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Abstract

The emergence of big data has increased the importance of dimensionality reduction
in every field related to data analysis. The search for an optimal and generalized dimen-
sionality reduction method is very important to reduce and optimize the time needed for
data execution. Dimensionality reduction is the most needed part in any type of data
pre-processing and visualization. The idea of this research study is basically to compare
deep learning methods (Auto-encoders) with principal component analysis (PCA) for di-
mensionality reduction and to investigate about the performance of these methods based
on different datasets. Due to the lack of any general evaluation measure for dimension-
ality reduction methods, we have tried to compare the methods based on the measure of
classification accuracy and the execution time of the models. For this purpose, a base-
line classification model has been developed for each dataset using logistic regression by
utilizing all the original information of the data. The baseline accuracy is then used as
an evaluation measure for comparing the methods performance. The methods have been
applied on two different types of real-world datasets: Human activity recognition system
(HAR) dataset and MNIST dataset. The results show that PCA performs better both in
terms of the classification accuracy and execution time on the HAR. Deep auto-encoder im-
proved the classification accuracy of the logistic model for MNIST data, but it was not able
to optimize the time execution of the model. The performance of auto-encoders in terms
of the classification accuracy was comparable but their training time was longer. In future
as more advancements come in the field of deep learning for optimizing the algorithms

execution time, it may outperform other dimensionality reduction methods.
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Chapter 1

Introduction

The amount of data generated by various type of organizations is enormous and very high-
dimensional (Gao et al., 2015; Amaratunga and Cabrera, 2016). Visualization and analysis
of such high-dimensional data not only needs a lot of time, but the complexities associated
with its analysis is not easy to handle (Naik et al., 2008; Verleysen and Frangois, 2005).
Therefore, such type of data needs to be compressed and reduced in dimensions to easily
analyze the data and optimize the time needed for extracting meaningful information from

it (Mateen et al., 2009).

Dimensionality reduction techniques (DRTs) provide an effective way to compress the
number of input variables before applying any machine learning model (Vinay et al., 2005).
DRTSs are also used as a data pre-processing step in different machine learning (ML) model
to optimize the performance of ML model (Obaid et al., 2019; Sorzano et al., 2014). The

process of dimensionality reduction reduces the data dimensions through feature extrac-
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tion and feature selection. Feature extraction reduces the data dimensions by projecting
data into a new low dimensional space forming a new set of variables or dimensions which
reduces the noise and redundancy in data while feature selection reduces the data dimen-
sions by selecting only a subset of the original data dimensions which are most relevant
to the data. Each DRT reduces the data dimensions either through feature extraction or

feature selection.

Different types of dimensionality reduction techniques exist in literature for the purpose
of eliminating irrelevant and redundant features (Mateen et al., 2009; Cao et al., 2003).
Each DRT reduces data dimensions in a different way. DRT's can be broadly classified into
two categories: linear and non-linear DRT's. Linear DRT's reduces dimensions of the data
by finding a linear transformation of the data. Linear DRTs try to find a linear structure
in the data along which most of the data variation is present and project the data onto
it while non-linear DRTs transforms the data from higher dimensional space into a lower
dimensional space by finding a non-linear transformation. Most of the data contains non-
linear structure and linear DRT's are unable to reduce this type of data in a meaningful way
therefore different non-linear DRT's have been developed to reduce the data dimensions ef-
ficiently (V.S and Surendran,2015). Example of linear DRTs include Principal component
analysis (PCA), Independent component analysis (ICA), Linear discriminant analysis and
Singular value decomposition (SVD) etc. Non-linear DRT's include kernel PCA, Isomap,

multidimensional scaling, T-stochastic neighborhood embedding etc. All these techniques



used for the purpose of data reduction have their own merits and demerits. Some of them
may perform better in reducing the data for visualization purposes and some of them may
perform better in reducing the noise and redundancy in the data. Therefore, before doing
data reduction of any specific dataset and for a given specified task we must compare dif-

ferent DRT's to investigate which techniques is the most optimal for the required task.

Selection of the best suitable DRT can enhance the efficiency of the algorithm and
decrease the response time of the model but the major difficulty with applying DRTs is
the selection of any specific technique because every technique is developed to covers some
specific aspects of the data (Ayesha et al., 2020). A particular dimensionality reduction
(DR) technique may be significant for one type of data but not suitable for another type
of data. DRTs lacks an agreed upon evaluation measure upon which we can determine
which method is best suitable for dimensionality reduction (Lewis et al., 2012; Vantuch
et al., 2016). Therefore, in literature mostly DRTs are compared based on some specific
characteristics such as computational complexity, adjustable parameters, and classification

accuracy (Anowar et al., 2021; Cox et al., 2005).

Comparison of different dimensionality reduction techniques offers an efficient way to
select a best suitable method for a given data set (Vantuch et al., 2016; Fournier and
Aloise, 2019). It helps to enhance the processing speed and reduce the time needed for

discovering meaningful information from the data.



PCA is the most widely used traditional method for dimensionality reduction (Hotelling
,1933). The basic idea of data reduction under PCA is to transform the high-dimensional
data space into a low-dimensional data space by forming a new set of dimensions as a linear
combination of the original variables (Salem and Hussein, 2019; Cao et al., 2003). These
new set of dimensions are uncorrelated with each other and called as principal components
(PCs). The main purpose is to accumulate all the original variables which are correlated
with each other into their respective principal components along the maximum variance
direction so that most of the data variation is contained in the first few principal compo-
nents (Hasan and Abdulazeez, 2021; Jolliffe and Cadima, 2016). PCA informs us about the
variation explained by each individual principal component and hence we can get an idea
that how many principal components is needed for explaining 90-95 percent of the data
variation. Because PCA is considered as the most fundamental method of dimensionality
reduction, therefore, in this research paper we have tried to compare PCA with some of
the DR techniques of deep learning such as auto-encoders to discover their dimensionality

reduction abilities.

Auto-encoders are type of neural networks consisting of three main layers: an input
layer, a hidden layer, and an output layer (Wang et al., 2015). The basic idea of auto-
encoders is to compress the input data into some meaningful representation and then re-
construct the original input variables from this representation (Wang et al., 2015; Wang et

al., 2014). The compression of data is done by the hidden layer also called as the bottleneck



layer (Hinton and Salakhutdinov, 2006). The architecture of auto-encoders is very impor-
tant because based on the type of architecture the auto-encoders can be classified as simple
auto-encoders with only one hidden layer and deep auto-encoders with many hidden layers
stacked upon one another (Wang et al.,2015; Zhang et al., 2018). Using auto-encoders for
dimensionality reduction, the number of hidden layers nodes is very important because it
is the stage where data reduction happens (Wang et al., 2015; Sakurada and Yairi, 2014).
Keeping the number of hidden layer nodes less than the original input variables of the data,
we can get a compressed representation of the data. PCA and auto-encoders reduces the
data dimensions nearly the same way, but PCA differs from auto-encoders in two ways:
the first one is that PCA uses a linear transformation while auto-encoders uses a non-linear
transformation, the second one is about the ordering of the axes. In PCA, the axes are
ordered with respect to the variation explained by them, while in auto-encoders there is

no such ordering of axes (Ladjal and Newson, 2019).

This paper attempts to compare PCA with auto-encoders based on the classification
accuracy of the classification model and the time of execution. We have used logistic re-
gression as our baseline classification model. A baseline classification accuracy is recorded
for the datasets by using all the original dimension as the model input. PCA and auto-
encoders are then applied to the given datasets and the model is being trained on the
reduced datasets. Evaluation of the applied methods is then performed by comparing the

classification accuracy of the proposed methods and time execution with the baseline model.



The main objective of this research study is to compare deep learning methods used
for dimensionality reduction such as auto-encoders to the traditional methods such as
PCA on some specific types of data sets and then investigate that which method is more
suitable for the dimensionality reduction of these data sets. The comparison could help
us discovering the dimensionality reduction abilities of auto-encoders and save the time
needed for selecting a best suitable method for dimensionality reduction. The experiments
to compare the mentioned methods were conducted on two types of datasets: one is about
the Human activity recognition (HAR) system and the other one is about the Modified
National Institute of Standards and Technology (MNIST) digit recognition system.

The rest of the thesis is organized as: chapter 2 presents the literature review, chapter 3
presents the dataset description; chapter 4 discusses methodology and methods; chapter 5

presents data analysis and results while chapter 6 presents discussion and conclusions.



Chapter 2

Literature Review

Dimensionality reduction is an important topic in the field of data analysis. Different
types of techniques and methods have been developed for reducing data. All these tech-
niques contribute to the development of data analysis and making data analysis faster and
more productive. Researchers are trying to optimize the existing DRTs and develop new
methods to help select the best method in shorter time. Different researchers have tried
to compare DRTs based on the structure and characteristics of a datasets to investigate

which method is best for DR. Here, we review some of the previous work related to DR.

(Mateen et al., 2009) in their research study have compared twelve most important
DRTs with the famous traditional method PCA to investigate to what extent these non-
linear DRTs can outperform PCA and to identify their weaknesses. They have compared
PCA with (1) Kernel PCA, (2) Isomap, (3) Maximum Variance Unfolding, (4) diffusion

maps, (5) Locally Linear Embedding, (6) Laplacian Eigenmaps, (7) Hessian LLE, (8) Local
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Tangent Space Analysis, (9) Sammon mapping, (10) multilayer autoencoders, (11) Locally
Linear Coordination, and (12) manifold charting by evaluating their performances both
empirically and theoretically.

The comparison has been performed by applying all these methods on both artificial and
real-world datasets. Three types of characteristics have calculated for all the methods on
both artificial and real-world dataset and compared which include generalization error of
the classification model, trustworthiness, and continuity of the low dimensional embed-
dings. Trustworthiness refers to the proportion of points that are too close to one another
in the low dimensional space. The classifier used for measuring the generalization error was
1-nearest neighbor classifier. All the above three measurement evaluate the local structure
of the data. These measurements investigate to what extent the local structure of the data
has been retained.

The experiments have been performed on five artificial datasets which are: (i) The Swiss
roll dataset, (ii) Helix dataset, (iii) the Twin peak dataset, (iv) the broken Swiss roll dataset
(v) High-dimensional dataset (HDD) and the five real world datasets are (i) the MNIST
dataset, (ii) the COIL20 dataset, (iii) the NiSIS dataset, (iv) the ORL dataset, (v) the
HIVA dataset. The MNIST dataset is dataset of handwritten images, and the dimensions
of the data is equal to 784. The COIL20 dataset consists of images of 20 different objects
with dimensions equal to 1,024. The NiSIS dataset is a dataset of pedestrian detection im-
ages. There is total 3,675 greyscale images of size 36*18 pixels with dimensionality equal
to 648. The ORL dataset is a face recognition dataset containing 400 images with size

112*92 pixels and the dimensionality equal to 10,304. The HIVA dataset is dataset about



the drugs discovery consisting of 3,845 points with dimensionality equal to 1,617.

The results of the experiments on artificial dataset shows that the techniques which are
based on the neighborhood graphs such as Isomap, MVU, LLE, Laplacian Eigenmaps,
Hessian LLE and LTSA, performs strongly on the Swiss roll dataset while the techniques
which do not utilize the neighborhood graphs such as PCA, diffusion maps, kernel PCA,
Sammon mappings and auto-encoders performs poorly on the Swiss roll dataset. Similarly
evaluating the performance on other artificial datasets based on the three measurements,
the author has concluded that overall, the techniques that are manifold learner perform
well on the artificial dataset. The results of the experiments on the natural dataset shows
that manifold learners were unable to achieve the same results. The authors have shown
that on natural dataset, the techniques which are not manifold learner such as PCA, Sam-
mon mapping and auto-encoders perform good.

Their conclusion shows that non-linear techniques were unable to outperform PCA. They
have showed that the main weakness of non-linear DRTs is that they only perform on

selected types of datasets.

(Ayesha et al., 2020) in their research study have discussed both linear and non-linear
DRTs and presented a comparative study. The study presents different types of linear and
Non-linear DRTs along with their variants. The linear DRTs include PCA, Singular value
decomposition (SVD), Latent semantic analysis, Locality preserving embeddings, indepen-

dent component analysis (ICA) and projection pursuit. The non-linear DRTs discussed



include Kernel-PCA, multi-dimensional scaling, Isomap, locally linear embeddings, learn-
ing vector quantization, self-organizing map and T-stochastic neighborhood embeddings
(T-SNE).

The authors have analyzed these different DRT's by applying it on a dataset which consist
of ElectroCardioGram (ECG) signals for heartbeat data with number of observations and
dimensions equal to 1094446 and 188 respectively. They have applied the techniques on the
datasets to reduce the data dimensions and visualizes only the first four components using
scatter plot. They have compared the techniques based on execution time and showed that
non-linear DRT's such as I[somap, MDS and t-SNE have higher time of execution.

The authors have discussed some of the issues and challenges while applying DRTs. They
have discussed that selection of an appropriate DRT is time consuming and difficult. The
other main issue with DRT is the noise present in the data. In most of the cases it is diffi-
cult to identify the noise present in the data. Redundancy in the data is also an important
issue with DRT. It is difficult to decide how much redundancy should be removed from
the data without affecting the performance of the method. Authors have shown that one
of the common problems with DRT is to decide how much dimensions should be reduced
and how many features to select for the data analysis.

The authors have concluded that the mostly DR to achieve good results need human col-
laboration. They have also showed that linear techniques take lesser time of computation
while non-linear techniques are time consuming, but they are helpful in reducing complex

datasets.
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V.S and Surendran, (2015) have also discussed different linear and non-linear DRTs.
The paper has discussed PCA, Independent Component Analysis (ICA), Canonical Corre-
lation Analysis (CCA), Singular Value Decomposition (SVD), CUR Matrix Decomposition,
Compact Matrix Decomposition (CMD), Non-negative Matrix Factorization (NMF), Lin-
ear Discriminant Analysis (LDA), Kernel PCA, Multi-dimensional Scaling (MDS), Isomap,
Locally Linear Embeddings, Laplacian Eigen map, Local Tangent Space Alignment and
Fast map. The authors have compared all these techniques and concluded that each tech-
nique has some limitations and cannot be used for every type of data reduction. The
authors have concluded that for PCA to provide good and effective results, the data di-
mensions should be correlated with each other. PCA perform poorly on uncorrelated data
while for ICA to be effective, the data should be uncorrelated because ICA performs better
on uncorrelated data. The limitation of ICA is that the components generated may not
be relevant to the data. Authors have discussed that SVD produces a good approximation
of the data with minimum reconstruction error, but the vectors formed may be unable to
define its meaning in terms of the data from which it has been drawn. CUR and CMD
are good at selecting columns and rows from the data to eliminate the interpretability
problem. LDA reduces data dimensions by finding directions along which classes are most
separable. Kernel PCA reduces data dimensions by considering the kernel function. Its
performance depends on the selection of an appropriate kernel.

MDS can perform both linear and non-linear DR by using its different variants. MDS is
helpful for data visualization. LLE, Isomap and Fastmap are considered as variants of
MDS.

11



Vantuch et al, (2016) have compared different DRT's based on statistical dependencies.
The authors have compared four different DR methods which include PCA, Non-negative
Matrix Factorization (NMF), Auto-encoders and Neighborhood Preserving Embedding.
The methods were compared based on the time series of reconstructed dataset (dataset
after reduction) and the time series of the original dataset. The experiment has been
performed on a dataset which consists of stock market prices. The data is a time series
data and contain 1548 rows and 1500 columns. The rows represent time series of 387 in-
vestment symbols such as low, high, open, and close prices. The columns represent daily
observations. Authors have compared the time series of the reconstructed dataset and the
original dataset based on different statistical dependencies. The simple comparison was
performed using Euclidean distance, which measures the distance between two points in an
N-dimensional space. The three other statistical dependency measures which the authors
have used include the correlation coefficient, mutual information, and granger causality.
Correlation coefficient calculates the covariance between X and Y divided by the standard
deviation of their product. Mutual information is a type of non-linear evaluation which
shows the effect of one random variable over another in terms of the level of uncertainty
while granger causality evaluates the causal interaction between two time series.

The authors have concluded that the method of manifold learning and auto-encoders were
unable to maintain statistical dependencies of the reconstructed dataset while PCA and

NMF both performs better in keeping the statistical dependencies.
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Dimensionality reduction also helps in enhancing machine learning models. Reddy
et al., (2020) have investigated the performance of two famous methods PCA and LDA
on machine learning models. The authors have applied both methods on three different
datasets and compared their performance. PCA performance was better than LDA on
the Cardiotocography and IDS dataset while on Diabetic dataset the performance of both
PCA and LDA was negative. The authors have suggested that in future these methods

may perform better on high datasets such as images and text datasets.

Obaid et al., (2019) in their research study have applied different DR techniques to
check the impact of data pre-processing and DR on the accuracy of machine learning
models. They have used PCA and LDA as data reduction methods and evaluate the per-
formance by checking the classification accuracy of the model. The authors have shown
that both PCA and LDA were helpful in reducing the data and getting high accuracy in

minimum time.

One of the main difficulties with DRT's is how to choose which DRT is best and optimal
for a given problem. The authors have tried to investigate whether humans are consistent
with their evaluation of embeddings when the embeddings are different and what structures
human are looking for in the dataset to evaluate the embeddings. They have concluded

that for a DRT to be selected wisely, it is important to look for a specific data structure

13



that can enhance their speed of algorithms.

Due the evaluative vacuum present in DRT's, mostly DRT's are compared based on the
different characteristics to look for an optimal and best DRT. Fournier and Aloise, (2021)
have performed an empirical comparison between auto-encoders and traditional DRTs to
select a best suitable method. The authors have compared PCA which is the most fa-
mous traditional method of DR with two different variants of auto-encoders which is deep
auto-encoders and variational auto-encoders and Isomap. The authors have performed the
experiments on three different image datasets: MNIST, Fashion-MNIST and CIFAR-10.
They have concluded that the accuracy of auto-encoders and PCA are comparable, how-

ever, auto-encoders takes higher computation time.

Almotiri et al., (2017) have compared PCA and Auto-encoders for the purpose of E-
learning using handwritten digits. Their results showed that auto-encoders got a little bit
higher accuracy for the model than PCA, however, PCA was faster than auto-encoders in

terms of the execution time.

Wang et al, (2015) have used auto-encoders for dimensionality reduction to investi-
gate its DR abilities. The authors have applied auto-encoders on different datasets and
compared with other DRTs. They have concluded that auto-encoders are good choice for

DR and for repetitive data structures auto-encoders are more suitable than other DRT's

14



because it can detect repetitive structures.
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Chapter 3

Dataset Description

We have used two types of real-world datasets in our analysis. One is the Human activ-
ity recognition system (HAR) dataset while the other one is MNIST (Modified National
Institute of Standards and Technology) digit recognition system dataset consists of hand-
written images. Both the datasets were downloaded from Kaggle(www.kaggle.com). The

detail about each dataset is given in the subsequent subsections.

3.1 Human activity recognition system

Human activity recognition is the process of identifying a person’s activity based on the
senor readings. HAR can be helpful in identifying an abnormal activity, a threating situ-
ation and a person in need of assistance. HAR is a dataset made from the recordings of
human activities performed by 30 participants carrying out waisted-mounted smartphones.

The recordings were taken from the sensors attached to the phone. The objective of the

16



dataset is to classify the data based on the six different activities performed which include
(walking, walking upstairs, walking downstairs, sitting, standing, laying). The dataset
contains 563 columns in total in which one of the columns is the subject ID performing
the task while one column is about the label of the activity performed. So, dropping these
two columns we are left with 561 columns which are considered as dimensions of the data
set. The dataset contains 7352 rows in the training data set while 2947 in test data set.
The HAR dataset is a time series dataset in which the readings were recorded from the
embedded sensors in the Samsung galaxy S II which every participant was wearing on
the waist. The accelerometer and gyroscope were used to capture the three axial linear
acceleration and three-axial angular velocity at a constant rate of 50Hz. The dataset was
then randomly partitioned into test and train datasets, where 70 percent of the data were
used for training and 30 percent for test.

The raw data was cleaned, and human feature engineering approaches were applied to
extract the time and frequency related features from the data that has been used in the

field of human activity recognition. The pre-processing of data was performed in two steps:

1. Noise filters were applied to the gyroscope and accelerometer data 2. Splitting
the data into fixed sized window of 2.56 seconds (128 data points) with50In this way a
total of 561 features were obtained. The features include both body and motion related

components.
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3.2 MNIST digit dataset

MNIST digit dataset is a dataset of handwritten digits images. The goal of this dataset
is to correctly identify digits from a set of tens of thousands of handwritten digits images
. The dataset consists of handwritten images from 0 to 9 each of pixel 28%28 for a total
of 784 pixels. The pixel is an integer between 0 and 255. The training data set consists
of total 785 columns in which one of the columns represent the ‘label’ of the digit while
all other 784 columns represent the pixel values which are considered as dimensions of the
dataset. The training set contain 42000 rows while the test set contain 28000 rows. The
test dataset here does not contain the ‘label’ column and we cannot measure the test set
classification accuracy therefore we have split the training data into the ratio of 60:40 with

60 percent for training data and 40 percent for test data.
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Chapter 4

Methodology

As we have mentioned in the introduction section that dimensionality reduction lacks an
agreed upon evaluation measure upon which we can decide which method is better. Every
method used for dimensionality reduction has its own merits and demerits. A method may
be suitable for visualization purpose but not for classification. Therefore, for evaluating the
performance of different dimensionality reduction techniques, some specific characteristics
related to dimensionality reduction methods are used as evaluation measure. We have
used classification accuracy and execution time of the models as evaluation measure for
comparing the methods. The methods have been applied on both the datasets and the
results are compared to the baseline model and with each other. For the evaluation of
the performance of the proposed methods, a baseline classification model is first developed
for both the datasets by utilizing all the original information. Logistic regression has
been used for developing the baseline classification model. The flowchart for our proposed

methodology is given in Figure 4.1.
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Figure 4.1: Flow chart for our proposed methodology
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4.1 Logistic regression

Logistic regression is one of the most important statistical techniques used in data analysis
for the classification of categorical variables. The advantage of using logistic regression is
that it is simple and provide probabilities that can also be extended to a multi-class classi-
fication problem (Maalouf, 2015). The basic mathematical concept that logistic regression
utilizes is the logit transformation of the dependent variable. The advantage of using logit
function in logistic regression is that it maps probabilities to the set of real numbers. Logit
is a link function that can be used to transform the probabilistic values of a categorical
variable into continuous values. It is equal to natural log of odds of the response variables.

Let we have a response variable Y with two classes either 0 or 1 the

logit(Y') = naturallogofodds =In ({Z) = by + b1z + ... + b2,

Odds represent the ratio of the probability of success to the probability of failure for a
given variable.
f(x) =bo+bixy +.... + bz,
represent the linear logistic classifier also called the logit function. So, if for a given class

x, p(z) represent the probability of the class then



here we have used p(x) = 7 for the two class variable.

7 = Probability(Y =outcome of interest| X = z,a specific value of x) = < elorhmt o) >

l—e(b0+b1xl+““+br$7°)

e(b0+b1x1+.--.+bTa:T)
T = (1 _ e(bo—l—blml—l—....—{-brxr)) (4.2)

This is the logistic regression equation for a binary outcome variable. Here by, by, ....b,
represent estimator of the regression coefficients. The coefficients are estimated through
the method of maximum likelihood estimation which means to get the best possible esti-

mate we maximize the log-likelihood function for all the observations i = 1,2, ....n.

Here one thing should be noted that logit is a link function which transform a given
parameter and it is equal to logarithm of the odds while logistic function is the inverse
of the logit. So, in the above formula f(z) represent the logit function while p(X) is the

logistic function given by

1)~ (a7 43
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For a response variable with multi-classes, we use multi-class logistic regression. To apply
multi-class logistic regression the following steps are performed Let X represent the data
matrix, Y represent the vectors of classes and W be the weight matrix, then first we cal-
culate the product of X and W. Let

Z =XW

Then we take the SoftMax of each row of Z. SoftMax is the transformation function used
for transforming categorical variables just like we used logit for two class variables.

P, = softmax(Z;) = cxp(Z:) (4.4)

exp <ZZ:O Zik)

Each row of Z should be the product of each row of X and the whole matrix W. Also, each
row of P should add to one. Thirdly, we take the argmax of each row and find the class
with highest probability. In this case we estimate set of K weight vectors wl,....... wk

and biases b.

The two most common way to estimate the parameters are
1. Least Squares Optimization (LSO)

2. Maximum Likelihood Estimation (MLE)

But for logistic regression MLE is used to estimate the parameter because the cost
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function with SLO is difficult to minimize and finds the solution for logistic regression.
The complexity and non-linearity of the cost function makes it difficult to find the optimal
solution. MLE is a parameter estimation probabilistic framework that tries to estimate
the best possible parameter by finding the maximum likelihood function. The basic idea is
to maximize the conditional probability of observing Y given X under the logistic model.
As logistic regression predicts probabilities of the given classes so we can find their like-
lihood function. For each training example of the data, that is a vector of independent
variables given by, xi, and the corresponding class, yi, the likelihood function is given by As

the probability of the class was either “p”, if y=1, and 1-p, if y=0 ,the likelihood is therefore

L(Bo, B) = Hp(l"i)yi(l — pla;)' ¥ (4.5)

The log-likelihood is equal to

0(Bo, B) = Z yilog p(z;) + (1 — y;) log 1 — p(a;) (4.6)
= 121 log 1 — p(z;) + ZZ1 yilog 119(—;(@%) (4.7)
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=D logl—p(w:) + ) wilBo + i) (4.8)

= Z —log1 — glPoF=h) 4 Z Yi(Bo + x:3) (4.9)
i=1 1=1

Now to find the ML estimates, we take the derivative of the above equation with respect
to the parameters and set the derivative equal to zero and solve the problem.

For multi-class logistic regression, we would follow the same procedure but in case of multi-
class logistic regression we would find set of k parameters for every class individually. For
each class z in the set 0:(k-1) we would find its own ﬁéz) and 3 with the probabilities

given by

(4.10)

To find the best optimal weights and biases for a logistic regression a cost function is
also necessary. For example, if “y” is our dependent variable that we want to predict and

[}

x” our independent variable then we want

= og(Wt+b),
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1 -
1—‘,—exp*ZZ

whereo (2") =

(xbyY) (@™ y™) we want g ~ 3

The loss function finds the difference between the predicted and the original value.For

example for a single training example the loss function
i Lo e
Ly y) = 50" — ) (4.11)

Ly y') = —(y' log(y") + (1 — y')log(1 — §') (4.12)

1. if y* =1: L(§",y") = —log(*) where log(¢*) and y* should be close to 1.
2. ify' =1: L7, y") = —log(1 — §") where log(1 — 4") and " should be close to 0.

the cost function can be find by taking the average of all the m training examples. The

best optimal weights and biases are those which minimizes this cost function.

m

T8 = Sy =~ Yl logl) + (1 - yog(1 =] (413)

7

Logistic regression in python can performed through the following steps: 1. Importing

26



the necessary libraries and packages for logistic regression such as Numpy, Scikit-learn and
matplotlib

2. Numpy is used for mathematical computation, Scikit-learn for performing logistic re-
gression and matplotlib for visualization purposes

3. Creating a classification model by importing logistic regression from scikit-learn library
4. Fitting the model on the given dataset

5. Predicting the test with the model

6. Evaluating the model performance by using different measures such as confusion matrix.

We have used multi-class logistic regression as the classification model for both datasets

because both datasets consist of more than two classes.

4.2 Principal Component Ananlysis

Principal component analysis (PCA) is a linear dimensionality reduction method works on
the principal of linear algebra. The idea was first discussed in the research paper “Analysis
of a complex of statistical variables into principal components” written by Hotelling in
1933.

PCA is the most famous and traditional method used primarily for the purpose of di-
mensionality reduction. The goal of PCA is to find planes and hyperplanes that closely
approximates the original data with very less information to be lost. PCA reduces the data
dimensions by finding a linear combination of all the correlated variables in the original
data set and then projecting it into a lower dimensional data space. The new variables
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are independent and uncorrelated with each other ordered in the direction of maximum

variance.

Dimensionality reduction through PCA is performed through the following steps:
1. Standardization of the original dimensions or variable
2. Computing Covariance matrix
3. Finding Eigenvectors and Eigenvalues
4. Calculating principal components by multiplying eigenvectors with the standardized

columns

Standardization of the original variables is necessary because the principal components
largely depend on the variances of the original variables. Therefore, to make the contribu-
tion of all the original variables equal we scale or standardize them so that they all equally
contribute to the variation of the data. mathematically, to find the standardized variables

we use the formula

Z= (value of the original variable — mean of the original data)/(standard devaition of

the original data)

For example, if we have a data set represented by the matrix “X” with N number of

dimensions, where the number of dimensions is equal to the number of columns in the
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matrix, and K represents the number of rows which is equal to the number of training
examples, then if we want to reduce the data matrix dimensions from “N” to “D” where
D << N, our first step would be to standardize the data matrix by finding the mean of

all the columns.

Here X1, Xs....... Xy reprsent the columns vectors with number of rows equal to K. Af-
ter finding the mean of all columns we next find the Covariance matrix of the whole matrix
by finding the variances and covariances among the varaibles. The covariance matrix of

two variables X and Y can be found using the formula

n

SO - 7)Y - 5) (4.14)

Cov(X,Y) = —

@
Il
MR

PCA mainly finds a linear relation between the original variables and all those variables
which are highly correlated to one another are combined to one single principal compo-
nents. The covariance matrix finds the same relationship between all the variables. The
third step involves finding the Eigenvectors and Eigenvalues of the covariance matrix. The

basic idea of principal components is that to find new variables that uncorrelated with
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each other and explains most of the variation of the data. The number of PCs constructed
are the same as the number of the original variables but because PCs are arranged in the
direction of the maximum variance therefore only those PCs are maintained which explains
most variation of the data. Eigenvectors and eigenvalues of the covariance matrix gives us
the required principal components because eigenvectors of the covariance matrix actually
represents the direction of axes along which maximum variance is contained and the eigen-
values represent the coefficients or the amount of variance contained in each eigenvector.
The final step involves recasting the original data along the new dimensions by multiplying
eigenvectors with the standardized original data. Mathematically, for a dataset X with N

dimensions, the PCs can be calculated using the formula

Y represent the principal components; W represent the weight matrix which can be
calculated from the eigenvectors of the covariance matrix and X represents the standard-

ized columns of the original data.

Yij = W1iT1j + WoToj + ... + WpiTp;

Here i represent the number of principal components and it vary from 1 to p while j

represents the number of observations. These are called as principal components and they
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are ordered in terms of the variance explained by each individual principal component. The
component containing most of the data variation is the first principal component, the sec-
ond principal component explains a data variation less than the first one and greater than
the remaining principal components and so on. PCA gives the same number of principal
components as the original dimensions of the data but only those principal components
are retained which explains maximum variation in the data and the components explaining
very less variation can be discarded. Mostly for dimensionality reduction through PCA,
only those principal components are retained which can explain about 90 to 95 percent of
the data variation. In this research study, 95 percent variance threshold has been set for

the number of principal components.

Following are the steps to perform PCA on a dataset in python 1. Importing the
required libraries and packages such as sklearn
2. Apply PCA on the training datasets by specifying the number of components you need
to be retained

3. Fitting the model on test datasets to reduce dimensions of the test data

4.3 Auto-encoders

Auto-encoders belongs to the class of deep learning algorithms used for dimensionality
reduction. Auto-encoders are three-layer neural networks designed to learn and extract
meaningful information from the data (Wang et al., 2015).The architecture of auto-encoders
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was first introduced by (Rumelhart et al., 1986) for the purpose of learning the internal
representation to solve the problem of error propagation. They have used hidden layers or
units in their neural networks to learn an internal representation of the data which can be
meaningful in reducing the error of the model. The idea is very interesting because it can

find meaningful structures within the data in an unsupervised manner.

The basic idea of auto-encoders is to take an input x, project it into a meaningful repre-
sentation and then predict the same x from this meaningful representation. The input layer
takes the input data, the hidden layer converts this data into a meaningful representation
while the output layer makes the original input data from the compressed representation.
The middle-hidden layer is also called as bottleneck layer because it forces the data to a
compressed representation. The compressed representation is then used to reconstruct the
original input. The difference between the original input data and the reconstructed out-
put data is called the reconstruction error. The model seeks to reduce the reconstruction

error to train the model efficiently.

Due to the recent developments in the field of deep learning and the rise of big data,
the application of auto-encoders is becoming wider. It has gained an important center
place in the “deep architecture” approach, in which auto-encoders are trained for different
purposes in the form of Restricted Boltzmann Machine (RBM) to tune the model. These

architectures are shown to have achieved state of the art results for different types of prob-
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lems. Mathematically, a general auto-encoders framework can be represented by

¢: X = F (4.15)
Y F e X (4.16)
¢,9 = argmin|| X — (¢ ) ||” (4.17)

Using this framework different types of architectures and auto-encoders can be formed.
Eq. (4.15) and (4.16) represent the most general form of an auto-encoders in which both
¢ and 1 represent a neural network. These neural networks can be of different types and
different structures. It depends on the problem on how to make the architecture of the
neural networks. In the special case, when both ¢ and v are linear functions, auto-encoders
becomes a linear auto-encoders, and we get the same latent representation for the original
input as PCA. Therefore, auto-encoders are considered as generalization of PCA because
PCA can only finds a linear projection space while auto-encoders are able to project data

into non-linear space.

Equation (4.15) represents the encoder stage of the auto-encoders in which the auto-

encoders takes an input x and maps it into the bottleneck representation h € F' = R where
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h=o(Wz+b) (4.18)

the variable h is usually called the decoded variable or latent variable, is the activation
function such as we use sigmoid function in logistic regression, W is the weight matrix
while b is the bias vector. The weight and biases are usually initialized randomly and
during the learning process they are updated iteratively to learn the optimized weights
and biases. The equation (4.16) represents the decoder stage in which the latent images

or variables are then mapped to the reconstructed input variables

z'=c (Wh+b)

Here o', W', b are the parameters of decoder stage and may be unrelated to the encoder
stage. Equation (4.17) represents the reconstruction loss between the original input and the
reconstructed input. Auto-encoders are trained to minimize this reconstruction loss. The
reconstruction loss and the activation functions used in the above equations (4.15-4.17) can
be different for different types of tasks because auto-encoders are multi-tasks algorithms.

It can be used for feature extraction, anomaly detection and information retrieval etc.

The hyperparameters needed to set before training an auto-encoders include the size of
the bottleneck layer, the number of hidden layers, the number of nodes per layer and the

loss function. Mostly Mean squared error (MSE) loss is used but, in some cases, where the
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output is a value between 0 and 1 the binary cross-entropy loss is used.

In general, every type of auto-encoders performs DR because auto-encoders finds a
compress meaningful representation in the bottleneck layer. This compressed representa-
tion is then transformed into the output layer to produce the original input original data.
It depends on the architecture of the bottleneck layer on how we want our data to be
reduced. Keeping the number of nodes in the hidden layer less than the original input
layer we can reduce the data dimensions. The activation functions used in the architecture

can be used to find linear or non-linear dimensionality reduction.

We have used two types of auto-encoders in our study, simple auto-encoder (Figure

4.3), and deep auto-encoder (Fig 4.4).

4.3.1 Simple auto-encoder

Simple auto-encoder is a type of auto-encoders in which only one hidden layer is present be-
tween the input and output layer. The middle-hidden layer compresses the original dataset
and then transfer it to the output layer to reconstruct the original variables. Mathemat-
ically, the architecture of simple auto-encoder is the same as that of a simple one hidden

layer neural network.
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Figure 4.2: A simple neural network with one hidden layer

X1

x2 ‘WTx' + b ‘O'('Z)J a= j}
Z a

X3

z=wlx+b
a=o0o(z)

A simple auto-encoders behaves the same way just like a simple neural network with
one hidden layer between the input and output layer. The only difference is that in the
auto-encoder architecture the dimensions of the input layer and the output layer is the
same while in simple neural network it is not necessary. The input data is given to the
network through the input layer. The data is then transferred to the next layer for further
processing. The hidden layer multiplies the input variable with a corresponding weights
and add a bias factor. The weight vectors and bias factors are randomly initialized. They
are updated upon every iteration of the model to learns the best optimal weights. An
activation function is then applied to the function to further process it. The activation
function is an important step in the neural network because it can be used to prevent
linearity. If there were no activation function the results of every layer would be linear
function and we would not be able to find any hidden and meaningful information from
the data. Not every type of data is linear therefore we need non-linear function to repre-
sent these data structure. Non-linear activation functions can be used to project data to

non-linear spaces. Some of the commons activation used are sigmoid, Rectified linear unit
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(ReLU) and Hyperbolic tangent (Tanh).After the activation function is applied, the data
is then transferred to the output layer. The output layer reconstructs the original data
from the compressed representation of the hidden layers. The reconstructed data is then
compared to the original data by using loss functions. The model seeks to minimize the
reconstruction error by updating the weights vectors and bias factors. The weights and bi-
ases are updated by the method of backpropagation using gradient decent algorithm. The
loss function is calculated using the difference between the original and the reconstructed

input. The cost function for m training example is given by

T8 = > 6y, ) (4.19)

Different types of loss functions are used depending on the type of the datasets. Mean
Squared Error loss (MSE), Binary Cross Entropy loss and Categorical Cross Entropy loss

are some of the loss functions used in neural networks.

4.3.2 Deep auto-encoder

Deep auto-encoders are another type of auto-encoders in which the number of hidden lay-
ers is greater than one. Deep auto-encoders uses many hidden layers which are stacked
upon one another to deeply analyze the data. Deep auto-encoders are used for extracting
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more deep structures in the data. The architecture of deep auto-encoders is same as the
deep neural networks with a difference that in case of the deep auto-encoders the number

of dimensions of the output layer is the same as the number of input layer.

The mathematics of deep auto-encoders is the same as of simple auto-encoders. Deep
auto-encoders only uses many hidden layers to compress the data and finds a meaningful
latent representation. The number of nodes of each layer represent the dimensions of that
layer. It is an important hyperparameter in the optimization of the network. The python
algorithm for applying simple and deep auto-encoder can be performed through the fol-

lowing steps:

1. Importing the necessary libraries and libraries; Tensorflow and keras are python
libraries for performing deep learning
2. Making the architecture of the network by defining each layer with the required infor-
mation.
3. Defining the number of dimensions to which the original dimensions should be reduced.
4. Defining the input layer by giving the number of the original data dimensions as input
into the layer.
5. Define the hidden layer by giving the input dimensions and applying the activation
function.

6. Define the output layer by giving the number of dimensions from the hidden layer and
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applying the activation function.

7. The layers are then combined to form an auto-encoder model which takes the input and
maps it into the output.

8. The auto-encoder model is then compiled by applying optimizer and loss function.

9. The model is then fit on the data by specifying the hyperparameters of the model such

as the batch size and number of epochs.

All types of neural networks use a method of optimization called the Gradient Decent
Algorithm which means the rate of descending. The model is optimized by finding the
best possible weights which reduces the value of loss function. For this purpose, the model
is iterated again and again to get the optimal results. Gradient Decent (GD) use the
derivative approach by finding the derivative of the loss with respect to the hyperparameters
by backpropagating through the network. GD uses a hyperparameter called the learning
rate which corresponds to the size of the steps taken on the loss curve for finding the
derivative. The batch size and number of epochs is also necessary for this iterative process.
Batch size represents the number of training examples or samples present in a single batch.
Batch size and number of batches are two different things. When the data is too large we
can’t pass all the data at one once, therefore we divided it into small parts. Theses small
parts of the data are called as batches. One epoch is equal to the passing of the whole
dataset forward and backward through the network. The entire dataset is passed to the

network multiple times to learns more and more and get the optimal results.
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Figure 4.3: simple auto-encoder
Input layer Hidden layer Cutput layer

Figure 4.4: deep auto-encoder
Input layer Hidden layers Output layer
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4.4 Performance evaluation

The performance of the proposed methods is evaluated based on the test set classification
accuracy of the logistic model and the execution time of the methods. To check the
performance of the model, we use a simple accuracy score and confusion matrix. Accuracy
refers to the fractions of corrected predictions: correct predictions / total number of data
points while confusion matrix gives us an insight into the number of correct and incorrect
predictions. Confusion matrix is a table showing how many data points are correctly
predicted while how many are predicted incorrectly. Time execution of the model refers
to the training time taken by methods while learning from the data and compressing it.
The execution time of the logistic model after trained on the reduced datasets through the
respective methods has also been compared with execution time of the baseline logistic

model for both datasets.
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Chapter 5

Data analysis and Results

This section explains the results of our experiment and analysis. The data analysis is
divided into three parts. In the first part, we develop a baseline logistic model for both
datasets using the original data. In the second part, we perform evaluation of our proposed
methods based on the classification accuracy of the test data. We apply PCA, simple and
deep auto-encoders to compress the datasets and then train the logistic model with the
compressed datasets and record the test set classification accuracy. The accuracy is then
compared with the baseline model to investigate the performance of the methods. The
third part of our analysis compare the applied methods based on the time of execution for

both datasets.
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5.1 Development of baseline logistic regression classi-

fication model

The baseline model for the datasets is constructed using the multi-class logistic regression
model. HAR dataset consists of total 561 columns. These 561 columns are used as input
variables in the logistic model to build the baseline model for the performance evaluation.
The model was trained on the training dataset and used to predict the test dataset.
Evaluating the model classification accuracy on the test data, we get a score of 96 percent.
The confusion matrix for the logistic model is given in Figure 5.1.

From the confusion matrix given in Figure 5.1, we can see that about 533 observations
were predicted with correct label of 0 and 4 incorrect predictions were made for the label
0. For class label 1, we got 1 incorrect prediction with actual label 1 and predicted 0 while
60 incorrect predictions with actual label 1 and predicted class label 2. The incorrect
predictions were a little bit higher for the class label 3 and 1. Overall the confusion ma-

trix shows that the model predictions were better, and we get a good classification accuracy.

The MNIST dataset consists of a total of 784 columns. To develop the baseline model
for MNIST dataset we take these 784 columns as our input variables in the logistic model
and train the classifier. Training the logistic model by using 784 columns of the MNIST
dataset as input variables and classifying the data we get a baseline accuracy equal to 91.61

percent. The confusion matrix is given in Figure 5.2. The confusion matrix shows that the
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Figure 5.1: Confusion matrix for the baseline logistic model for HAR dataset.
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number of incorrect predictions made is larger in number as compared to the HAR model

and therefore we get a low accuracy score.

5.2 Evaluation based on the classification accuracy

To evaluate the performance of the methods on the datasets, the methods have been applied
on both datasets for reducing the dimensions and then a logistic model is trained on the
reduced datasets for each method separately. The classification accuracy achieved from
the respective model is then compared with the baseline accuracy based on the test data

set.
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Figure 5.2: Confusion matrix of the baseline logistic model for MNIST dataset.
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5.2.1 Principal component analysis (PCA)

Before applying PCA, it is important to define the percentage of variance we need for our
analysis to be explained by the principal components. To achieve a good classification
accuracy, we have used the 95 percent variance threshold for PCA which means that only
those principal components will be retained which can explain 95 percent variation in the
data. To get an information about how many principal components is needed for HAR
dataset for explaining 95 percent variation in the data, we draw a graph showing the rela-

tionship between the number of principal components and the cumulative variance.

Figure 5.3 shows that using 95 percent cumulative variance threshold, the curve touches
the threshold line approximately at 98 principal components. It means that we need 98

principal components to explain 95 percent of the data variation. We reduce the original
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data dimensions from 561 to 98 by keeping the first 98 principal components after applying

PCA.

The same 95 percent variance explanation threshold has been set for the MNIST
dataset. After applying PCA on MNIST dataset, we want to retain only that many num-
ber of principal components which can explain 95 percent variation in the data. Figure
5.4 shows the relationship between the cumulative variance explained and the number of
principal components needed.

Figure 5.4 shows that approximately 151 principal components are needed to explain 95
percent variation of the original data. So, after applying PCA on MNIST data we retain
only 151 principal components which can be used as input dimensions in the logistic model.
The logistic model being trained on the reduced HAR dataset gives a test set classification
accuracy equal to 93 percent. The confusion matrix for the model plotted in Figure 5.5
represents that the predictions with a reduced number of dimensions is good, however, the

classification accuracy is smaller than that of the baseline accuracy.

Figure 5.5 shows that the number of incorrect predictions in this case is a little bit
more than the baseline model, therefore, we get a smaller accuracy score for this model
than the baseline model. This shows that a smaller number of the original dimensions is
correlated with one another and using the 95 percent variance threshold resulted in some

loss of information.
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Figure 5.3: The relationship between cumulative variance explained and number of prin-

cipal components for HAR dataset
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Figure 5.4: A relationship between cumulative variance explained vs the number of prin-
cipal components for MNIST dataset.
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Figure 5.5: Confusion matrix of the logistic model being trained on the reduced HAR
dataset through PCA for the evaluation duration
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The logistic model trained on the reduced MNIST dataset gives us an accuracy score of
91.74 percent which is a little bit higher than the baseline model accuracy. The confusion
matrix is given in Figure 5.6 which shows that the number of incorrect predictions made is

a little bit smaller than the baseline model and we got a little higher classification accuracy.

5.2.2 Simple auto-encoders

Simple auto-encoder was applied on the HAR dataset to reduce the data dimensions to 98.

For this purpose, the architecture of simple auto-encoders for HAR dataset has been de-
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Figure 5.6: Confusion matrix of the logistic model being trained on the reduced MNIST

dataset for the evaluation duration.
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signed in a way that the hidden layer compresses the data dimensions to 98. The model is
trained for 50 epochs and a batch size of 32. The number of epochs shows how many times
the whole data was used for training the model while batch size represents the number of
samples that is passed to the neural network at one time. The terms validation loss and
training loss here represent the reconstruction loss of the validation dataset and training
dataset respectively. It is the check of how well the model has learned from the data.
The loss function measures the difference between the original input and the reconstructed
input. Loss function depends on the input and output data but mostly mean squared error
loss is used as the default loss for training a neural network model. In this study, mean

squared error loss has been used as reconstruction error loss.

The curves in Figure 5.7 shows that as the training and validation loss decreases the
model is learning more and more from the data. The curves approach towards zero and
after 50 epochs it is not getting better more, therefore we have used 50 epochs to train the

network.

For MNIST dataset, we make the architecture of simple auto-encoders in a way that
the hidden layer reduces the data dimensions to 151. The model is trained for 50 epochs

and a batch size of 256.

Figure 5.8 shows that both training and validation loss decreases and approaches to-
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wards zero as the model learns more and more from the data. After 50 epochs the curves

takes a linear form representing that the model is no longer getting better.

The logistic model trained on the reduced HAR dataset gives us a classification accu-
racy of 92.62 percent which is approximately equal to the accuracy achieved from the PCA

based logistic model.

The logistic model trained on the reduced MNIST dataset gives us a classification ac-

curacy of 91.48 percent, a little bit lower than the baseline accuracy.

Figure 5.9 represent the confusion matrix of the logistic model being trained on the
reduced HAR dataset through simple auto-encoders which shows that for the class label

2, 4 and 5 the number of incorrect predictions is greater.

Figure 5.10 shows the confusion matrix for the logistic model trained on the MNIST
dataset reduced through simple auto-encoder. The matrix shows that number of incorrect

predictions for every class is greater. Therefore, we get a smaller accuracy score.

o1



Figure 5.7: learning behavior of simple auto-encoder for HAR data against the number of
epochs
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Figure 5.8: learning behavior of simple auto-encoder for MNIST data against the number
of epochs
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Figure 5.9: Confusion matrix for the logistic model trained on the reduced HAR dataset

through simple auto-encoder.
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Figure 5.10: Confusion matrix for the logistic model trained on the reduced MNIST dataset
through simple auto-encoder
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5.2.3 Deep-auto encoders

Deep auto-encoders uses many hidden layers stacked upon one another to compress the
dataset. Using many hidden layers helps in extracting more complex and hidden features
in the dataset. We have used a deep auto-encoders with 4 hidden layers for HAR data to
compress the dataset dimensions into the same number of dimensions as reduced by PCA
and auto-encoders. We trained the model for 50 epochs and a batch size of 256.

Figure 5.11 represents that the model is not learning in a smooth way and oscillation is
present in both the curves. It means that the model is not able to capture the hidden

features correctly.

The same 4 hidden layers deep auto-encoders has been used for MNIST dataset and the
data dimensions is reduced to 151 latent dimensions. We trained the model for 20 epochs

and a batch size of 256.

Figure 5.12 represents that the model is learning in a smooth way and as the number of
epochs increases the curves for training and validation loss approaches towards zero. After
epoch number 20 the curves become linear and both training and validation loss is not de-
creasing. Comparing this with the above model for HAR, we see that deep auto-encoders
is learning well from the MNIST data. It means that the model can capture the hidden

features in MNIST data.
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The logistic model trained on the reduced HAR data classified the data with accuracy
score of 86.27 percent while for MNIST dataset the logistic model trained on the reduced
data gives us a classification accuracy of 93.30 percent which is better than the baseline

accuracy for MNIST.

Comparing the results, we can see that for HAR dataset auto-encoders with one hid-
den layer was able to capture more variation of the data and results in a good comparable
accuracy while for MNIST data deep auto-encoders captures the hidden features correctly
and classified the data with greater accuracy. It means that for simple and small datasets
auto-encoders with a smaller number of hidden layers perform better while for larger and

complex datasets deep auto-encoders with more hidden layers is better.

Figure 5.13 represents the confusion matrix of the logistic model which was trained on
the reduced HAR dataset through deep auto-encoder. The matrix shows that the number
of incorrect predictions is greater than we get by using simple auto-encoder for DR. There-

fore, by using deep auto-encoder on HAR, the accuracy of the model was not improved.

The MNIST data was reduced by using deep auto-encoder and the reduced data was
feed into the logistic model. The confusion matrix for the model is represented by the
Figure 5.14. which shows that for MNIST the deep auto-encoder performance was good

as compared to the simple auto-encoder.
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Figure 5.11: Learning behavior of deep auto-encoders for HAR data against the number
of epochs.

D0.030 -

Taining Loss
wal Loss

0.025 -

3

]

1

]

[ ]

|

]

1

!

[ ]

|

. 00204 |
i

L]
0015 { !
i

]

0010 -

0.005 -

- 4
E.
H.

5.3 Evaluation based on execution time

We now compare all the methods based on their time of execution. The execution time

is an important measure for evaluating the performance of the model. Table.1 shows the

training time of all the models. It is the time taken by the models while learning from the

data.

Table 1 shows that for HAR dataset the training time of logistic model was 40 seconds
while for MNIST data it was 95 seconds. On both dataset PCA takes very little time
of execution in learning from the data. Simple and deep auto-encoders takes a relatively

shorter time in learning from the HAR data as compared to learning from the MNIST data.
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Figure 5.12: Learning behavior of deep auto-encoder for MNIST data against the number
of epochs.
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Table 2 shows the training time of the logistic model when it was trained on the reduced

datasets after applying PCA and deep auto-encoders.

Table.2 show that for HAR dataset, the logistic model trained on the datasets reduced

by PCA and deep auto-encoders takes a training time of 12 and 11 seconds respectively

which means that both PCA and deep auto-encoders were able to optimize the training

time of the logistic model.

For MNIST dataset, the logistic model trained on the dataset reduced by PCA takes

11 seconds in learning from the data while for simple and deep auto-encoders it takes 335

and 190 seconds respectively which is higher than the time taken by the baseline model.

So, for MNIST data only PCA was able to optimize the training time of the logistic model.
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Figure 5.13: . Confusion matrix for the logistic model when the model was trained on the
HAR dataset reduced by using deep auto-encoder.
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Figure 5.14: Confusion matrix of the logistic model when it was trained on MNIST dataset
reduced by using deep auto-encoder
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Dataset model type Execution time in seconds
baseline logistic regression model 40
HAR PCA 2
dataset Simple auto-encoders 41
Deep auto-encoders 58
Baseline logistic regression model 95
MNIST PCA 7
dataset Simple auto-encoders 80
Deep auto-encoders 110

Table 5.1: Execution time taken by the methods while being trained on the original data
sets

Dataset model type Execution time in seconds
baseline logistic regression model 40
HAR LR trained on RD by PCA 12
dataset ===Simple auto-encoders 35
===Deep auto-encoders 11
Baseline logistic regression model 95
MNIST LR trained on RD by PCA 11
dataset ====Simple auto-encoders 335
=====Deep auto-encoders 190

Table 5.2: Time taken by the logistic model when trained on the reduced datasets after
applying PCA and auto-encoders
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Chapter 6

Conclusion and Discussion

Our comparison of simple and deep auto-encoders with PCA is based on the classification
accuracy of the classifier and the time of execution. On HAR dataset, the performance
of simple auto-encoder and PCA in terms of the classification accuracy is approximately
the same while deep auto-encoders performance is not good enough. But the comparison
based on time execution shows that PCA is better than simple and deep auto-encoder both

in learning faster from the data and optimizing the execution time of the logistic model.

On MNIST dataset, the performance of deep auto-encoder is better than PCA and
simple auto-encoder based on the classification accuracy of the logistic model, but the
model training time is longer. PCA is faster than both simple and deep auto-encoder and

optimized the execution time of the model.
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It is noted that for small and simple types of datasets auto-encoder with a smaller
number of hidden layers perform better while for large and complex datasets auto-encoders

with many hidden layers outperform other methods.

It is concluded that the performance of PCA on HAR dataset was good both in terms
of classification accuracy and optimizing execution’s time. On MNIST data, however, PCA
does not outperform the deep auto-encoder in terms of the classification accuracy. Simple
auto-encoders also achieved a good classification accuracy, but the model was not able
to optimize the time of execution. The performance of deep auto-encoders on MNIST
dataset was better and it shows that deep auto-encoders performed better on datasets
which contain more hidden structures such as images. The results also show that the
main issue with the performance of deep learning methods was the training time. We
suggest that the performance of deep learning methods may be improved for dimensionality
reduction by optimizing the architecture and training time of the model. In future, as more
advancements come in the field of deep learning, the performance of auto-encoders may

outperform other state of the art dimensionality reduction techniques.
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