algorithm adversely. Therefore, as another future research,

enhancing these algorithms for different cluster sizes should be considered.

The proposed algorithms are designed for a single kernel. Instead of using a single
kernel function, multiple kernel functions can be used by defining the kernel function

as a linear combination of multiple kernel functions. As a future work, kernel-based
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P DC with multiple kernels can be studied.

95



96



[1]

(2]

(3]

[4]

[5]

[6]

[7]

(8]

[9]

REFERENCES

M. Goebel and L. Gruenwald, “A survey of data mining and knowledge dis-
covery software tools,” ACM SIGKDD explorations newsletter, vol. 1, no. 1,

pp. 20-33, 1999.

A. Ben-Israel and C. lyigun, “Probabilistic d-clustering,” Journal of Classifica-
tion, vol. 25, no. 1, pp. 5-26, 2008.

A. K. Jain, M. N. Murty, and P. J. Flynn, “Data clustering: a review,” ACM
computing surveys (CSUR), vol. 31, no. 3, pp. 264-323, 1999.

A. Saxena, M. Prasad, A. Gupta, N. Bharill, O. P. Patel, A. Tiwari, M. J. Er,
W. Ding, and C.-T. Lin, “A review of clustering techniques and developments,”

Neurocomputing, vol. 267, pp. 664-681, 2017.

J. MacQueen et al., “Some methods for classification and analysis of multivari-
ate observations,” in Proceedings of the fifth Berkeley symposium on mathemat-

ical statistics and probability, vol. 1, pp. 281-297, Oakland, CA, USA, 1967.

L. Rousseeuw and P. Kaufman, “Clustering by means of medoids,” in Proceed-
ings of the statistical data analysis based on the L1 norm conference, neuchatel,

switzerland, vol. 31, 1987.

C. Iyigun and A. Ben-Israel, “Probabilistic distance clustering adjusted for clus-
ter size,” Probability in the Engineering and Informational Sciences, vol. 22,

no. 4, pp. 603-621, 2008.

C. Iyigun and A. Ben-Israel, “Semi-supervised probabilistic distance clustering
and the uncertainty of classification,” in Advances in data analysis, data han-

dling and business intelligence, pp. 3—20, Springer, 2009.

Y. Caner, “Two-mode probabilistic distance clustering,” Master’s thesis, Middle

East Technical University, 2021.

97



[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

J. C. Bezdek, Fuzzy-Mathematics in Pattern Classification. Cornell University,
1973.

J. C. Bezdek, R. Ehrlich, and W. Full, “Fcm: The fuzzy c-means clustering
algorithm,” Computers & geosciences, vol. 10, no. 2-3, pp. 191-203, 1984.

D. E. Gustafson and W. C. Kessel, “Fuzzy clustering with a fuzzy covariance
matrix,” in 1978 IEEE conference on decision and control including the 17th

symposium on adaptive processes, pp. 761-766, IEEE, 1979.

I. Gath and A. B. Geva, “Unsupervised optimal fuzzy clustering,” IEEE Trans-
actions on pattern analysis and machine intelligence, vol. 11, no. 7, pp. 773—

780, 1989.

M. Reed, Methods of modern mathematical physics: Functional analysis. Else-
vier, 2012.

B. Scholkopf, A.J. Smola, F. Bach, et al., Learning with kernels: support vector

machines, regularization, optimization, and beyond. MIT press, 2002.

S. Y. Kung, Kernel methods and machine learning. Cambridge University Press,

2014.

M. A. Aizerman, “Theoretical foundations of the potential function method in

pattern recognition learning,” Automation and remote control, vol. 25, pp. 821-

837, 1964.

C. Cortes and V. Vapnik, “Support-vector networks,” Machine learning, vol. 20,

no. 3, pp. 273-297, 1995.

B. Scholkopf, A. Smola, and K.-R. Miiller, “Nonlinear component analysis as a
kernel eigenvalue problem,” Neural computation, vol. 10, no. 5, pp. 1299-1319,
1998.

M. Girolami, “Mercer kernel-based clustering in feature space,” IEEE transac-

tions on neural networks, vol. 13, no. 3, pp. 780-784, 2002.

D.-Q. Zhang and S.-C. Chen, “Kernel-based fuzzy and possibilistic c-means
clustering,” in Proceedings of the international conference artificial neural net-

work, vol. 122, pp. 122-125, 2003.

98



[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

Z.-d. Wu, W.-x. Xie, and J.-p. Yu, “Fuzzy c-means clustering algorithm based
on kernel method,” in Proceedings Fifth International Conference on Compu-
tational Intelligence and Multimedia Applications. ICCIMA 2003, pp. 49-54,
IEEE, 2003.

D.-Q. Zhang and S.-C. Chen, “A novel kernelized fuzzy c-means algorithm with
application in medical image segmentation,” Artificial intelligence in medicine,

vol. 32, no. 1, pp. 37-50, 2004.

H. Shen, J. Yang, S. Wang, and X. Liu, “Attribute weighted mercer kernel based
fuzzy clustering algorithm for general non-spherical datasets,” Soft Computing,

vol. 10, no. 11, pp. 1061-1073, 2006.

Y. Ding and X. Fu, “Kernel-based fuzzy c-means clustering algorithm based on

genetic algorithm,” Neurocomputing, vol. 188, pp. 233-238, 2016.

Z. Li, S. Tang, J. Xue, and J. Jiang, “Modified fcm clustering based on ker-
nel mapping,” in Object Detection, Classification, and Tracking Technologies,

vol. 4554, pp. 241-245, SPIE, 2001.

S.Zhou and J. Q. Gan, “Mercer kernel, fuzzy c-means algorithm, and prototypes
of clusters,” in International Conference on Intelligent Data Engineering and

Automated Learning, pp. 613—-618, Springer, 2004.

D. Z. S. Chen, “Fuzzy clustering using kernel method,” IEEE, Nanjing, China,
2002.

D. Graves and W. Pedrycz, “Kernel-based fuzzy clustering and fuzzy clustering:
A comparative experimental study,” Fuzzy sets and systems, vol. 161, no. 4,
pp- 522-543, 2010.

M. Filippone, F. Camastra, F. Masulli, and S. Rovetta, “A survey of kernel and
spectral methods for clustering,” Pattern recognition, vol. 41, no. 1, pp. 176—

190, 2008.

N. Baili and H. Frigui, “Fuzzy clustering with multiple kernels,” in 2011 IEEE
International Conference on Fuzzy Systems (FUZZ-IEEE 2011), pp. 490-496,
IEEE, 2011.

99



[32]

[33]

[34]

[35]

[36]

[37]

[38]

I. Dagher, “Fuzzy clustering using multiple gaussian kernels with optimized-
parameters,” Fuzzy Optimization and Decision Making, vol. 17, no. 2, pp. 159-
176, 2018.

H.-C. Huang, Y.-Y. Chuang, and C.-S. Chen, “Multiple kernel fuzzy clustering,”
IEEE Transactions on Fuzzy Systems, vol. 20, no. 1, pp. 120-134, 2011.

S. Zeng, X. Wang, X. Duan, S. Zeng, Z. Xiao, and D. Feng, “Kernelized ma-
halanobis distance for fuzzy clustering,” IEEE Transactions on Fuzzy Systems,

vol. 29, no. 10, pp. 3103-3117, 2020.

B. Scholkopf, S. Mika, C. J. Burges, P. Knirsch, K.-R. Muller, G. Ratsch, and
A.J. Smola, “Input space versus feature space in kernel-based methods,” IEEE

transactions on neural networks, vol. 10, no. 5, pp. 1000-1017, 1999.

B. Haasdonk and E. Pekalska, “Classification with kernel mahalanobis distance
classifiers,” in Advances in Data Analysis, Data Handling and Business Intelli-

gence, pp. 351-361, Springer, 2009.

D. Dua and C. Graff, “UCI machine learning repository.” http://archive.
ics.ucil.edu/ml, 2017.

O. L. Mangasarian and W. H. Wolberg, “Cancer diagnosis via linear program-
ming,” tech. rep., University of Wisconsin-Madison Department of Computer
Sciences, 1990.

100


http://archive.ics.uci.edu/ml
http://archive.ics.uci.edu/ml

	ABSTRACT
	ÖZ
	ACKNOWLEDGMENTS
	TABLE OF CONTENTS
	LIST OF TABLES
	LIST OF FIGURES
	LIST OF ALGORITHMS
	LIST OF ABBREVIATIONS
	Introduction
	Contribution to the Literature

	A Brief Background on Clustering and Kernels
	Hierarchical Clustering
	Partitional Clustering
	Probabilistic D-Clustering
	Other Soft Partitioning Methods
	Fuzzy c-Means Algorithm
	Gustafson-Kessel Algorithm
	Gath-Geva Clustering Algorithm


	Kernels
	Kernel Function
	Mercer Kernels


	Literature Review on Kernel Clustering Methods
	Literature of KFCM-F based Algorithms
	Literature of KFCM-K based Algorithms
	Literature of Other Kernel-based FCM Algorithms

	Kernel Probabilistic Distance Clustering
	Introduction
	Probabilistic Distance Clustering in Kernel Space
	Probabilities
	The Joint Distance Function
	An Extremal Principle
	Centers

	Kernel Probabilistic Distance Clustering Algorithms
	Kernel Pd-clustering in Kernel Space
	KPD Algorithm
	Cluster Centers in Input Space
	Center Update

	Kernel Pd-clustering in Feature Space
	Center Update
	Probability Update
	KPD-F Algorithm



	Kernel Probabilistic Distance Clustering with Mahalanobis Distance
	Kernel Mahalanobis Distance
	Kernel Mahalanobis Distance for Invertible Covariance
	Mahalanobis Distance between Two Data Points

	Kernel Mahalanobis Distance for Regularized Covariance
	Mahalanobis Distance between Two Data Points

	Kernel Pd-clustering with Mahalanobis Distance
	KPD-M Algorithm


	Experimental Study
	Real Data Sets
	Iris Data Set
	Wisconsin Diagnostic Breast Cancer Data Set
	Wine Data Set
	Wisconsin Original Breast Cancer Data Set
	Ionosphere Data Set
	Haberman Data Set
	Sonar Data Set
	SPECT Data Set

	Synthetic Data Sets
	Ring Data Set
	Line Data Set
	Dense Data Set
	Fuzzy X Data Set
	Parabolic Data Set
	Noisy Ring Data Set

	Comments on the Performance of the Proposed Algorithms
	Performance on the Real Data Sets
	Performance on the Synthetic Data Sets


	Conclusion
	REFERENCES

