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ABSTRACT

loannis Papakostas, M.Sc. in Data and Computer Systems Engineering, Department
of Computer Science and Engineering, School of Engineering, University of loannina,
Greece, 2025.

A Silhouette Based Deep Clustering Method.

Advisor: Aristidis Likas, Professor.

In the context of big data, unsupervised learning has emerged as a crucial field
of study, offering methodologies for the discovery of insights from datasets lacking
labels. Deep clustering has established itself as a prominent approach within the
domain of unsupervised learning, capitalizing on the nonlinear mapping capabilities
of neural networks to enhance clustering performance. A significant proportion of
existing literature on deep clustering is dedicated to the minimization of within-cluster
variability in an embedded space, while ensuring that the learned representation
remains faithful to the original high-dimensional dataset.

This thesis elaborates on a novel approach, designated as soft silhouette, which
presents a probabilistic formulation of the silhouette coefficient. As with the traditional
silhouette coefficient, the soft silhouette encourages the formation of compact and
well-separated clusters. When integrated into a deep clustering framework, the soft
silhouette approach guides the learning process towards the creation of compact and
distinct clusters.

The deep clustering method has been subjected to rigorous testing and compari-
son with several established deep clustering methods using a variety of benchmark
datasets. The results demonstrate that the silhouette based deep clustering approach
yields highly satisfactory clustering outcomes.

Keywords: machine learning, clustering, deep clustering, soft Silhouette score,
artificial neural network, loss function, autoencoder, convolutional-autoencoder, rep-

resentation learning

ix



EXTETAMENH IIEPIAHWH

[wavvng Moaraxwotoag, A.M.X. ot Mnyovixy Aedopévey xot YToAoYLoTIXWY ZVoTY-
pwatwy, Tuquo Mnyavixoy H/Y ko ITAnpopopixng, [loAvtexvixy XyoAn, [laveriotiuto
Iwovvivwy, 2025.

Mo Mébodog Babiag Opadoroinong Baotopévn oto Silhouette.

EmiBAénwv: Aptoteidng Avxag, Kabnyntie.

2Ny €TOYN TWV UEYAAWY dedoUEvwY, N L&bnon ywpelc emtiBAedm yivetal 6Ao xot o
ONUOVTLXY, TTPOCPEPOVTOS EVOY TPOTTO EVPEGNG TTOADTLULWY TTANPOQPOPLOY GE GOVOAXL
3c00UEVWY TTOL BEY €XOLY ETLXETES, ONAaSY] OeV cuvodebovtol oo TPoxaoPLoUEVES
xotnyopleg. H Babid opadomoinoyn €xet avadetybel wg pio onuovtixy mpooéyyLon
070 TAaloLo NG Labnorng yweig emiPAcdy, aElomolwvtag TG dVVATOTNTES NG KN
YOOUULXNG OTELXOVLONG TTOL TTPOCPEPOLY T VELPWILXA BixTLA YLo TN BeATiwon Tng
amtHd00Yg g opodomoinons. Meydho pLépog g vtapyovoog BLBALOYPOPloG YLoL T
Babid opodomoinomn €oTldlel oTNY EAXYLOTOTOINON TNG KETAPANTOTNTOS EVTOS TNG
OPGd0G - OLOTASNG OE Evay AavOAVoY YWPEO, ONUAVTLXA ULXPOTEENS OLAOTAONG ATTO
TOV EYLX0, SLcQoALLoVTOG TTOPEAANAL OTL M exuébnom Tng avamapdoTaons Topa-
UEVEL TILOTN OTO oYX CVOVOAO GESOUEVWV.

H epyaoia oavtn peAetd pLtow xovotopor Tpooeyylon Tov PaolleTal aTo XQLTNELO
soft silhouette o amoteAel pioe mhovoroyixy StatiTwon g UeTpixrg silhouette.
Mopodporo pe tov mopadootoxd ovvteAeoty silhouette, o soft silhouette evBoppiiver
TO OYNUOTLOUO CUUTIOYWY XOL XOAG OLoYWELOLL®Y cLETASWY. OTOY EVOWUATHOVETOL
oe éva mAaloto PBoabiag opadomoinorg, o soft silhouette xobodnyel ™0 Stadixacio
™ pabnong mpog ™ SNELLOLEYI OULASWY TTOL ELVOLL TTUXVES %O OLOXQLTEG UETAED
Toug. EmimAéov, mapovotdletar plor apyrtextovixy] Poabiag nébnong mov Paoileton
oc autoencoder xot BEATLOTOTOLEL ATTOTEASGUATIXG TY] AELTOVOYLO TNG AV TLUELUEVLXNG

ovvapTNorg soft silhouette.



H eEetalopevn pebodog Babrag opadomoinong vroBAndnxe os extetopéveg doxt-
Kég xaL odyxpton e dLapopeg xobepwpéveg pebddovg Babidg opadomoinong péoa
o TNV XENON TTOAWY GLVOAWY GeG0UEVLY avapopds. Ta amoteAéopato delyvovy
0Tt M L€DOBOG TTPOOPEPEL LOLOLTEQOL LXAVOTIOLNTLXA ATTOTEAETUATA OULOSOTTOLNONG.

A€Eetg-uAeLdtd: pmnyovixn pabnon, opadomoinoy, Bobid opadomoinoy, soft Silhou-
ette ox0Q, TEXYNTO VELPWYLXO FIXTVO, CLYAPTNOY ATTWAELG, autoencoder, convolutional-

autoencoder, expafnon avamapdotaong

Xi



CHAPTER 1

INTRODUCTION

1.1 Machine Learning

1.2 Clustering

1.3 Distance Metrics

1.4 Clustering Evaluation Metrics
1.5 Artificial Neural Networks

1.6 Thesis Contribution

1.1 Machine Learning

Machine learning is a subject that researches how to use computers to simulate human
learning activities and to study self-improvement methods of computers to acquire
new knowledge and skills, recognize existing knowledge, and continuously improve
performance and achievement.

Compared with human learning, machine learning learns faster, the accumulation
of knowledge is more facilitated and the results of learning spread easier. So, any
progress of humanity in the field of machine learning will enhance the capability of
computers, thus it will have an impact on human society [1].

It is the field of artificial intelligence that deals with the study of algorithms that
analyze data, recognize patterns in data, and improve their performance by interacting
with data. Thus, they make decisions without human intervention. Algorithms used

in machine learning should have good general performance. They must perform well

1



even for examples they have not trained for but follow the same distribution as the
training examples.
There are several categories of machine learning algorithms, but the most impor-

tant are:

* Supervised learning: Such algorithms are trained with data that include for
each data point an input vector z as well as the desired output y. Using these ex-
amples, they learn to predict the output y for any input z, usually by evaluating
the probability P(y|x). Common supervised learning problems are classification

and function approximation problems.

¢ Unsupervised learning: These algorithms are provided with training data that
contain for each data point only one input vector z. They discover patterns
and correlations that exist in the data. Usual unsupervised learning problems
are clustering, data dimensionality reduction (DR) etc. The main focus of this

master thesis focuses on this kind of machine learning problems.

¢ Reinforcement learning: Here the algorithm is trained by making decisions to
maximize some reward. The algorithm chooses the sequence that maximizes

the reward and thus composes its policy.

1.2 Clustering

Clustering is the distinction of data into groups so that data belonging to the same
group show great similarity to each other, while data belonging to different groups
show great dissimilarity. Depending on the information of data being clustered, var-

ious similarity measures could be used.

1.2.1 Hierarchical Clustering Algorithms

The hierarchical clustering algorithms produce a grouping structure in the form of a
tree, each node of which is a group. As a result, we have different numbers of groups
depending on the level of the tree structure. The root of the tree is a group to which
all data belong. Each node has two children which are the groups that result if we
split the parent group into two. The leaves of the tree are the non-clustered data.

There are two basic hierarchical algorithms:

2



* Divisive clustering: Starts with all examples in one group and starts dividing
the group with the largest internal distance into two groups until we have the

desired number of groups.

¢ Cumulative clustering: Starts with each instance as a different cluster and joins
the two clusters with the shortest distance until we have the desired number of

clusters.

Hierarchical algorithms typically use the following three distance metrics between

clusters:

* Single linkage: As distance between two groups is considered the minimum
of the intervals between the members of one group and the members of the
other. More specifically, it is the distance between the closest members of the

two groups.

¢ Complete linkage: As distance between two groups is considered the maximum
of the intervals between the members of one group and the members of the
other. More precisely, it is the distance between the most distant members of
the two groups. An algorithm that uses complete linkage tends to produce
more compact clusters than using the above one. However, single linkage could

achieve more complex clustering [2].

* Average linkage: As distance between two groups is considered the average
value of the intervals between the members of one group and the members of

the other.

1.2.2 k-means Algorithm

Given a collection of data samples {z;}Y ,, where x; € RY, the objective of clustering
is to partition the N data samples into K categories. k-means, proposed by Lloyd in
1982 [3], stands as one of the most widely adopted algorithms for this task. k-means

seeks to minimize the following cost function:

N
min Y |la; — Ms3 (1.1)
=1

MeRMXK g, cRK £



subject to s;; € {0,1} and 17s; = 1 for Vi, j, where s, is the assignment vector of data
point ¢« which has only one non-zero element, s;; denotes the jth element of s;, and
the kth column of M, i.e., m;, denotes the centroid of the kth cluster.

The algorithm is trained iteratively according to the following steps:

1. Initialization of £ centers. k-means is highly dependent on the initialization of
the centers in whether it will converge to good clustering. Various initialization
techniques have been developed for solving this problem. Some common and

typical methods of initializing centers are [4, 5]:

® Select £ random samples from the data as centers. Thus, it is more likely
to select examples that are in areas with high density. Such examples are a
good initial choice for group centers. But the selection of remote examples
could not be ruled out. As a result, a good technique is to repeat the

initialization several times.

¢ Assigning the data to k£ groups randomly and using the centers as the

initial means of the k groups.

¢ Picking the first center randomly from the data examples and then choosing
each subsequent center as the instance that is the furthest distance from

the selected center nearest to it.

¢ Picking the first center randomly from the data examples and then choosing

each subsequent center as the example z; with probability:
md(z;)?

N | (1.2
> md(z;)?
j=1

where md(x) is the distance of sample = from the nearest selected center.

This method is called k-means++.

2. For each data instance, we calculate its distance from k centers and assign it to

the group from whose center has the shortest distance.

3. We update the k centers as the mean value of the examples assigned to their

group according to the relation:

1
Cj = I Z Xy, (13)
[Sil

xiESj



where ¢; is the new center of the jth group, and S; is the set of examples

assigned to the jth group in this step.

4. Repeat steps 2 and 3 until convergence, meaning that the updated centroids do

not change positions.

k-means performs well, when data samples are evenly distributed around their cen-
troids in the feature space. However, high-dimensional data typically do not exhibit
characteristics that are conducive to k-means clustering [6]. Finally, k-means has a
very high dependence on its initialization and on examples that are a long distance
from the rest (outliers). These instances will be assigned to a group and will affect

its center [7].

1.2.3 Fuzzy Clustering

In fuzzy clustering, each example can belong to several groups and is labeled by its
degree of participation in each cluster. The degree of this participation takes values
between 0 and 1. It expresses how much the given example can be considered as
a group member. So, for example, an instance on the border between two groups
has equal participation scores close to 0.5 for both groups, but an example in the
center of a group has a very high participation score in that group and lower in the
others. The advantage of these algorithms is that they quantify and incorporate into

the output the doubt they have as to which group an example belongs.

Fuzzy C-Means

The algorithm assigns a participation score to each example for each of the k groups.

The training for Fuzzy C-means is achieved according to the following steps [8]:

1. Initialize the matrix U whose elements c;; are the degree of participation of
example ¢ in the group j. This initialization is usually done with random values
in the interval [0, 1]. Also, there is here, as in k-means, a strong dependence on
the initialization, so the algorithm is often executed several times with different

initialization.



2. Calculation of the centers of k groups. The center of group j will be ¢; =

N
= : (1.4)

N
D g
i=1

where N is the number of examples and m > 1 is a parameter that determines
how fuzzy the clustering will be. Larger values of the parameter cause more
fuzzy clustering, i.e. smaller values in the participation scores. For m = 1 the
participation scores only take values 0 or 1 and we no longer have fuzzy clus-

tering.

3. Renewal of participation scores u;; according to the relation:

1
Uij = . (15)

bl y =2
k3
Zl (=)™

4. As long as the termination criterion is not met, repeat steps 2 and 3. The most
common termination criterion is to hold in two consecutive iterations n and
n+1: ||Ups1 — Usl| < €, where ¢ is a small real number, i.e. participation scores

do not change significantly.

And the Fuzzy C-means algorithm is very dependent on the initialization and on

examples that are far from the rest (outliers) [7].

EM (Expectation-Maximization)

Mixed distribution models assume that our data come from a mixture of different

distributions. The probability that an example z; could produce a particular mixture

of k distributions, is given by the relation p(z;|V) = Zk: 7;p;(z;]Y), where 7; is the prior
probability that the distribution j is responsible fé;lproducing the example z; and
p;(x;]0) is the probability that x; was generated by this distribution with parameters ¥.
We may have a mixture of distributions of different types or a mixture of distributions
of the same type with different parameters. The most common case is the mixture of
k Gaussian distributions N with different means ;. and covariance matrices >.. In this
case, the above relation becomes p(x;|V) = i TN (2|, 25).

If we consider that each distribution ojf_tlthe model represents a different group,

then from the above probabilities we can calculate the probability r;; that the example

6



z; belongs to the group j according to the relation r;; = %. Therefore we can use
these probabilities to group our data by calculating the probability that each instance
belongs to a group [9].

Training of the model is to find the parameters ¢ of the distributions that maxi-
mize (V) = % log p(z;|9). The most common algorithm for this is EM (Expectation-

1=1
Maximization) which has the following steps:
1. Initialize the parameters ¢ of the distributions to random values.

2. Step E (Expectation): Calculation of the posterior probabilities r;; that the ex-
ample z; belongs to the group j Vi,j according to the existing values of the

parameters 4.

3. Step M (Maximization): Calculation of the new 7; = + >~ r;; and use them to

(2
update the values of the parameters ¥ in order to maximize /(¥).
4. Repeat steps 2 and 3 until the parameter values converge.

In the case where we have a mixture of & Gaussian distributions from the maxi-
Zﬁjﬂ?i

mization of [(¢}), the following relations for the parameters occur p; = 5~ and
— ]

Sorij(@i—pg) (wi—ps)"
¥, = =7

tion of the ¥/ parameters and the form of the covariance matrices [7].

. The EM algorithm has a strong dependence on the initializa-

1.3 Distance Metrics

A fundamental issue in the clustering problem is the selection of the appropriate
distance metric to use in all algorithms. The distance metric is the way to quantify
the similarity between two examples. Depending on the data format, algorithms are
more efficient using a different distance metric.

Each distance metric must have the properties:
* Be positive definite, i.e. for any pair z;, z;, d(z;, z;) > 0.
e Be symmetrical, i.e. for any pair x;, z;, d(x;, ;) = d(z;, ;).

* Be identical, i.e. d(z;,2;) =0 & x; = z;



e Have the triangular property, i.e. for any wz;, z;, =, d(v;,z;) < d(z;,zr) +
d(zg, z;).

However, metrics often used, don’t meet all four criteria and don’t have the triangular

property.

Some of the most common distance metrics between numerical vectors are:

* Euclidean or 12 distance: For two vectors z;, z; of dimension m, Euclidean

m
> (zF — 2%)2. It is the most classic distance
k=1

metric and satisfies all of the above properties. In the two dimensions, it is the

distance is defined as d(z;,z;) =

length of the straight segment that joins the points 7, j. In more dimensions, it

is the generalization of this metric.

* Manhattan or 11 distance: For two vectors z;, x; of dimension m, Manhattan
m

distance is defined as d(xz;, x;) = ];1 |zj — a}]. It satisfies all of the above prop-

erties and expresses the distance from one vector to another by crossing along

each dimension separately.

¢ Chebyshev or 1., distance: For two vectors z;,z; of dimension m, Chebyshev
distance is defined as d(z;, z;) = max xf — x¥|. It satisfies all of the above prop-

erties.

* Minkowski distance: For two vectors z;, z; of dimension m, Minkowski distance

m
is defined as d(wz;,7;) = ¢/ Y o} — «%|P, where p is the order of the distance.

k=1
Obviously, Euclidean distance is a special case of Minkowski distance for p = 2,

Manhattan distance for p = 1, and Chebyshev distance for p = co. For p > 1,
Minkowski distance satisfies all four properties. For p < 1, it does not satisfy
the triangular property. By changing the value of p, we change the geometric

locus of points that are equidistant from a point.

* Cosine distance: For two vectors z;, z;, cosine distance is defined as d(z;,z;) =
1— m and shows us how much the two vectors differ in direction. It takes
2 J

values from O, for vectors in the same direction, to 2, for vectors in the opposite

direction.

* Mahalanobis distance: For two vectors x;, x; of a common distribution, Maha-

lanobis distance is defined as d(z;,z;) = \/(z; — ;)78 (x; — ;). where ¥ is
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the covariance matrix of the data. Depending on the form of the covariance
matrix, we can find the distance of the points by giving a different weight to

each dimension.

* Pearson correlation: Using the Pearson correlation of two vectors z;, x;, we can

(wi—a3) (x5 = ;)
x; =) |[]| (25 —;

calculate a distance metric as d(z;, z;) = 1—| I i |, which takes values

in the interval [0, 1].
Some of the most common distance metrics between boolean vectors are:

¢ Hamming distance: It is the number of positions in which the two boolean

vectors are different.

* Jaccard distance: Jaccard distance between two Boolean vectors z;, ; is defined
__ CrptC . . B
as d(z;, ;) = o2& t— with C,, the number of places k for which z;[k] = a

and z,[k| = b and a, b take values T, F.

* Dice distance: Dice distance between two Boolean vectors z;, z; is defined as
Do — Crrp+Crr : . ) _
d(z;,z;) = S o with C,, the number of places k for which z;[k] = a
and z;[k] = b and a,b take values T, F. We can calculate the Jaccard distance
from the Dice distance and vice versa. The Dice distance does not satisfy the

triangular inequality.

1.4 Clustering Evaluation Metrics

One of the most dominant and non-trivial issues is the evaluation of the cluster-
ing quality achieved by an algorithm. There are two categories of such indicators

according to whether they use external information to evaluate the data clustering.

1.4.1 Internal Clustering Evaluation Metrics

Clustering evaluation metrics that do not use any external information about how
we expect the data to get clustered are called internal. In general, these methods
evaluate the clustering in terms of how compact are the resulting clusters and how

well separated are the different clusters.



There can be used simple statistics such as within-group variance or the sum
of squared error of the group members regarding the group center. However, more

complex metrics have also been developed, with the following being commonly used:

e Calinski — Harabasz: This index is defined as s = % X H, where N is the

k
number of examples, k£ is the number of groups, B = > > (z; —¢j)(x; —¢;)7
j=]. :L‘iz’;‘sj‘

k

with ¢; the center of the group j and W = > |X;|(¢; — ¢)(¢; — ¢)T with ¢ the
j=1

center of all data and |X;| the number of members of group j. Also, it is called

variance ratio and takes values greater than 0. The higher this ratio is, the more

compact and well-separated the groups are [10].

di+d;

k
 Davies — Bouldin: This index is defined as s = + >~ max ( ), where d; is the

average distance of the members of group 7 from zl?é cjztzlter and d;; the distance

between the centers of groups 7 and j. It expresses the average similarity shown

within groups and takes values greater than O with a lower value indicating

better clustering [10].

. min 5

* Dunn: This index is defined as s = Z2"=— with §;; the distance between
groups 7, j and A; the diameter of grod;”z:]f There are many variations for the
calculation of these sizes, with the most common being the distance of two
groups to be considered as the minimum of the distances of the members of
one group to the members of the other, and as the diameter of a group, the
maximum of the distances between its members. A higher index value indicates

better clustering [10].

1.4.2 External Clustering Evaluation Metrics

External evaluation metrics require additional information to evaluate clustering. In
particular, they need the actual partitioning of the data into groups and compare it
with the one achieved by the algorithm. In the following, we will consider Y;,,. as
the actual partitioning of the data and Y as that achieved by the evaluated algorithm.

Some of the most common external evaluation metrics are:

e F-measure: It is defined as F' = with a the number of examples that

_a
%(c—&—d)
belong to the same group in both partition Y., as in Y, ¢ the number of

examples that belong to the same group in partition Y;,,. and different ones

10



in Y and d is the number of examples which belong to different groups in the
partition Y},,. and the same group in Y. This index takes values in the interval

[0, 1]. A value of 1 indicates a partition that achieves perfect precision and recall.

* Purity: We consider that each group of Y corresponds to the group of Y}, to
which most members of Y belong. The purity metric is defined as the percentage
of examples assigned to the correct group according to the previous assignment

and takes values in the interval [0, 1]. A value of 1 indicates perfect clustering.

¢ Jaccard and Dice: Jaccard and Dice distances, as defined above, can also be used

to calculate how similar Y and Y,,,. are.

1.5 Artificial Neural Networks

In recent years, artificial neural networks (ANNs) have been used with great success to
solve problems that machine learning deals with. An ANN is a structured collection of
simple computing units called neurons. An ANN is organized in layers. It consists of
an input layer, one or more hidden layers, and an output layer. Usually, the neurons
of one layer are interconnected with all the neurons of the next layer and only with
them.

Each neuron is provided with an input vector x and characterized by a vector
of weights w. The two vectors have the same dimensions. It calculates the quantity
u = (wz + wyp), where wy is a number called neuron’s bias. The quantity « is called
neuron’s stimulation. Usually, as weights of a neuron, we consider not only its weights
and bias but also the extended weight vector W = (wp, w). So, when we use as an
input vector x = (1,z), neuron’s stimulation is calculated as v = Wz. Finally, the
output of the neuron y = f(u) is calculated by applying an activation function to the
stimulation u. The output of the neuron is provided as input to the neurons of the
next level. In general, we want the activation function to be non-linear so that the
network can approximate complex functions by making non-linear transformations

on its input.
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Hidden

Figure 1.1: This figure shows the schema of a general Neural Network.

The most common activation functions are [11]:

e The identity function: f(z) = x. It is generally only used at the entry level

because it’s linear. Also, its derivative is constant and independent of z.
: 0, =<0 . :
e The step function: f(z) = . It is generally not used because its
1, >0
derivative is 0 and independent of x. Therefore, it makes it difficult to apply

optimization methods to update the values of the weights.

1
14e—2*

e The sigmoid or logistic function: o(z) = It behaves similarly to the step
function, taking values in the interval [0, 1]. However, it is differentiable with
a derivative depending on x. Thus, there could be used optimization methods,
but its derivatives often take very small values. As a result, the weights’ values
do not change enough and the convergence slows down during the training of

the network.

* The hyperbolic tangent (tanh) function: tanh (r) = £=%—. It has similar be-

et+4e T

havior to the sigmoid function and the same problem with small values in the

derivatives. Finally, it takes values in the interval [-1, 1].

0, <0
e The Rectified Linear Unit (ReLU) function: f(z) = . It is differ-
z, x>0

entiable with derivatives that depend on z for x > 0 and does not have the

12



problem of small derivative values. So it is a widely used activation function.
Its only problem is that for x < 0, the derivatives are 0, so it creates neurons

that can be permanently inactive.

ar, ¥ <0

e The Leaky ReLU function: f(z) = . A commonly used value for
z, x>0

parameter a is 0.01. This function tries to solve the problem of derivatives for

z < 0 that ReLLU function has.

e The Softplus function: f(z) = In(1 + ¢*). It could be considered as a smoother
version of ReLLU. Also, while it has no problems with its derivatives, because it

is a more complex function, it is not often used.

Moreover, the functions that are commonly used at the output level are:

* The Softmax function: f(z;) = %, where i is a neuron and j are all the re-
maining neurons in the layer. Tﬁéizs function shows us a probability distribution
regarding the neurons of the output layer, giving a greater probability to the
neurons with the largest output. It allows us to use the output layer to clas-
sify the data, assuming that each neuron in the output layer represents some

category.

e The Softmin function: f(z;) = 5;’;]. . It is similar to Softmax but gives a higher
j#i
probability to the neurons with the smallest output.

Training of an ANN is the determination of the values of neurons’ weights and biases
to minimize the value of a loss function, i.e. a function that expresses the performance

of the network.

1.5.1 Backpropagation

The backpropagation algorithm is commonly used in the training of an ANN to
efficiently calculate the derivatives of the loss function for the neurons’ weights and
biases. Specifically, let a network with L levels, input =, W' the table with the weights
of level [, where w!; is the weight of edge from neuron j of level [ — 1 to neuron i of
level [, f! the activation function of neurons of level [ and L(x) the loss function.
Initially, network’s output is calculated as y = f{(W!fI=H (WL f=2(- . W2 f1(Wa))))

and from this, the value of loss function L(y). We define the derivative of the loss

13



function over the stimulation of level I(u') as §' = 25. §' can be regarded as the loss
at level I. The quantities &' could be easily calculated, starting from level [ and going
backward till level 1.

At level L, the calculation is done through the relation 6* = f'(u*)V,L with
V,L the derivative of loss function over the network’s output. In the rest levels, we
use the recursive formula 6% = f(u*)W* 15!, Having calculated these quantities,

it is easy to calculate the derivatives of loss function over the neurons’ weights as

% — 5lfl71(ulfl).

1.5.2 Stochastic Gradient Descent

Stochastic Gradient Descent (SGD) is the most common method of finding the values
of weights that minimize the value of the loss function. According to this method, we
iteratively update the values of the weights with respect to the derivatives of the loss

function over them, following the steps below:
1. Initialize the weights to random values.
2. Split the data into small groups of fixed size called batches.

3. Choose the groups one by one. Insert each example of the group into the net-
work and calculate the derivatives of the loss function over the weights for each
example through the backpropagation algorithm. After all the examples of a
group have been inserted into the network, update the weights according to the
relation W = Weld —p %~ 2L The parameter 7 is called learning rate and

@iegroup

regulates how much the values of the weights will change at each update. After

this process for each group is completed, we say that an epoch has passed.

4. Repeat step 3 until the value of the loss function converges or repeat it for a

certain number of epochs.

We have a serial update if each batch contains only one instance. If we have only
one batch that includes all data, then we have the classic version of gradient descent.
It has been found that SGD with a relatively small batch size usually leads to faster

convergence than the classic one.

14



1.5.3 Adam

Adam is another commonly used algorithm for finding the values of the weights that
minimize the value of the loss function. It follows the same logic as that of SGD but
differs in how it updates the weights’ values. Specifically, it follows the steps below

to update weights [12]:

1. Defines the exponential moving average of the derivatives m. It initializes this

average to 0 and updates it after each instance as m"*" = S;m*¢ + (1 — ;) %%,

2. Defines the exponential moving average of the squares of derivatives w. It ini-

tializes this average to 0 and updates it after each instance as v = [yu°? +
OL\2
(1= B2)(g,)"

3. The above two averages are tendentious towards O due to their initialization.
This is solved by calculating the non-tendentious averages as m = =5 and
1

U = =5 with ¢ the number of updates that have become in mean values.
2

4. Update the weights according to the relation Wnmew = J1/old — nﬁ

The parameters 3; and 3, control the rate at which the averages change. ¢ is a constant

for numerical stability reasons.

1.5.4 LVQ

LVQ algorithm is a competitive learning algorithm that can be used to cluster data
by finding the centers of k£ groups and assigning each example to the group with the
closest center to it [13]. Training of the algorithm is to find the k centers. It becomes

according to the following steps:
1. Initialize the centers with some of the known methods as described in k-means.

2. For each example z; find the winner-center c,, i.e. the center with the shortest

distance from the example. Refresh only the winning center according to the

old
v

relation % = ¢%4 4 p(z; — ¢

v =

), where 7 is the learning rate.
3. Repeat this process until the centers converge.

The implementation of this algorithm can be done efficiently with a neural network

consisting of two layers. An input layer that is fully interconnected with an output
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layer. The input layer consists of as many neurons as the data features, while the
output layer consists of k neurons representing the centers of the k groups. Each
example is provided to the network, and the weights of the winner-neuron (c,) are

updated according to the above steps.

1.6 Thesis Contribution

This thesis considers a novel expansion of the silhouette score [14], designated as the
“soft silhouette score” [15]. This score assesses the effectiveness of probabilistic clus-
tering solutions directly, thereby obviating the necessity for conversion into discrete
forms. In addition to this evident benefit, a noteworthy aspect of the soft silhouette
score is its differentiability with respect to the probabilities ascribed to cluster assign-
ments. In the event that such probabilities are provided by a parametric machine
learning model, the soft silhouette score has been employed as a clustering objective
function for training parametric probabilistic models through the use of conventional
gradient-based methods. In order to achieve this objective, a novel deep clustering
approach based on autoencoders (AEs) has been proposed. This methodology offers
cluster assignment probabilities directly through the network outputs and utilizes the
soft silhouette score as a clustering objective [15]. The training of the network with
the soft silhouette score allows for the achievement of two objectives: the minimiza-
tion of inter-cluster variance and the maximization of the margin between clusters
in the embedded space. We conducted an extensive evaluation of the deep clustering
method. The experimental results indicate that the utilization of the Soft Silhouette
loss function can facilitate the development of deep neural networks (DNNs) capable

of addressing a diverse array of clustering problems.
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CHAPTER 2

DEeEEP CLUSTERING

2.1 Introduction

2.2 Deep Neural Network Architectures
2.3 Deep Features

2.4 Non-Clustering Loss

2.5 Clustering Loss

2.6 Synthesizing the Loss Functions
2.7 Updating Clusters

2.8 Autoencoders As DNNs In Clustering

2.1 Introduction

Deep Learning (DL) is a powerful tool that can extract complex and valuable data
representations from large datasets, reducing the need for extensive human-crafted
features [16, 17]. A substantial proportion of DNN architectures place significant
emphasis on an initial unsupervised learning phase, commonly referred to as un-
supervised pretraining. AEs represent a prominent example of this approach. The
acquisition of more refined and profound representations or features of the underly-
ing data is enabled by this methodology, which has been widely acknowledged for
substantially enhancing the outcomes of subsequent supervised learning tasks.
Although initially applied primarily to supervised learning tasks, DL has recently

demonstrated considerable success in a range of unsupervised learning domains,
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including clustering and DR. One of the principal advantages of utilizing DL for
clustering is its capacity to harness the representational capabilities of DNNs for pre-
processing clustering inputs, thereby improving the quality of clustering outcomes.
The utilization of DNNs in this manner enables the effective transformation of data
into spaces that are more conducive to clustering. This transformation exploits the
intrinsic capability of DNNs to perform highly nonlinear operations, enabling them to
discern intricate patterns and structures within the data. This differs from traditional
clustering methods, such as k-means or spectral clustering, which frequently rely on
raw or linearly transformed data. Nevertheless, these methods may prove inadequate
when dealing with datasets exhibiting intricate statistical properties.

In essence, integrating DL techniques into clustering processes enables the creation
of more adaptive and flexible representations of the data, thereby improving cluster-
ing performance, particularly in scenarios involving complex and high-dimensional
datasets.

Even though clustering has not historically been a primary focus of DL, the rich-
ness and robustness of the deep representations it provides make it a suitable choice
for application in the field of clustering [18, 19]. For the sake of simplicity, the term
“Deep Clustering” will be used throughout this thesis to refer to clustering methods
involving DL. Deep clustering can be defined as a set of clustering techniques that

employ DNNs to learn representations conducive to clustering, as discussed in [19].

2.2 Deep Neural Network Architectures

In the majority of deep clustering methods, the primary function of the DNN is
to encode the inputs into a latent representation that is subsequently utilized for
clustering purposes. In previous studies, a variety of DNN architectures have been

utilized to achieve this objective [20].

e Multilayer Perceptron (MLP): This type of feedforward network, described
in [21], typically consists of at least one hidden layer of neurons without a
linear activation function. In this architecture, the output of each layer serves
as the input to the next layer, creating a sequential low of information through

the network.
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* AEs: represent a specialized category of algorithms that are adept at learn-
ing efficient data representations without the necessity of labeled data. These
ANNs are designed for unsupervised learning, with the objective of compressing
and accurately representing input data. The fundamental principle of an AE is
based on its dual-component structure, comprising an encoder and a decoder.
The encoder transforms the input data into a condensed, lower-dimensional
representation, which is often termed the “latent space” or “encoding”. Sub-
sequently, the decoder reconstructs the original input from this representation.
Through this process of encoding and decoding, the network discerns meaning-

ful patterns within the data, facilitating the extraction of essential features [22].
Architecture of AE in DL

The general architecture of an AE comprises three principal layers: an encoder,

a decoder, and a bottleneck layer.

1. Encoder: In an AE, the encoder is the portion of the network responsi-
ble for transforming the raw input data into a compact and informative
representation. Its architecture typically consists of multiple hidden layers,
which progressively reduce the dimensionality of the input while captur-
ing crucial features and patterns. These hidden layers collectively form the

encoder.

The bottleneck layer, also known as the latent space, is situated at the core
of the encoder. This final hidden layer markedly reduces the dimensionality
of the input data, effectively compressing it into a condensed encoding.
The latent space serves as a compressed representation of the input data,

capturing its essential characteristics in a lower-dimensional form.

2. Decoder: The bottleneck layer receives the encoded representation and
expands it back to match the dimensionality of the original input. This
layer plays a pivotal role in ensuring that the compressed encoding is
translated into a format consistent with the original data’s dimensions.
Subsequently, the hidden layers assume the responsibility of incrementally
augmenting the dimensionality of the data, thereby striving to reconstruct
the original input. Their objective is to meticulously refine the encoded
representation, gradually expanding it to encompass the intricacies and

nuances of the input data.
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The ultimate objective of the output layer is to generate a reconstructed out-
put that closely resembles the input data. In an ideal scenario, this output
would mirror the input data as closely as possible, thereby demonstrating
the success of the AE in faithfully reproducing the original data from its

Compressed representation.
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Figure 2.1: This figure shows the schema of a general AE.

Types of AEs

AEs are classified into various types, each of which possesses distinctive advan-

tages and disadvantages.

1. Denoising AE: Denoising AEs operate on partially corrupted inputs with
the objective of reconstructing the original undistorted data. This approach
effectively precludes the network from merely replicating the input, instead
prompting it to discern the intrinsic structure and salient characteristics of

the data.

Advantages:

(a) Feature Extraction: Denoising AEs are particularly adept at extract-
ing crucial features from data sets while simultaneously reducing the
influence of noise or irrelevant features. By focusing on the restoration
of the original, unadulterated input, the network is able to discern and

prioritize the most significant characteristics.

(b) Data Augmentation: They can be employed as a means of data aug-

mentation, whereby additional training samples are generated from
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the restored images. This facilitates an improvement in the model’s

generalization ability and enhances its performance.
Disadvantages:

(a) Noise Selection: The determination of the optimal type and level of
noise to introduce can be a challenging process, and it may require the
input of domain experts. The selection of an appropriate noise source

can have a significant impact on the efficacy of the denoising process.

(b) Information Loss: It is possible that the denoising process may re-
sult in the inadvertent loss of information that is crucial for accurate
reconstruction. Such a loss may affect the fidelity of the output and,

consequently, the overall performance of the AE.

. Sparse AE: This specific type of AE typically comprises a greater number
of hidden units than the input, yet only a limited subset is permitted to
be active at any given time. This property is known as the sparsity of
the network. The degree of sparsity can be adjusted through a number of
methods, including manually setting specific hidden units to 0, modifying
the activation functions employed, or incorporating a dedicated loss term
into the cost function during training. These strategies facilitate the precise
control of the network’s sparsity, thereby enabling the adjustment of its

behavior and the learned representations.

Advantages:

(a) Noise and Irrelevant Feature Filtering: The sparsity constraint in-
herent in sparse AEs serves to filter out noise and irrelevant features
during the encoding process. By prompting only a limited number of
neurons to be active, the AE prioritizes the capture of essential infor-
mation, while minimizing the influence of extraneous details.

(b) Learning Important Features: Sparse AEs frequently demonstrate
proficiency in discerning and retaining significant and pertinent fea-
tures, a capability that can be attributed to their emphasis on sparse
activations. This prioritization of key features enhances the model’s ca-
pacity to represent the underlying structure of the data in an efficient

manner.

Disadvantages:
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(a)

(b)

Hyperparameter Sensitivity: The efficacy of sparse AEs is contingent
upon the appropriate selection of hyperparameters. To achieve opti-
mal results, it is essential to conduct careful tuning, as different inputs
should ideally result in the activation of different nodes in the network.
Insufficiently optimal parameter settings may result in suboptimal per-

formance or ineffective feature extraction.

Increased Computational Complexity: The incorporation of sparsity
constraints results in a notable increase in the computational complex-
ity of sparse AEs. The introduction of sparsity constraints during the
training phase introduces an additional computational burden, which
may impact the overall training time and the required resources. This
enhanced complexity may present challenges, particularly in circum-
stances where computational resources are constrained or when deal-

ing with extensive datasets.

3. Variational AE: This approach is predicated on certain assumptions re-

garding the distribution of latent variables and employs the Stochastic Gra-

dient Variational Bayes estimator during the training process. It operates

under the assumption that the data is generated by a directed graphical

model and aims to learn an approximation to ¢,(z|z), representing the

conditional property ¢y(z|z) where ¢ and 6 denote the parameters of the

encoder and the decoder, respectively.

Advantages:

(a)

(b)

Data Generation: Variational AEs (VAEs) are highly effective at gener-
ating new data points that closely resemble the original training data.
The generation of these samples is based on the latent space, thus

enabling the model to produce novel yet realistic data instances.

Probabilistic Framework: VAEs provide a probabilistic framework
for the learning of compressed representations of data, thereby cap-
turing both the underlying structure and the variations present within
the data set. This capability has proven invaluable for tasks such as
anomaly detection and data exploration, where an understanding of

the data’s inherent variability is essential.

Disadvantages:
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(a) Approximation Error: VAEs are based on approximations that are
used to estimate the true distribution of latent variables. The approxi-
mation inherent within this process introduces a degree of error, which
may impact the quality of the generated samples and the fidelity of the

learned representations.

(b) Limited Coverage of Data Distribution: The samples generated by
VAEs may only span a restricted subset of the true data distribution.
This limitation may result in a lack of diversity in the generated sam-
ples, which could potentially limit the model’s ability to capture the

full range of variability present in the data.

. Convolutional AE: Convolutional AEs utilize convolutional neural net-
works (CNNs) as their fundamental architectural component. The encoder
component comprises multiple layers that accept image or grid inputs and
process them through a series of convolutional layers. This process results
in the generation of a compressed representation of the input data. In con-
trast, the decoder component performs the inverse operation of the encoder.
The original image is then reconstructed by deconvolving the compressed
representation, which is achieved through the use of transposed convolu-
tional layers. The symmetrical design of convolutional AEs allows for the
effective capture of spatial relationships in the data, resulting in accurate

reconstructions.

Advantages:

(a) Efficient Compression: Convolutional AEs are particularly adept at
compressing high-dimensional image data into a lower-dimensional
format. This results in enhanced storage efficiency and facilitates the
transmission of image data, particularly in scenarios where bandwidth

or storage capacity is limited.

(b) Robust Reconstruction: Convolutional AEs are capable of reconstruct-
ing missing components of an image, rendering them particularly well-
suited for applications such as image inpainting. Furthermore, they
are capable of handling images with slight variations in object posi-
tion or orientation, thereby ensuring robust performance across diverse

datasets.
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Disadvantages:

(a) Overfitting Risk: Convolutional AEs are prone to overfitting, particu-
larly when utilizing complex datasets. It is of vital importance to im-
plement appropriate regularization techniques in order to mitigate this
risk and guarantee that the model is capable of generalizing effectively
to data that has not been previously encountered.

(b) Data Loss and Quality Degradation: The compression of data inher-
ent in convolutional AEs has the potential to result in data loss, which
may in turn lead to the reconstruction of images of a lower quality.
It is essential to carefully consider the trade-off between compression
efficiency and reconstruction fidelity, particularly in applications where

the preservation of image quality is of paramount importance.

* Deep Belief Network (DBN): is a probabilistic generative graphical model,
designed with the purpose of extracting intricate hierarchical representations
from input data [23]. It comprises numerous layers of stochastic latent vari-
ables. These variables progressively uncover deeper insights into the underlying
structure of the data. The DBN architecture is constituted by the stacking of
multiple Restricted Boltzmann Machines (RBM) [24]. Each RBM is composed
of two distinct layers: a visible layer and a hidden layer. The distinctive config-
uration entails the utilization of the concealed layer of each RBM as the visible
layer for the subsequent RBM in the sequence. This interconnected structure

enables the learning of complex features through successive layers [20].

* Radial Basis Function (RBF) Networks: are frequently employed in the context
of ANNs for the task of approximating functions. These networks are distin-
guished by their universal approximation capability and faster learning rates in
comparison to other neural network architectures [25]. In the context of net-
work architecture, which is typically composed of three layers, the initial layer
represents the input nodes, which are followed by a hidden layer containing
several non-linear activation units based on RBFs. The final layer represents the
network’s output. In the majority of cases, Gaussian functions are employed as

the activation functions in RBF networks [26].

To illustrate the working flow of the RBF network, suppose we have a dataset

D which has N patterns of (z,y) where x is the input of the dataset and y is
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Figure 2.2: This figure shows the schema of a general RBF network.

the actual output. The activation of the ¢th function ¢; in the hidden layer of
the network is computed using Eq. 2.1, which relies on the distance between

the input pattern = and the center ¢;:

|z — cil?
(lz — ) = sl 2.1
ol al) = exp (1222 2.0
Here, || - || represents the Euclidean norm, ¢; and o; are the center and width of

the 7th hidden neuron, respectively.

Then, the output of the kth node in the output layer of the network is calculated

using:

N
vk =Y wiidi(x). (2.2)
i=1

The majority of classical approaches to training RBF networks in the literature
entail two stages. In the initial stage, the centers and widths are determined,
frequently through the utilization of unsupervised clustering algorithms. In the
subsequent stage, the connection weights between the hidden layer and the
output layer are adjusted with a view to minimizing an error criterion, such as

the Mean Squared Error (MSE), across the entire dataset.

The training process for the RBF model is terminated either when the calculated

error reaches a predetermined threshold (e.g., 0.01) or after a specified number

25



of training iterations (e.g., 500). A specific number of nodes, typically 10, are
selected for the hidden layer, and a Gaussian function is commonly employed
as the transfer function in the computational units. In practice, RBF networks
often demonstrate a more rapid convergence during training in comparison to

MLP networks [25].

2.3 Deep Features

The DNN architecture allows for the utilization of deep features for clustering pur-

poses, which can be sourced from one or multiple layers of the DNN:

* Single layer: In this configuration, a single layer of the DNN is employed for
the extraction of deep features. This approach is typically advantageous due to

its lower dimensionality.

* Multiple layers: This scenario entails the extraction of the deep features from a
fusion of outputs originating from multiple layers. Consequently, the represen-
tation becomes more intricate, thereby enabling the embedded space to depict
more complex semantic representations. This augmented capacity frequently

results in enhanced outcomes in similarity computation [27].

2.4 Non-Clustering Loss

The non-clustering loss component is concerned exclusively with the learning of a
deep representation of the data through the application of DL techniques. It operates
independently of the clustering aspect of the process. A variety of non-clustering loss

functions are available for consideration [20]:

¢ Absence of non-clustering loss: In this scenario, the network model is con-
strained only by the clustering loss. The absence of a non-clustering loss may

result in the generation of inferior representations or even the collapse of clus-

ters [6].

* Reconstruction loss: In the case of an AE being selected as the DNN archi-

tectural choice, the non-clustering loss is equivalent to the reconstruction loss.
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Typically, it is defined as the distance measure dag(x;, ;) between the input z;
to the AE and its corresponding reconstruction #; = f(z;). The most common

formulation of this loss is the MSE between the two variables:
L(wi, (1)) = dag(xs, f(x:) Z 2 — £l (2.3)

where n is the number of data points, z; represents the input, and f(z;) denotes

the AE reconstruction.

* Implicit maximum likelihood loss: The objective of this loss function is to
address the challenges associated with direct likelihood maximization, partic-
ularly when utilizing a DNN as the underlying machine learning model [28].

The implicit maximum likelihood loss is expressed as follows:

$z7$e9 Z ||xz Lep, ||2 (24)

Here, n represents the number of data points, z; denotes the i-th data point,
and z, signifies the nearest sample (from m samples generated by the DNN
model) to the i-th data point, determined using a distance metric (typically the

Euclidean distance).

e The min-max loss: In the case of a generative adversarial network (GAN)
being the optimal model, the min-max loss function is utilized [29]. This non-

clustering loss function is defined as:

L(D,G) = minmax V(D, &) = Eprpy () [10g D(2)] + By, () [log(1 — D(G(2)))]-
(2.5)

¢ Additional Information: Non-clustering loss can leverage additional data infor-
mation to extract valuable features, even if this extra information isn’t conducive

to the clustering process.

2.5 Clustering Loss

The purpose of clustering loss functions is to direct neural networks towards the

acquisition of representations of the input data that are conducive to the formation of
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clusters. Consequently, these functions are designated as clustering loss functions [18,
20, 19]. These can be classified into two categories: principal clustering loss and

auxiliary clustering loss [20].

* Principal clustering loss: Following DNN training with this category of cluster-
ing loss, the clusters can be obtained directly. This implies that such clustering
loss functions encompass both the cluster centroids and the process of data clus-
tering. Examples of these types of clustering losses include k-means loss [30],
cluster assignment hardening loss [31], agglomerative clustering loss [32], clus-
ter classification loss [33], non parametric maximum margin clustering [34], and

so forth.

* Auxiliary clustering loss: This category of clustering loss encourages the DNN
to learn a representation that is more suitable for clustering. However, it does
not directly provide clustering solutions. Consequently, deep clustering meth-
ods that employ auxiliary clustering loss require the execution of a clustering
method after DNN training in order to obtain the clusters. Examples of auxil-
iary clustering losses deployed in deep clustering include the locality-preserving
loss [35], which ensures that the DNN preserves the local properties of data
embedding, and the group sparsity loss [35], which utilizes a block diagonal

similarity matrix for representation learning.

2.5.1 Principal Clustering Loss

The following section presents a selection of principal clustering loss functions [19]:

* No clustering loss: Although a DNN trained exclusively with non-clustering
losses can still generate deep features suitable for clustering post-training, it
transforms the input data into a lower-dimensional representation, effectively
reducing the dimensionality. While this transformation may occasionally prove
beneficial for clustering, the incorporation of a clustering loss has been demon-

strated to yield superior results [6, 31].

* k-means loss: The k-means loss, also referred to as clustering error, is designed
to promote the generation of a representation that is conducive to clustering, as

outlined in [6]. By minimizing this error with respect to the DNN parameters,
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the distance between each data point and its assigned cluster center is reduced,

thus improving the quality of the clustering when applying k-means.

e Agglomerative clustering loss: In the context of agglomerative clustering, the
process involves the progressive combination of two clusters with the highest
affinity or similarity at each iteration until a predefined stopping criterion is

met, as outlined by [36].

* Cluster classification loss: During the updating of clusters, the assignments
may be employed as alternative class labels for a classification loss integrated
into an auxiliary network branch. This configuration encourages the extraction
of meaningful features across all layers of the network, as evidenced by the
findings of [33, 37].

2.5.2 Auxiliary Clustering Loss

The subsequent section enumerates a selection of potential auxiliary clustering loss

functions [19]:

* Locality-preserving loss: The objective of the locality-preserving loss function
is to maintain the proximity of clusters by encouraging nearby data points to be
positioned in close proximity to each other [35]. The mathematical expression

is as follows:

=y Z s(rs 2| (x5) = f(x)]1 (2.6)

i JENK(i

Here, Ny (i) denotes the set of k nearest neighbors of the data point z;, s(x;, z;)
represents a similarity measure between the points z; and z;, and f(-) represents

the nonlinear transformation performed by a DNN.

* Group sparsity loss: It draws inspiration from spectral clustering, employing a
block diagonal similarity matrix for representation learning, as outlined by [38].
Group sparsity represents an effective technique for the selection of features.
For example, in [35], the hidden units were divided into G groups, where G
represents the assumed number of clusters. Given a data point z;, the resulting
representation takes the form fg(x,) ,- Accordingly, the loss function can be

formulated as follows:

N G
Lgs :Zz)‘ngg(Ii)H‘ (2.7)

i=1 g=1
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Here, )\, represents the weights assigned to sparsity groups, defined as )\, =

A/Tig, Where n, denotes the group size and ) is a constant.

2.6 Synthesizing the Loss Functions

Let us consider a deep clustering process that employs both a clustering and a non-
clustering loss function. It is of great importance to effectively combine these two

losses. One common approach to achieve this is through the following formulation:
L(0) =aLl.(0)+ (1 —a)l,(0), (2.8)

where L (0) represents the clustering loss, £,,(¢) represents the non-clustering loss,
and « € [0,1] is a constant determining the balance between the two loss functions.
a is employed as an additional hyperparameter during the training of DNN, and its
value may be modified at various points throughout the training process in accordance
with a predefined schedule. The scheduling methods for adjusting o during training

are described in detail in [19]:

* Joint training: o remains constant within the range 0 < o < 1, and the DNN

training incorporates both loss functions simultaneously.

* Variable schedule: The value of o undergoes a change throughout the training
process in alignhment with a predefined schedule. To illustrate, it may commence
at a relatively low level and then undergo a gradual increase with each training

epoch.

* Pretraining, fine-tuning: In the initial stage, the parameter « is set to 0, and
the DNN undergoes training using only the non-clustering loss. Subsequently,
in the second stage, o is set to 1, and the DNN is retrained solely using the
clustering loss. This approach enables the DNN to be fine-tuned specifically for
clustering tasks. However, training the DNN exclusively with the clustering error

for an extended period may result in suboptimal clustering outcomes.
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2.7 Updating Clusters

Clustering methods are typically divided into two main categories: hierarchical and
partitional (centroid-based) approaches [2]. In hierarchical clustering, a hierarchy of
clusters and data points is constructed. In contrast, partitional clustering involves the
organization of data into clusters with distinct centers. This is achieved through the
application of metric relations, which assign each data point to the cluster with the
most similar center [20].

In the field of deep clustering, two prominent methodologies have been widely
employed. The first is Agglomerative clustering integrated with DL [36], which rep-
resents a hierarchical clustering approach. The second is k-means coupled with
DL [31, 6, 33, 39], which falls under the category of partitional clustering methods.

In the context of DNN training, a centroid-based approach entails the updating of
both the clusters and the centroids. The prevailing methodologies for updating these

elements are delineated as follows [20]:

¢ Simultaneously updated with the network model: The incorporation of cluster
assignments as probabilities permits their representation as network parameters,

thereby facilitating optimization through backpropagation.

e Updated alternately with the network model: The process of adjusting clus-
tering assignments is conducted independently of the network model update

procedure, as outlined in [31, 36].

2.8 Autoencoders As DNNs In Clustering

In recent years, DNNs have seen an increase in applications within the domain of
DL, particularly in the area of clustering. DNNs are adept at learning intricate and
valuable data representations from datasets, reducing the reliance on extensively engi-
neered features by humans [40]. This versatility is owed to their exceptional nonlinear
mapping capability and adaptability [16, 41]. Although clustering was not initially a
primary focus of DL, numerous methods have emerged that leverage the represen-
tational power of neural networks, leading to the emergence of a new category of
deep clustering methods. These approaches aim to enhance clustering outcomes by

effectively training neural networks to transform input data and produce represen-
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tations conducive to clustering. The ideal outcome is the formation of compact and
well-separated clusters in the latent space [20, 19, 18, 42, 43].

In the context of deep clustering, a range of DNN models have been utilized,
as evidenced in [43]. It is noteworthy that the most commonly used architectures
include GANs [29], VAEs [44], and Graph Neural Networks [45]. Moreover, conven-
tional DNNs have been integrated into methodologies like ClusterGan [37], VaDE [46],
JULE [36], and NIMLC [47, 48].

Nevertheless, the majority of methodologies employ AEs, which stand out as the
most prevalent DL model for clustering. AE-based deep clustering approaches seek to
capitalize on the nonlinear capabilities of the encoder and decoder models to facilitate
the shaping of the latent space [6]. To achieve this goal, novel objective functions have
been proposed that combine the traditional AE reconstruction error with a clustering
loss. This combination enables the training of the AE network in such a way that the
data forms more compact clusters in the learned embedded space. This is achieved
by simultaneously minimizing a clustering objective and the AE reconstruction error,
thus ensuring that the original data information is preserved while the clustering

objective is met.
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CHAPTER 3

AUTOENCODER-BASED DEEP CLUSTERING

METHODS

3.1 Dimensionality Reduction and Clustering
3.2 Deep Clustering Network
3.3 Deep Embedded Clustering

3.4 Improved Deep Embedded Clustering

3.1 Dimensionality Reduction and Clustering

Many conventional learning methods traditionally treat DR and clustering as separate
processes. However, recent studies have revealed that optimizing these tasks jointly
can significantly enhance the performance of both. This novel approach operates
under the assumption that data samples stem from a linear transformation of latent
representations conducive to clustering [6].

In practice, the application of DR preprocessing techniques, such as Principal
Component Analysis (PCA) or Non-negative Matrix Factorization (NMF) [49, 50], to
reduce the dimensionality of z; to a lower-dimensional space frequently results in
enhanced outcomes when followed by k-means clustering. In addition to employing
DR as a preprocessing step, the literature has also explored the approach of jointly

performing DR and clustering [51, 52, 53].

33



Let’s now consider a generative model where a data sample is represented as
x; = Wh;, with W € RM*E and h; € RE, where R <« M. It is assumed that the
data clusters are well-separated in the latent domain (i.e., where h; resides), but the
transformation introduced by W may result in distortion. In their work, Yang et al.
(2017) [53] presented a joint optimization problem formulated as follows:

N
min | X - WH|% + AZ |hi — Ms;||3 + ri(H) + ro(W) (3.1

M{s;},W,H -
=1

s.t. s;; € {0,1} and 17s; = 1 Vi, j, where X = [z,...,2x], H = [h1,..., hx], and A > 0
serves as a parameter balancing the competing constraints of data fidelity and latent
cluster structure. This formulation addresses both DR and latent clustering, with the
regularization terms 7 (-) and ry(-) serving to prevent trivial solutions. The data model
X ~ WH as presented in the previously referenced work, may be overly simplified.
It is possible that the data generating process is more complex than a simple linear
transformation, and therefore, further investigation is required. Therefore, there is
justification in seeking powerful non-linear transformations, such as DNNs, to model
this data-generating process. Concurrently, the joint DR and clustering approach re-
mains a valuable technique.

Furthermore, the approach proposed by Xie et al. (2016) [31] and Yang et al.
(2016) [36] involves connecting a clustering module to the output layer of a DNN
and jointly learning the parameters of the DNN and the clusters. In particular, the

methodologies seek to address an optimization problem of the following form:

N
min £ =) q¢(f(z;;W);0), (3.2)

i=1
where f(z;; 1) represents the network output for the data sample z;, W collects
the network parameters, and © denotes parameters of some clustering model. For
example, © represents the centroids M/ and the assignments {s;} when the k-means
clustering formulation 1.1 is used. The function ¢(-) in the equation 3.2 represents
some clustering loss, such as the Kullback-Leibler (KL) divergence loss in [31] or the
agglomerative clustering loss in [36].

The best possible solution to the problem 3.2 occurs when f(z;;W) = 0, and
achieving an optimal objective value of £ = 0 is always possible. Another kind of
trivial solution is to group random data points tightly, resulting in a low £ value.
However, this approach may not be ideal, since it doesn’t take into account the

individual data samples z;’s.
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3.2 Deep Clustering Network

The study by Bo Yang, Xiao Fu, Nicholas D. Sidiropoulos and Mingyi Hong [6],
proposes a joint DR and k-means clustering method that uses DNNs for DR. By
utilizing a DNN, they aim to retain the benefits of jointly optimizing both tasks while
taking advantage of the DNN’s ability to approximate complex nonlinear functions.
As a result, this approach is adaptable to a wide range of generative models.

To achieve this goal, they elaboratively designed the structure of the DNN and
formulated an optimization criterion that includes both DR and clustering objec-
tives. Moreover, a practical and scalable algorithm tailored to effectively handle the
optimization problem is introduced. Finally, this clustering method is called Deep

Clustering Network (DCN).

3.2.1 Framework

The DCN framework integrates DR and k-means clustering, where DR is performed
by using a DNN that deviates from conventional linear models. The goal of their
study is to improve the modeling of the data transformation process with a more
comprehensive model, which can result in a latent space that is much more compatible
with k-means clustering. Thus, they introduce an optimization criterion for the joint
DNN-based DR and k-means clustering, which consists of three components: DR, data
reconstruction, and cluster structure-promoting regularization. Lastly, they present
a comprehensive solution package that includes empirically effective initialization

methods and a novel alternating stochastic gradient algorithm.

3.2.2 Formulation

The objective of this work was to develop a model that could effectively represent
the relationship between the observable data x; and its clustering-friendly latent rep-
resentation h,. This was achieved by employing a nonlinear mapping, specifically,
h; = f(z;; W), where f(-; W) : RM — R® denotes the mapping function and W de-
notes the set of parameters. In this instance, the mapping function is a DNN, given
that DNNs possess the capacity to approximate any continuous mapping using a finite
number of parameters.

Nevertheless, the primary issue that arises in this methodology is the manner
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by which trivial solutions can be avoided. The primary means of preventing them in
linear DR lies in the reconstruction phase, particularly in the term || X — W H||% within
equation 3.1. This component ensures that the learned h;’s can effectively reconstruct
the z;’s with the help of .

Moreover, to prevent trivial low-dimensional representations such as all-zero vec-
tors, DCN employs a decoding network g(-;Z) to map the h;’s back to the data
domain. Additionally, it necessitates that g(h;; Z) and z; exhibit a high degree of
similarity under a specified metric, such as mutual information.

So, they built the below cost function:

= A
min 3 (1(6(¢) o) + 510 - Msi). (33)

W,Z,M {si} “
=1

s.t. 85, €{0,1}, 17s; =1 Vi, j, where f(z;;W) = f(x;) and g(h;; Z) = g(h;), respec-
tively.

The function I(-) : RM — R represents a specific loss function that measures the
reconstruction error. In this study, the least squares loss function is employed, defined
as l(z,y) = ||z — y||3. The parameter A\ > 0 is a regularization parameter that balances
the trade off between the reconstruction error and the generation of k-means friendly

latent representations.

3.2.3 Optimization Procedure

This section presents the optimization strategy employed to enhance the performance
and efficiency of the clustering algorithm. The objective of this procedure is to achieve
an optimal balance between accurate feature representation and optimal clustering
results. This is accomplished by combining pretraining, alternate optimization, and

iterative parameter updates.

Layer-wise Pretraining for Initialization

The authors propose to use the layer-wise pretraining method, as introduced by Ben-
gio et al. (2007) [54] for training AEs, to initialize the network parameters (W, Z).
While this pretraining technique may be unnecessary for large-scale supervised learn-
ing tasks, the authors highlight its significance for their proposed DCN, which operates
exclusively in an unsupervised manner. Regardless of the dataset size, the layer-wise

pretraining procedure has been demonstrated to be crucial. Following the pretraining
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phase, the outputs of the bottleneck layer are subjected to k-means clustering, thereby

providing the initial values for M and {s;}.

Alternating Stochastic Optimization

Even with good initialization, solving the problem 3.3 remains a significant challenge.
The commonly used SGD algorithm cannot be directly applied to the joint optimiza-
tion of W, Z, M, and {s;} because the block variable {s;} is restricted to a discrete
set. The idea is to to integrate the principles of alternating optimization and SGD. In
particular, the approach entails optimizing the subproblems with respect to one of

M, {s;}, and (W, Z), while keeping the other two sets of variables fixed.

¢ Update Network Parameters

For fixed (M, {s;}), the subproblem w.r.t. (W, Z) is analogous to training a sparse
AE, but with an additional penalty term on the clustering performance. It makes
use of the well-established tools for training DNNs, e.g., backpropagation based
SGD and its variants. To implement SGD for updating the network parameters,
the problem is considered w.r.t. the incoming data point z;:

min £ = ((g( (), ) + 17 w) — M} (3.4

W,Z

The gradient of the above function with regard to the network parameters is

easily computable, i.e., VxL' = 82(9(’:9(;"))’“) + Aag()?i)(f(xi) — Ms;), where X =

(W,Z) is a collection of the network parameters. The gradients 88—)‘; and %

can be calculated by backpropagation (Rumelhart et al., 1988) [55] (it should be
noted that the aforementioned derivatives are actually subgradients with respect
to X, given that the ReLU function is not differentiable at 0). Subsequently, the

network parameters are updated as follows:
X+ X — CYVXﬁi, (35)
where o > 0 is a diminishing learning rate.

¢ Update Clustering Parameters

In the context of fixed network parameters and M, the assignment vector of

the current sample, i.e., s;, can be updated in an online fashion in a natural
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manner. Specifically, the update of s; is conducted as follows:

Sji=§ 0 (3.6)
0, otherwise.

When fixing {s;} and X, the update of M is simple and may be done in a variety

of ways. For example, one may simply employ the formula my, = Cli‘ > fxy),
Miect
where C} is the recorded index set of samples assigned to cluster & from the

first sample to the current sample . Although the previously described update
is intuitive, it could be problematic for online algorithms. This is because the
historical data that has already been recorded G.e., z1,...,2;) may not be suffi-
ciently representative enough to model the global cluster structure. Additionally,

the initial s;’s values may be significantly inaccurate.

Therefore, simply averaging the current assigned samples may cause numer-
ical problems. Instead of doing the above, they employ the idea in (Sculley,
2010) [56] to adaptively modify the learning rate associated with the updat-
ing of my,...,mg. The underlying concept is straightforward: assume that the
clusters are approximately balanced in terms of the number of data samples
they contain. Then, following the updating of M for a number of samples, it is
recommended that the centroids of the clusters with a considerable number of
assigned members be updated in a more gradual manner, while those with a
lesser number of assigned members be updated in a more pronounced manner,

in order to maintain balance.

To implement this, let ¢, be defined as the count of the number of times the
algorithm assigned a sample to cluster £ before handling the incoming sample

x;. Then, m;, can be updated by a simple gradient step:

My — my, — Ciz(mk — f(x:)) Sk, (3.7)
k

where the gradient step size — controls the learning rate. The previously de-

k
scribed update of M can also be regarded as an SGD step, resulting in an overall
alternating block SGD procedure that is summarized in Algorithm 3.1. It should
be noted that an epoch represents a single pass of all data samples through the

network.
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Algorithm 3.1 Alternating Stochastic Gradient Descent (SGD)

Require: Initialization {Perform 7" epochs over the data}.
1: fort=1:7T do
2:  Update network parameters by 3.5.
3:  Update assignment by 3.6.
4:  Update centroids by 3.7.

5: end for

Algorithm 3.1 exhibits a number of advantageous characteristics. Firstly, the al-
gorithm can be implemented in a completely online fashion, thereby ensuring scala-
bility. Secondly, numerous established techniques for optimizing the performance of
DNN training can be directly applied, including the mini-batch version of SGD and

batch-normalization [57].

3.3 Deep Embedded Clustering

In their study, Junyuan Xie, Ross Girshick, and Ali Farhadi propose an unsuper-
vised clustering method for jointly learning feature representations and cluster as-
signments [31]. This clustering algorithm is designated as Deep Embedded Clustering
(DEC). DEC draws inspiration from recent advancements in DL, particularly in com-
puter vision tasks, where DNNs have demonstrated success in learning more effective
features [16, 58, 59, 60].

However, in contrast to supervised learning methodologies, DEC is designed to
facilitate unsupervised clustering. It proposes a parameterized non-linear mapping
from the original data space to a lower-dimensional feature space, optimized based

on a clustering objective.

3.3.1 Framework

A number of variants of the k-means algorithm have been proposed, including joint
DR and clustering methods, which address issues associated with higher-dimensional
input spaces [61, 62]. However, these methods are constrained to linear embedding,
whereas the DEC approach employs DNNs for non-linear embedding, which is well-

suited to complex data.
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Furthermore, the discussion includes an examination of spectral clustering and its
variants [63], which offer more flexible distance metrics and have been demonstrated
to outperform k-means in a number of cases. Techniques that combine spectral clus-
tering and embedding are explored in [64, 65], but they often suffer from scalability
issues due to the necessity of computing the full graph Laplacian matrix.

To address concerns regarding scalability, approximate algorithms for spectral
clustering have been developed; nevertheless, these algorithms may compromise per-
formance in favor of speed. In contrast, the DEC method exhibits linear growth in
relation to the number of data points and is designed to handle large datasets in a
manner that is both efficient and effective.

Additionally, the excerpt discusses the application of KL divergence for data visu-
alization and DR, with techniques such as t-SNE [66, 67]. Thus, drawing inspiration
from parametric t-SNE, the DEC method establishes a centroid-based probability
distribution and endeavors to minimize its KL divergence from an auxiliary target
distribution. This approach aims to enhance both the precision of clustering assign-
ments and the fidelity of feature representations.

In order to address the challenges inherent in clustering when there is a lack
of labeled data, the DEC framework introduces an iterative refinement process. In
particular, it utilizes an auxiliary target distribution derived from the current soft
cluster assignments to incrementally enhance both clustering accuracy and feature
representation quality. In conclusion, the approach represents a promising avenue
for unsupervised clustering, as it enables the simultaneous learning of feature repre-

sentations and cluster assignments through the use of DL techniques.

3.3.2 Formulation

Consider the task of clustering a set of n points {z; € X}, into k clusters, each of
which is characterized by a centroid p;, where j = 1,..., k. In contrast to the conven-
tional approach of directly clustering within the original data space X, DEC proposes
an initial step of transforming the data through a nonlinear mapping, specifically
fo : X — Z, where 0 denotes the learnable parameters and Z represents the latent
feature space. Typically, the dimensionality of Z is significantly smaller than that of
X [68]. DNNs are selected as the optimal choice for parameterizing fy due to their

inherent capacity for function approximation [69] and their proven ability to learn
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meaningful features [40].

The presented algorithm, DEC, operates by concurrently learning a set of k cluster
centers {y; € Z}?Z1 within the feature space Z and the parameters ¢ governing the
DNN responsible for mapping data points into Z. DEC comprises two distinct phases:
(1) initialization of parameters using a deep AE [70] and (2) parameter optimization,
also known as clustering. In the optimization phase, the algorithm iterates between

computing an auxiliary target distribution and minimizing the KL divergence to it.

3.3.3 Optimization Procedure

The study presented in this section proposes an unsupervised algorithm to enhance
the clustering process, utilizing an initial estimate of the non-linear mapping fy and
the initial cluster centroids, represented by the set of values {; }?:1- The algorithm
comprises two iterative steps. Initially, a soft assignment is computed between the
embedded points and the cluster centroids. Subsequently, the deep mapping function,
fo, is updated and the cluster centroids are refined by leveraging the current highly
confident assignments through an auxiliary target distribution. This iterative process

continues until a convergence criterion is met.

Soft Assignment

In accordance with the methodology proposed by van der Maaten and Hinton (2008) [66],
the Student’s t-distribution is utilized as a kernel to assess the degree of similarity
between an embedded point z; and the centroid y;:
(14 llzi — /)"0
BT S Tl = g2y

y/

J

(3.8)

In this context, z; = fy(z;) € Z represents the embedding of z; € X, and v represents
the degrees of freedom associated with the Student’s t-distribution. The quantity g;;
signifies the probability of assigning sample ¢ to cluster j, indicating a soft assignment.
In the absence of a validation set for cross-validation of the v in the unsupervised

setting, and given the redundancy of its learning, they set v =1 [67].

KL Divergence Minimization

In DEC method, it is proposed the iterative refinement of clusters through the ex-

ploitation of their high-confidence assignments, facilitated by the use of an auxiliary
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target distribution. In detail, the model is trained by aligning the soft assignment
with the target distribution. In order to achieve this, the objective is defined as the
KL divergence loss between the soft assignments ¢; and the auxiliary distribution p;.

This is expressed as follows:

£ =KL(P|Q) = Z Zpij log % (3.9)

The selection of target distributions P is of critical importance in determining the
performance of DEC. A straightforward approach might entail setting each p; to a
delta distribution (pointing to the nearest centroid) for data points exceeding a con-
fidence threshold and disregarding the remainder. However, since ¢; represents soft
assignments, it is more natural and versatile to optimize for softer probabilistic targets.
More specifically, this method strives to achieve the following objectives with respect
to the target distribution: (1) enhanced prediction accuracy, (2) greater focus on data
points with higher confidence levels, and (3) normalization of loss contribution to
prevent large clusters from distorting the hidden feature space.

In this work, p; is computed by first squaring ¢; and then normalizing by the
frequency of occurrences within a given cluster:

bij = %zi,
jzf qij// i

where f; =) ¢;; represents the soft cluster frequencies.

(3.10)

The DECitraining strategy may be regarded as a form of self-training [71]. Similar
to self-training, the process begins with an initial classifier and an unlabeled dataset,
which are then labeled with the classifier to train on its own high-confidence predic-
tions. Indeed, experimental evidence indicates that DEC enhances the initial estimate
in each iteration by learning from high-confidence predictions, thereby improving

low-confidence ones.

Optimization

The optimization process entails a joint optimization of the cluster centers {x;} and
DNN parameters 6 through the application of SGD with momentum. The gradients of
L with respect to the feature-space embedding of each data point z; and each cluster
centroid p; are computed as follows:

oL v+l z— P\
== (1 + M) X (pij — 4i5) (2 — 1), (3.1D
j

0z v
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oL v+l Iz — P\
O - Z (1 + % X (pij — Gij) (2 — 1) (3.12)

i

Subsequently, the gradients g—i are propagated to the DNN and employed in stan-
dard backpropagation to calculate the parameter gradient 2= of the DNN. With regard
to the assignment of clusters, the process is terminated when the proportion of points
that alter their cluster assignment between two consecutive iterations is less than the

total percentage.

3.3.4 Parameter Initialization

The discussion will now turn to the initialization process of the DEC algorithm, which
involves the configuration of the DNN parameters ¢ and the cluster centroids {s;}. To
initiate this process, a stacked AE (SAE) is employed. SAEs are known for their ability
to consistently generate semantically meaningful and well-separated representations
in real-world datasets [70, 72, 73]. The unsupervised representations obtained from
the SAE facilitate the learning of clustering representations within DEC.

The SAE network is initialized layer by layer, with each layer comprising a de-
noising AE trained to reconstruct the output of the preceding layer after random

corruption [70]. This denoising AE is defined as follows:

& ~ Dropout(z),

h = g1 (WhZ + by),

h ~ Dropout(h),

y = g2(Wah + by).
In this context, Dropout(-) represents a stochastic mapping that randomly sets to 0
a portion of its input dimensions [74]. The functions g; and g, serve as activation
functions for the encoding and decoding layers, respectively. The model parameters
are represented by 6 = {Wj,b;, Ws,b,}. The objective of the training process is to
minimize the least-squares loss ||z —y||?. Subsequent to the training of each layer, the
output h is employed as input for training the following layer. ReLUs are utilized in
all encoder/decoder pairs, with the exception of g, in the first pair (which handles
input data that may include positive and negative values) and g; in the last pair (to

ensure the preservation of complete information in the final data embedding [70]).
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Once the layer-wise training phase has been completed, the encoder layers are
concatenated, followed by the decoder layers in reverse layer-wise training order. This
combination results in the formation of a multilayer deep AE, comprising a bottleneck
coding layer at its core. Further refinement through fine-tuning is employed with the
objective of minimizing the reconstruction loss. Following this process, the decoder
layers are discarded, leaving only the encoder layers to serve as the initial mapping
between the data space and the feature space.

Finally, for initializing the cluster centers, the data is passed through the initialized
DNN to obtain embedded data points. Standard k-means clustering is then performed

in the feature space Z to derive the initial centroids {s; ?:1-

3.4 Improved Deep Embedded Clustering

The DEC algorithm establishes an efficient objective through self-learning. This ob-
jective (clustering loss) is employed to concurrently adjust the parameters of the
transformation network and the cluster centers. By incorporating cluster assignment
into soft labels, the algorithm attains implicit coordination. However, it is not possible
to rely on the clustering loss alone to guarantee the preservation of local structure.
Consequently, the feature transformation may become misguided, which could po-
tentially compromise the integrity of the embedded space.

To address this issue, the work of Xifeng Guo, Long Gao, Xinwang Liu, Jianping
Yin [75] posits that both the guidance of clustering-oriented loss and the preser-
vation of local structure are crucial for effective deep clustering. Taking inspiration
from Peng et al. (2016) [76], they employ an under-complete AE to learn embedded
features while preserving the local structure of the data distribution. This approach
involved integrating the AE into the DEC framework, which enabled their framework
to jointly conduct clustering and acquire representative features while maintaining lo-
cal structure integrity. This clustering method is called Improved Deep Embedded
Clustering (IDEC).

3.4.1 Framework

The IDEC algorithm is essentially a modified version of DEC, which integrates an

under-complete AE to preserve local structure. It distinguishes itself from Yang et
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al. (2016) [36] through its simplicity, which eliminates the need for recurrence, and
it outperforms DEC in terms of both clustering accuracy and feature representative-
ness. In the IDEC algorithm, a denoising AE is employed for pretraining, and an

undercomplete AE is integrated into the DEC framework subsequent to initialization.

3.4.2 Formulation

The primary contribution of DEC [31] lies in its utilization of the clustering loss (or
target distribution P). This method relies on the use of highly confident samples as a
form of supervisory input, with the objective of encouraging a denser distribution of
samples within each cluster. Nevertheless, there is no guarantee that samples situated
at the boundaries will be correctly allocated to the corresponding cluster. To address
this challenge, IDEC explicitly preserves the local structure of the data. As a result,
the supervision provided by highly confident samples assists in guiding marginal
samples towards their correct clusters.

Let’s consider about a dataset X comprising n samples, where each sample z;
belongs to R?, with d denoting the dimensionality of the space. The number of clusters
K is known a priori, and each cluster j is characterized by a center yu; € R?. For each
sample z;, a cluster index s; € {1,2,..., K} is assigned. Two mappings are defined: the
first, fw : ; — z;, represents a nonlinear transformation mapping z; to its embedded
point z; in a low-dimensional feature space; the second, gy~ : z; — z,, maps z; back
to its reconstructed sample ;.

The objective is to identify a suitable fy that enhances the embedded points {z;}! ,
for the clustering task. Two principal elements are of paramount importance: the AE
and the clustering loss. The AE is utilized to learn representations in an unsupervised
manner, thereby facilitating the preservation of the data’s intrinsic local structure.
The clustering loss function refines the embedded space to achieve a well-dispersed

distribution of embedded points. The objective is defined as
L=L+~Le, (3.13)

where £, and L. denote the reconstruction loss and clustering loss, respectively. In
this context, the parameter v > (0 serves as a coefficient controlling the degree of
distortion in the embedded space. When v = 1 and £, = 0, equation 3.13 simplifies
to the objective of DEC 3.9.
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3.4.3 Optimization Procedure

This section delineates the methodology designed to improve DEC’s clustering perfor-
mance by effectively initializing the model, preserving local structure, and employing
an optimized training strategy. This approach balances precise feature representation

with robust clustering outcomes.

Clustering Loss and Initialization

The clustering loss which is used is already defined in 3.3.3. Additionally, in ac-
cordance with the recommendations proposed by Xie et al. (2016) [31], a stacked
denoising AE undergoes pretraining prior to commencing the clustering procedure.
Upon completion of the pretraining phase, the embedded points are deemed to be
valid feature representations for the input samples. Subsequently, the cluster centers

{1;}}<, can be initialized by applying the k-means on {z; = fu (z;)}},.

Local Structure Preservation

It is possible that the embedded points may not be inherently suited to the cluster-
ing task. In response, DEC [31] removes the decoder and refines the encoder using
the clustering loss £.. However, this refinement process may result in distortion of
the embedded space, which could diminish the representativeness of embedded fea-
tures and potentially compromise clustering performance. Accordingly, in the IDEC
method, the decoder is maintained in its original form and the clustering loss is
directly applied to the embedded space.

In order to guarantee the efficacy of the clustering loss, it is inadvisable to employ
the stacked denoising AE for pretraining. This is because clustering should ideally
be performed on features extracted from clean data, rather than on data corrupted
by noise, as is the case with the denoising AE. Consequently, the noise is removed
directly. As a result, the stacked denoising AE is transformed into an undercomplete

AE. The reconstruction loss is quantified using the MSE:
Lr= llai — gw ()5 (3.14)
=1

where z; = fw(x;) and fi and gy represent the encoder and decoder mappings,

respectively.
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As demonstrated in prior research by [76] and [77], AEs are capable of preserving
the local structure of the data-generating distribution. In light of this observation, it
seems unlikely that making minor adjustments to the embedded space using the clus-
tering loss will result in corruption. It is therefore recommended that the coefficient

~ remains below 1.

Optimization

The optimization of Equation 3.13 is conducted using mini-batch SGD in conjunction
with backpropagation. This process entails updating three sets of parameters: the

weights of the AE, the cluster centers, and the target distribution P.

e Update AE’s weights and cluster centers

In the initial stage, the weights of the AE and the cluster centers are updated
while maintaining the target distribution P at a fixed value. This allows for the
computation of the gradients of £. with respect to both the embedded point z;

and the cluster center j;. The following equations illustrate this:

acc
azl Z:: (1 + sz j||2) (ng Qz])( ,LL_]) (315)
oL " 1

= =2 ii — Dig) (2 — ). (3.16)
O ;(1"‘”%‘—%‘”2) (g5 — pij)( ;)

Then, for a mini-batch comprising m samples and with a learning rate A, the

update for p; is as follows:

=p; — — 3.17
:u] Z aluj ( )
The weights of the decoder are adjusted by:
A = 0L
W =w-= = 3.18
> i (3.18)
The weights of the encoder are adjusted by:
A = (0L, oL,
- — . A
wW=w Z(aijaw) (3.19)

=1
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¢ Update target distribution

Updating the target distribution P is crucial as it serves as the “ground truth”
soft label, which is influenced by the predicted soft label. To ensure stability,
it is imperative that the target distribution P not be updated at every iteration
by using a mini-batch of samples. In contrast, the target distribution is up-
dated with all embedded points every 7' iterations. When updating the target

distribution, the label assigned to z; is obtained through the following equation:
s; = argmax ¢;;, (3.20)
J

where ¢;; is computed by Equation 3.8. The training process will be terminated
when the percentage change in label assignments between two consecutive up-

dates for the target distribution is less than a predefined threshold 4.

Algorithm 3.2 Improved Deep Embedded Clustering (IDEC) algorithm

Require: Input data: X; Number of clusters: K; Target distribution update interval:
T'; Stopping threshold: J; Maximum iterations: MaxIter.
Ensure: AE’s weights W and W’; Cluster centers y and labels s.
1: Initialize p, W', and W according to Section 3.4.3.
2: for iter € {0, 1,..., MaxIter} do
3:  if iter%T == 0 then
4 Compute all embedded points {z; = fuw(x;)}" ;.
5: Update P using Egs. 3.8, 3.10, and {z}} ;.
6

Save last label assignment: sqq = s.

7: Compute new label assignments s via Eq. 3.20.
8: if M < ¢ then

9: Stop training.
10: end if

11:  end if

12:  Choose a batch of samples S € X.
13:  Update p, W', and W via Egs. 3.17, 3.18, and 3.19 on S.
14: end for

Algorithm 3.2 summarizes the complete IDEC procedure.

48



CHAPTER 4

DEeEP CLUSTERING USING SOFT SILHOUETTE

4.1 Silhouette
4.2 Soft Silhouette

4.3 The DCSS method: Deep Clustering using Soft Silhouette

4.1 Silhouette

The silhouette score, first proposed by [14], is a metric used to assess the quality
of clustering solutions. It presupposes that an effective clustering solution comprises
clusters that are both compact and well-separated. Given a dataset X = {z1,...,zn},
which has been partitioned into K clusters C' = {C}, ..., Ck}, where d(z;, ;) denotes
the distance between z; and z;, the silhouette score can then be computed as follows:

The initial step is to calculate the individual silhouette score s(z;) for each data
point z;. Firstly, the average distance a(x;) is calculated for each data point with

respect to all other data points within its cluster C;:

a(x;) = |CI|;—1 xjeczmij d(z;, x;), (4.1)
where |C;| represents the cardinality of cluster C; with |C;| > 1. The value of a(z;)
serves to quantify the degree of fit exhibited by the data point x; within its cluster. A
low value of a(z;) indicates that z; is similar to its cluster members, which suggests

that the data point is correctly grouped. Conversely, a higher value of a(z;) implies

that z; is distant from its cluster members.
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In order to calculate the silhouette score, it is necessary to compute the minimum
average distance between a data point z; and data points in other clusters, which is
denoted as b(z;). This measure, b(z;), is expressed as follows:

b(z;) = min —— > d(xi, ;). (4.2)
JAL|Cy

z;€C,

A higher value of b(z;) signifies that the data point x; exhibits a notable divergence

from the data points in other clusters, which is regarded as a beneficial attribute.
The silhouette score, s(x;), for a data point x; is determined by considering two key

factors: firstly, the requirement for a small within-cluster distance a(x;), and secondly,

a large between-cluster distance b(x;). In mathematical terms, it is defined as:

b(x;) — a(x;)

@) = X Ta(m) b)) (4.3)

It is crucial to acknowledge that —1 < s(z;) < 1. A value closer to 1 indicates that x;
is well-clustered within its assigned group, whereas a value near —1 suggests that z;
might have been incorrectly labeled as it displays a greater degree of similarity with
points in other clusters.

The overall silhouette score for the entire partition C' of the dataset X is calculated

by averaging the individual silhouette values:

1
S(X)== s(x). (4.4)
N <
i=1
The silhouette score, as proposed by [14], serves not only as an effective means for
internal clustering evaluation but also establishes an intuitive clustering objective that
favors compact and well-separated clusters. However, existing deep clustering objec-
tives are primarily concerned with achieving compact clustering solutions without
explicitly optimizing for cluster separability. To address this limitation, a probabilistic

variant of the silhouette score, termed the soft silhouette, has been introduced [15].

This variant enables optimization for both compactness and cluster separability.

4.2 Soft Silhouette

The soft silhouette score [15] considered in this work, represents an extension of

the conventional silhouette score. Rather than utilizing hard cluster assignments, it
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considers probabilistic cluster assignments. In this context, suppose we have a dataset
X = {x1,...,zy} partitioned into K clusters C' = {Ci,...,Ck}, and let d(z;, ;)
express the distance between data points z; and z;. Furthermore, let P¢,(z;) denote

K
the probability that z; belongs to cluster C;. It follows naturally that ) Pc,(z;) = 1.
i=1

If it is assumed that x; belongs to cluster C}, then we define:

— ac, (z;): the distance between the point z; and the cluster C;. This is essentially
a weighted average (expected value) of the distances from z; to all other points
x; € X, where the weights are the probabilities P, (z;) indicating the likelihood
that x; belongs to the cluster Cf.

N
21 Fo, (x;)d(xi, ;)

ac, (z;) = = < : (4.5)

> Fo(a;)

J=Lj#1

— be, (x;): The minimum value of the expected distance of z; from the other clusters
C';, which differ from Cj.

=1 . A
be, (z;) = min < = min ac,(x;). (4.6)
Z PCJ (:CJ>
J=1j#i

— 5S¢, (x;): The conditional silhouette value for z; given that it belongs to cluster
Cr.
bCI (xl) — ac; (ml)
max {ac, (2:), bo, (i)}

so, () = (4.7)

The soft silhouette value sf(z;) of data point z; is calculated as the expected value

of s¢, (z;) with respect to its cluster assignment probabilities Pr, (x;):

sf(xz;) = Z Pe,(x;)se, (x;), (4.8)
=1

and the total soft silhouette score S f(X) of the given partition is computed by aggre-

gating (or averaging) the individual scores sf(z;):

N
SF(X) = %Zsf(xi). (4.9)
=1

It is noteworthy that when dealing with hard clustering, where cluster assignment
probability vectors are essentially one-hot vectors, the equations for soft silhouette are

analogous to those of typical silhouette calculations.
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As can be seen from the aforementioned equations, there is a clear differentia-
bility with respect to the cluster assignment probabilities in the soft silhouette score.
Consequently, it can be utilized as a viable clustering objective function within a DL
framework. The principal advantage of this objective is in its capacity to optimize
both cluster compactness and separation in a simultaneous manner. The following

section presents a deep clustering approach based on this concept.

4.3 The DCSS method: Deep Clustering using Soft Silhouette

This section presents the Deep Clustering using Soft Silhouette (DCSS) algorithm [15],
which falls under the category of AE-based deep clustering methods that utilize soft
silhouette as a clustering loss.

As previously outlined in chapter 3, a standard AE-based deep clustering method-
ology entails the utilization of an encoder network z = f,(z), where f,(-) : R — R™,
providing latent representations (embeddings) z, and a decoder network & = gy(z),
where g5(-) : R™ — R?, reconstructing the outputs given the embeddings. These net-
works are trained to optimize a total loss, which is the sum of the reconstruction loss
and the clustering loss: Lap = Lyec + ALy

In the DCSS approach, the soft silhouette score is employed for the cluster-
ing loss, which requires the specification of cluster assignment probabilities p(z) =
(p1(x),...,pk(z)) for an input . In order to satisfy this requirement, the AE-model is
enhanced with an additional network £, (z), designated as the clustering network. This
network receives as input the embedding of a data point z, z = f,,(x), and produces
as output the cluster assignment probabilities p;(z) = h,;(z) for j = 1,..., K. Thus,
given the dataset X = {x1,...,zy}, we first compute the embeddings z; = f,(x;).
Subsequently, we specify the pairwise distances d(z;, z;) and the cluster assignment
probability vectors p(z;) = h,(z;), which are essential for the calculation of the soft
silhouette score.

The depicted architectural model is presented in Figure 4.1. It is noteworthy that
the clustering network operates in conjunction with the decoder network. Given an
input vector z, the model yields the embedding vector z, the reconstruction vector z,
and the probability vector p(z).

Following an investigation of a number of potential alternatives, an RBF model
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Figure 4.1: This figure shows the schema of the DCSS model architecture.

was selected as the clustering network, augmented with a softmax output unit to
provide the probability vector for cluster assignments. The number of RBF units is
set equal to the number of clusters K.

It is essential to maximize the soft silhouette criterion in order to obtain solutions
of optimal quality. Given that a clustering loss is a quantity to be minimized, it is
important to consider the constraint that Sf < 1. Therefore, the clustering loss is
defined as:

Lq=1—-85F. (4.10)

It is important to note that £, is always positive and attains its minimum value
when S is at its maximum value (Sf = 1). Therefore, the total loss for model training

is specified as follows:

N
1 2
Lap = Z 12 = go(fu (@) |I” + A1 = SF (X)), (4.11)
where h,(X) = {h,(z1),...,h.(zx)} represents the cluster assighment probability vec-

tors. It is crucial to highlight that the pairwise distances d( f,,(z;), fu(z;)) between the
embeddings are also integral to the computation of Sf. In this work, the Euclidean
distance has been utilized. Since £ 4 is differentiable with respect to the model param-

eters w, 0, and r, it can be minimized using gradient-based optimization procedures
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that are typical in this context.

A technical issue has been identified during the training of the model, whereby in
a significant number of cases, the model converges to a trivial solution. This solution
is characterized by output probabilities for many data points that tend to be uniform
G.e., equal to %). In order to address this issue, an additional term has been inserted
to the objective function, which serves to penalize uniform solutions by minimizing
the entropy of the output probability vectors. Accordingly, the entropy regularization

term L,., is defined as follows:

N

H(ho(X) == > i) log (). (4.12)

i=1 j=1

Algorithm 4.1 Deep Clustering using Soft Silhouette (DCSS) algorithm

Require: X (dataset)
Require: K (number of clusters)

Require: )\, \; (regularization hyperparameters)

1: Randomly initialize the w and 6 AE parameters.
Stage 1: Pretraining

2: Pretrain the encoder f, and decoder gy by minimizing the reconstruction error
L, (eq. 3.14) through gradient-based optimization for 7}, epochs. > We employed
batch training using the Adam optimizer.

3: Apply k-means with K clusters to the learned representations z = f,,(X).

4: Initialize the parameters of the clustering network h, using the k-means result.
Stage 2: Training

5: Update the parameters 6, w, and r by minimizing the total loss (eq. 4.13) until
convergence through gradient-based optimization to obtain ¢*, w*, and r*. > We
employed batch training using the Adam optimizer.
Stage 3: Inference

6: Compute the clustering solution C' = arg max softmax(h,«(f,(X))). > Data clus-
tering.

*

7: return the clustering solution C' and the learned parameters w*, 6%, r*.

The final total loss function, which is minimized during the training of our model,
is defined as:
‘CAE = ﬁrec + )\1£cl + )\Q*CTega (413)
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and in more detail:

Lw—~—§:ma 9o(fu(@a))I* + M (1 = S (hu E:}: (:) log . j(:).

(4.14)
The particulars of the methodology, designated as DCSS, are delineated in Algo-
rithm 4.1.
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CHAPTER DO

EXPERIMENTS

5.1 Datasets

5.2 Neural Network Architectures
5.3 Evaluation

5.4 Experimental Setup

5.5 Results

5.6 Analysis of Experimental Results

This chapter presents the results of our experiments conducted on real-world datasets.
More specifically, the deep clustering performance of the DCSS approach is evaluated
with a comparison to the most prevalent AE-based deep clustering methods discussed

in chapter 3.

5.1 Datasets

Table 5.1 provides an overview of the benchmark datasets utilized for the experimen-
tal evaluation. The datasets exhibit a range of characteristics, including variations in
size (n), dimensions (d), number of clusters (k), complexity, data type, and domain of
origin. The following paragraphs provide a comprehensive overview of the datasets

utilized in our study, along with the preprocessing steps applied to them.
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The datasets employed in this work are Pendigits, EMNIST MNIST (EMNIST),
and EMNIST Balanced Digits (BD). These datasets consist of handwritten digits cat-
egorized into ten classes, representing digits from 0 to 9. It is worth noting that
the EMNIST dataset is an extended and more challenging version of the MNIST
dataset [78]. Both the EMNIST and BD datasets consist of images with a resolu-
tion of 28 x 28 pixels. In contrast, the Pendigits data instances are represented by
16-dimensional vectors containing pixel coordinates. Additionally, the EMNIST Bal-
anced Letters (BL) dataset was incorporated, comprising handwritten letters in both
uppercase and lowercase forms, with a resolution of 28x28 pixels. The BL dataset is
divided into three mutually exclusive subsets. The first subset includes the letters A
to J, the second subset consists of the letters K to T, and the third subset contains
the remaining letters, U to Z. The initial two subsets encompass 28,000 data points
each, dispersed across 10 clusters. In contrast, the final subset comprises 16,800 data
points and 6 clusters.

Moreover, we examined the Human Activity Recognition with Smartphones (HAR)
dataset, which consists of data gathered from the accelerometer and gyroscope sensors
of smartphones during various human activities. Each record in the dataset is a 560-
feature vector with time and frequency domain variables. HAR comprises 6 classes
of human activities: walking, walking upstairs, walking downstairs, sitting, standing,
and laying.

Furthermore, the Waveform-v1 (WVF-v1) dataset was incorporated, consisting of
3 categories of generated waves with 5,000 data points each. Each class is generated
from a combination of 2 of 3 “base” waves.

All datasets were subjected to a preprocessing step involving min-max normal-
ization. This technique maps the attributes of each data point to the [0, 1] interval,
thereby preventing attributes with large ranges from dominating the distance calcu-

lations and avoiding numerical instabilities in the computations [4].

5.2 Neural Network Architectures

The process of identifying optimal architectures and hyperparameters through cross-
validation represents a significant challenge in the context of unsupervised learning
scenarios. Therefore, we rely on commonly used architectures for the employed neu-
ral network models, thereby obviating the necessity for dataset-specific tuning. In the
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Table 5.1: The datasets used in our experiments. N is the number of data instances,

d is the dimensionality, and k denotes the number of clusters.

Dataset Type N d k Source
EMNIST Balanced Digits Image 28000 28 x28 10 [79]
EMNIST MNIST Image 70000 28 x28 10 [79]

EMNIST Balanced Letters (A-])  Image 28000 28 x28 10 [79]
EMNIST Balanced Letters (K-T) Image 28000 28 x28 10 [79]
EMNIST Balanced Letters (U-Z) Image 16800 28 x28 6 [79]

HAR Tabular 10299 560 6 [67]
Pendigits Tabular 10992 16 10 [80]
Waveform-v1 Tabular 5000 21 3 [80]

case of tabular data, our approach entails the adoption of a well-established archi-
tectural framework consisting of fully connected layers [31, 67]. Specifically, the AE
architecture we utilize is as follows:

Trq — FC500 — FC5OU — FC2000 — FCm — FCQOOU — FC500 — FC500 — {i‘d,

where Fc,, represents a fully connected layer with m neurons and z; denotes a

d-dimensional data vector.

In the context of image datasets, CNNs have been shown to be an effective tool
for the capture of semantic visual features. Accordingly, we employ a convolutional-
deconvolutional AE to learn embeddings for the image datasets. The AE architecture
comprises three convolutional layers (encoder), one fully connected layer (embedding
layer), and three deconvolutional layers (decoder) [81, 82, 83]. In particular, the
architecture is structured as follows:

[ [ “
Tagx2s — Convy, — Convi, — Convi,g — Fe,, — Deconvi,g — Deconvy, — Deconvi, — @agxos,

where Conv; (Deconvy) represents a convolutional (deconvolutional) layer with an
a x a kernel and b filters, with the stride always set to 2.

In the aforementioned encoder-decoder networks, the ReLU activation function is
leveraged [84], with the exception of the embedded layer of the AE, where the Hy-
perbolic Tangent (tanh) function is applied. The He initialization method is employed
for the initialization of weights and biases, as described in [85].

As previously stated, for the clustering network, we have selected a RBF model
with the number of hidden units equivalent to the number of clusters. Subsequently,
the outputs of the RBF units are then passed through a softmax activation function

with K outputs, thereby providing the cluster assignment probabilities. Following the
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AE pretraining phase, the centers of the RBF layer are initialized using the k-means
algorithm in the embedded space, with the parameter o set to a small positive value.

Additionally, the temperature parameter 7" of the softmax function is fixed at 7" = 20.

5.3 Evaluation

It is crucial to note that, as clustering is an unsupervised task, all algorithms were
designed in such a way that they were unaware of the true clustering of the data.
In order for us to evaluate the performance of the clustering methods, we employed
standard external evaluation measures, assuming the availability of ground truth
clustering information [86]. In all cases, the number of clusters was set to the number
of ground-truth categories, on the assumption that cluster labels and class labels are
identical.

One of the evaluation measures employed is the Normalized Mutual Information
(NMI) [87], which is defined as follows:

2x 1(Y,C)

HY)+ H(C)’

where Y represents the ground-truth labels, C' represents the cluster labels, I(-) rep-

NMI(Y,C) = (5.1

resents the mutual information measure, and H(-) represents the entropy.

The second metric employed is the Adjusted Rand Index (ARID) [88, 89], which is
a corrected version of the Rand Index [90]. ARI is a metric that quantifies the degree
of overlap between two partitions and is defined as:

RI(Y,C) — E[RI(Y,C)]

max{RI(Y,C)} — E[RI(Y,C)]’ (5.2)

ARI(Y,C) =

where RI(-) represents the Rand Index, and E|[-] represents the expected value.

5.4 Experimental Setup

An exhaustive performance analysis of the studied DCSS method has been conducted,
with a view to comparing it with well-established deep clustering methods, including
DCN [6], DEC [31], and IDEC [75]. These methods are all designed to learn a cluster-
friendly embedded space, similar to silhouette based deep clustering approach. Fur-

thermore, the performance of the k-means algorithm was assessed in both the original
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data space and in the embedded space obtained from the AE (AE+k-means) [3]. A
comparison of DCSS method with the latter approach allows us to quantify the per-
formance enhancements achieved by incorporating an AE into the clustering process.
It is crucial to acknowledge that, in order to guarantee a fair and accurate comparison
between the deep clustering methods, we have utilized identical model architectures
for all methods. This approach yielded more favorable clustering results than those
reported in the original papers.

In experiments involving k-means, the algorithm was initialized 100 times, and
the clustering solution with the lowest mean sum of squares error was selected. For
the other methods that incorporate an AE in the clustering process, each experiment
was repeated 10 times. In the case of deep clustering methods, an AE pretraining
phase was conducted, and the clustering loss was disregarded. In the context of image
datasets, the AE was subjected to a 100-epoch pretraining process with a learning
rate of 1 x 1073, In contrast, for tabular datasets, the pretraining phase was extended
to 1,000 epochs with a learning rate of 5 x 107%. A slight L, regularization of 1 x 1077
was applied during the pretraining procedure. Thereafter, during the training phase,
the deep clustering models were trained for 100 epochs with a learning rate of 5x 10~*
and without any regularization penalty.

A fixed batch size of 256 was utilized, and the Adam optimizer [12] was employed
with default settings of 8, = 0.9 and B, = 0.999 during both the pretraining and
training phases. Moreover, a number of methodologies are available for adjusting the
non-clustering loss (Eq. 4.11) in conjunction with the clustering loss (Eq. 4.10) [20]
during the training phase. The most simplified and representative approach was
selected by setting the hyperparameters to low values that achieve a balance between
the two losses. In particular, we set \; = 0.01 and A = 0.01. Finally, in order to
initialize the centers of the RBF layer, we applied the k-means algorithm to the

embeddings of the pretrained AE, while ¢ was initialized to a small positive value.

5.5 Results

This section presents the experimental results for each dataset. They are organized
into two tables per dataset, with one table for each evaluation metric: NMI and

ARI. Each row in these tables reports the mean, standard deviation, minimum, and
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maximum values of the respective metric for each examined deep clustering algorithm.
Additionally, we include some figures with the optimal clustering results achieved by
DCSS for each dataset. The t-SNE algorithm was applied to the latent data (output
of the latent space) [66] to reduce its dimensionality to two dimensions, where it was
necessary, in order to present the data in accordance with the clusters into which
DCSS’s RBF has grouped them. The data points within each cluster are represented

by the same color.

5.5.1 EMNIST Balanced Digits

Table 5.2: Statistical Analysis of the NMI on the EMNIST Balanced Digits dataset.

Algorithm Mean St. Dev. Min Max
k-means 0.48 0.00 0.48 0.48
AE + k-means 0.72 0.03 0.66 0.75
DCN 0.78 0.03 0.73 0.83
DEC 0.82 0.03 0.76 0.88
IDEC 0.84 0.02 0.80 0.87
DCSS 0.87 0.03 0.83 0.94

Table 5.3: Statistical Analysis of the ARI on the EMNIST Balanced Digits dataset.

Algorithm Mean St. Dev. Min Max
k-means 0.36 0.00 0.36 0.36
AE + k-means (.64 0.05 0.53 0.69
DCN 0.70 0.05 0.61 0.79
DEC 0.78 0.05 0.68 0.86
IDEC 0.78 0.04 0.71 0.84
DCSS 0.82 0.06 0.71 0.95

61



Figure 5.1: This figure illustrates the optimal clustering obtained by the DCSS
algorithm on the EMNIST Balanced Digits dataset.

5.5.2 EMNIST MNIST

Table 5.4: Statistical Analysis of the NMI on the EMNIST MNIST dataset.

Algorithm Mean St. Dev. Min Max
k-means 0.48 0.00 0.48 0.48
AE + k-means (.76 0.01 0.73 0.78
DCN 0.83 0.02 0.80 0.83
DEC 0.85 0.03 0.80 0.90
IDEC 0.88 0.04 0.84 0.94
DCSS 090 0.02 0.87 0.91
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Table 5.5: Statistical Analysis of the ARI on the EMNIST MNIST dataset.

Algorithm Mean St. Dev. Min Max
k-means 0.35 0.00 0.35 0.35
AE + k-means 0.71 0.02 0.66 0.74
DCN 0.78 0.02 0.74 0.82
DEC 0.81 0.04 0.75 0.90
IDEC 0.85 0.06  0.79 0.95
DCSS 0.85 0.03 0.81 0.87

A
)
WV

Figure 5.2: This figure illustrates the optimal clustering obtained by the DCSS
algorithm on the EMNIST MNIST dataset.
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5.5.3 EMNIST Balanced Letters (A-])

Table 5.6: Statistical Analysis of the NMI on the EMNIST Balanced Letters (A-])

dataset.

Algorithm Mean St. Dev. Min Max
k-means 0.35 0.00 0.35 0.36
AE + k-means 0.62 0.03 0.56 0.68
DCN 0.71 0.03 0.65 0.75
DEC 0.76 0.04 0.70 0.80
IDEC 0.74 0.03 0.69 0.80
DCSS 0.79 0.03 0.74 0.83

Table 5.7: Statistical Analysis of the ARI on the EMNIST Balanced Letters (A-])

dataset.

Algorithm Mean St. Dev. Min Max
k-means 0.25 0.00 0.25 0.26
AE + k-means 0.50  0.04 0.43 0.57
DCN 0.61 0.05 0.50 0.66
DEC 0.68 0.05 0.62 0.75
IDEC 0.65 0.06 0.56 0.74
DCSS 0.69 0.06 0.59 0.77
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Figure 5.3: This figure illustrates the optimal clustering obtained by the DCSS
algorithm on the EMNIST Balanced Letters (A-]) dataset.

5.5.4 EMNIST Balanced Letters (K-T)

Table 5.8: Statistical Analysis of the NMI on the EMNIST Balanced Letters (K-T)

dataset.

Algorithm Mean St. Dev. Min Max
k-means 0.51 0.00 0.51 0.51
AE + k-means 0.72 0.02 0.68 0.75
DCN 0.79 0.02 0.77 0.83
DEC 0.85 0.02 0.83 0.89
IDEC 0.84 0.03 0.77 0.87
DCSS 0.88 0.02 0.84 0.91
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Table 5.9: Statistical Analysis of the ARI on the EMNIST Balanced Letters (K-T)

dataset.

Algorithm Mean St. Dev. Min Max
k-means 0.43 0.00 0.43 0.43
AE + k-means 0.66 0.03 0.61 0.70
DCN 0.72 0.03 0.68 0.80
DEC 0.82 0.02 0.80 0.88
IDEC 0.81 0.04 0.70 0.85
DCSS 085 0.03 0.78 0.89

Figure 5.4: This figure illustrates the optimal clustering obtained by the DCSS
algorithm on the EMNIST Balanced Letters (K-T) dataset.
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5.5.5 EMNIST Balanced Letters (U-Z)

Table 5.10: Statistical Analysis of the NMI on the EMNIST Balanced Letters (U-Z)

dataset.

Table 5.11: Statistical Analysis of the ARI on the EMNIST

dataset.

Algorithm Mean St. Dev. Min Max
k-means 0.47 0.00 0.47 0.47
AE + k-means 0.62 0.02 0.60 0.65
DCN 0.67 0.02 0.64 071
DEC 0.69 0.04 0.61 0.75
IDEC 0.71 0.04 0.65 0.76
DCSS 0.74 0.03 0.71 0.78

Balanced Letters (U-Z)

Algorithm Mean St. Dev. Min Max
k-means 0.41 0.00 0.41 0.41
AE + k-means 0.59 0.02 0.56 0.61
DCN 0.63 0.04 0.58 0.69
DEC 0.66 0.05 0.55 0.75
IDEC 0.67 0.05 0.62 0.76
DCSS 0.71 0.04 0.67 0.77
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Figure 5.5: This figure illustrates the optimal clustering obtained by the DCSS
algorithm on the EMNIST Balanced Letters (U-Z) dataset.

5.5.6 HAR

Table 5.12: Statistical Analysis of the NMI on the HAR dataset.

Algorithm Mean St. Dev. Min Max
k-means 0.59 0.00 0.59 0.59
AE + k-means 0.71 0.03 0.62 0.73
DCN 0.74 0.06 0.63 0.77
DEC 0.67 0.08 0.55 0.79
IDEC 0.75 0.05 0.65 0.80
DCSS 0.81 0.05 0.69 0.85
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Table 5.13: Statistical Analysis of the ARI on the HAR dataset.

Algorithm Mean St. Dev. Min Max
k-means 0.46 0.00 0.46 0.46
AE + k-means (.64 0.05 0.53 0.69
DCN 0.67 0.06 0.52 0.72
DEC 0.57 0.10 0.45 0.71
IDEC 0.68 0.06 0.53 0.75
DCSS 0.73 0.07 0.56 0.80

Figure 5.6: This figure illustrates the optimal clustering obtained by the DCSS
algorithm on the HAR dataset.
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5.5.7 Pendigits

Table 5.14: Statistical Analysis of the NMI on the Pendigits dataset.

Algorithm Mean St. Dev. Min Max
k-means 0.69 0.01  0.68 0.69
AE + k-means 0.68 0.02 0.65 071
DCN 0.72 0.02 0.69 0.75
DEC 0.73 0.03 0.68 0.78
IDEC 0.77 0.02 0.74 0.81
DCSS 0.77 0.02 0.74 0.80

Table 5.15: Statistical Analysis of the ARI on the Pendigits dataset.

Algorithm Mean St. Dev. Min Max
k-means 0.56 0.04 0.53 0.60
AE + k-means 0.57 0.04 0.51 0.64
DCN 0.62 0.04 0.54 0.67
DEC 0.61 0.05 0.55 071
IDEC 0.65 0.03 0.62 0.68
DCSS 0.67 0.03 0.62 071
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Figure 5.7: This figure illustrates the optimal clustering obtained by the DCSS

algorithm on the Pendigits dataset.

5.5.8 Waveform-v1i

Table 5.16: Statistical Analysis of the NMI on the Waveform-v1 dataset.

Algorithm Mean St. Dev. Min Max
k-means 0.74 0.00 074 0.74
AE + k-means 0.86 0.10  0.65 0.95
DCN 0.87 0.11  0.67 1.00
DEC 0.86 0.11  0.65 0.99
IDEC 098 0.05 0.83 1.00
DCSS 099 0.01 0.97 1.00
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Table 5.17: Statistical Analysis of the ARI on the Waveform-v1 dataset.

Algorithm Mean St. Dev. Min Max
k-means 0.70 0.00 0.70 0.70
AE + k-means 0.90 0.09 0.70 0.98
DCN 0.89 0.11 0.66 1.00
DEC 0.88 0.11 0.64 0.99
IDEC 0.98 0.06 0.81 1.00
DCSS 1.00 0.01  0.98 1.00

Figure 5.8: This figure illustrates the optimal clustering obtained by the DCSS

algorithm on the Waveform-v1 dataset.

5.6 Analysis of Experimental Results

This section presents an analysis of the performance of the examined deep clustering

methods across the datasets utilized in this study. As predicted, the application of

72



k-means clustering to a low-dimensional embedded space yielded enhanced perfor-
mance, as evidenced by the outcomes of the AE+k-means approach in comparison
to the conventional k-means methodology.

In general, DEC outperforms DCN on all datasets, with the exception of HAR
and WVF-vl, where DCN demonstrates comparatively superior performance. It is
notable that IDEC achieves superior results to DEC in the majority of cases, with
some exhibiting a considerable advantage. This indicates that integrating the decoder
into the clustering optimization process can lead to enhanced performance outcomes.

Moreover, the findings illustrate the efficacy of the presented DCSS method across
all datasets. With regard to the NMI, the DCSS method demonstrates a notable en-
hancement, with values that range from 0.01 to 0.06 higher than those observed for
other methods. Similarly, with regard to ARI, DCSS displays superior performance rel-
ative to other methods, exhibiting an improvement range of 0.01 to 0.05. Finally, these
outcomes illustrate that soft silhouette represents a superior deep clustering function
objective, as it enables the generation of cluster-friendly representations through the

optimization of compact and well-separated clusters.
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CHAPTER O

AFTERWORD

6.1 Conclusion

6.2 Suggestions for Future Work

6.1 Conclusion

This thesis elaborates on the soft silhouette, an extension of the traditional silhouette
score that incorporates probabilistic clustering assignments and studies a deep clus-
tering methodology, DCSS [15], based on an AE architecture, to optimize this score.
The DCSS approach directs the learned latent representations to form clusters that are
both compact and well-separated. This dual focus on compactness and separability
is essential in real-world applications, as it ensures that the resulting clusters are not
only tightly grouped but also clearly distinct from one another.

The DCSS method has been subjected to rigorous testing and comparison against
established deep clustering methods across a variety of benchmark datasets, yielding
highly satisfactory results. The experimental findings indicate that the soft silhouette
represents a more effective deep clustering objective function, significantly enhanc-
ing the quality of the learned representations within the embedded space, thereby

improving clustering performance.
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6.2 Suggestions for Future Work

There are several areas for future work, including the enhancement of clustering
results through data augmentation techniques, which have been demonstrated to
be effective for improving learned representations [81, 91]. Additionally, more so-
phisticated models and training methodologies, such as ensemble models [92] or
adversarial learning [93], could be utilized. Another potential avenue for exploration
is the modification of the learning procedure to incorporate self-paced learning [94],
as prioritizing the learning of “easier” data is expected to yield better clustering out-
comes [39, 95, 96]. However, our principal objective is to extend the DCSS algorithm
to estimate the number of clusters by employing unimodality tests, in a manner anal-

ogous to the approaches utilized in the dip-means algorithm [97] and DIPDECK [98].
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