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Abstract— Deep Belief Networks (DBN) is a deep learning
algorithm that has both greedy layer-wise unsupervised and
supervised training. Arrhythmia is a cardiac irregularity
caused by a problem of the heart. In this study, a multi-stage
DBN classification is proposed for achieving the efficiency of
the DBN on arrhythmia disorders. Heartbeats from the MIT-
BIH Arrhythmia database are classified into five groups which
are recommended by AAMI. The Wavelet packet
decomposition, higher order statistics, morphology and
Discrete Fourier transform techniques were utilized to extract
features. The classification performances of the DBN are
94.15%, 92.64%, and 93.38%, for accuracy, sensitivity, and
selectivity, respectively.
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I. INTRODUCTION

An electrocardiogram (ECG) is one of the biomedical
signals, which shows the electrical activity of the heart. ECG
reflects the distribution and reaction of heartbeats and
whether the rhythm or the rate of the heart is steady or
irregular [1]. ECG is one of the most important methods in
the assessment of heart functionality and cardiac diseases
such as arrhythmias, congestive heart diseases and more [2].

Arrhythmia is a cardiac irregularity of the heart caused by
the problem of tachycardia, bradycardia or non-steady
heartbeats [2]-[4]. Detecting different types of arrhythmia is
a very important and vital subject [1], [3]. Many researchers
have proposed various approaches to the classification of the
arrhythmia beats. The MIT-BIH arrhythmia database (ADB)
is the most widely used in ECG literature. Some techniques
are based on the discrimination between two types of
arrhythmias such as premature ventricular contraction (PVC)
and non-PVC [5]8] and various types of arrhythmias [3],
[9]-[17]. Most of the techniques have classified heartbeats
into 5 classes that are defined by the Association for the
Advancement of Medical Instruments (AAMI) [1], [18]-[27]
and with different types of arrhythmias [4], [18], [28]-[30].
In these studies, a variety of features was extracted from
ECGs and different type classifiers were utilized. The
features have been based on the morphology of
waveforms[1], [4], [6]-[8], [13], [15], [20]-[25], [31],
temporal information [4], [8]-[12], [15], [17], [20], [21],
[231-125], [27], [28], autoregressive modeling coefficients
[32], Hidden Markov Modeling [5], Discrete Cosine
Transform (DCT) coefficients [29], [33], high order spectral
analysis [19], high order statistics (HOS) [3], [6], [7], [25],
the Wavelet Transform [15], [21]-[24], [27], [29], [30], the
Discrete Wavelet Transform (DWT) [7], [14], [19], [22],
[29], QRS geometrical information [14], Principle
Component Analysis (PCA) [16], integrate and fire sampler
modeling [26], Deep belief network on waveforms features
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[17] and S transform [7]. Furthermore, PCA [16], [19], [22],
[27], [34], Linear Discriminant Analysis (LDA) [19], [22],
[34], Independent Component Analysis (ICA) [19], [27] and
qualitative feature selection [4] are the methods that were
used in feature dimensionality reduction. Finally, selected
features are used to learn the discrimination of the
arrhythmia heartbeats as a classifier such as artificial neural
networks (ANN) [9], [13], [18], [19], [21], [28]-[30], [33],
[34], support vector machines (SVM) [1], [5], [7], [16]-[19],
[25], [27], [33] , binary classifiers [1], the k-Nearest
Neighbor (k-NN) [3], [6], Linear model-based classifiers
[20], [24], [26], the Gaussian mixture model [5], the Extreme
Learning Machine [22], Hybrid Classifiers [8], [11], [14],
[15], [28], the Self-Organization Map [23], Conditional
Random Fields [25], Deep Belief Networks (DBN) [8],
[12],and Cluster Analysis [4].

Deep Learning (DL) is a new and powerful machine
learning algorithm which has begun to be used widely in
recent years. DL is used in the assessment of speech
recognition, computer vision, natural language processing
and biomedical signal applications. DL is a neural network
model that aims to discover multiple and deeper levels of
processes using multilayer hidden units for a better
classification performance. The distinctive characteristics of
DL from NN are having at least two hidden layers [35] and
having a small number of neurons. Fewer neurons often
provide convenience to the system by calculating the weights
in the supervised learning stage of the algorithm [36]. These
techniques have the ability to train deeper systems with many
hidden layers.

In this study, the heartbeats from the ADB are classified
into 5 arrhythmia classes recommended by AAMI standards.
The moving window analysis technique is used to segment
the ECG signals (ECGs) into short-term ECGs that have a
length of 341 data points (the R peak is in the center of the
data). The wavelet packet decomposition (WPD), waveform
morphology, higher order statics and the discrete Fourier
transform are used to extract features from segmented short-
term ECGs. Features are classified using the multistage DBN
classifier. The aims of this study are to determine the
efficacy of the DBN classifier and to propose an alternative
DBN based classification model on arrhythmia classification.

II. MATERIALS AND METHODS

A. Database

In the literature, the most used database is the ADB [37]
for arrhythmia classification. Therefore, ADB is used in this
study. Data supplied to the ADB by the Beth Isracl Hospital
Arrhythmia Laboratory, contains 48 number of 2-lead ECGs
from 25 men aged 32—-89, and 22 women aged 23—89; each
has 30min long with 360 Hz sampling frequency.



The AAMI increased the understanding, safety, and
effectiveness of medical techniques. Because of AAMI
standardizations on arrhythmia heartbeats such as obtaining
different subjects for training and testing, many supervised
classifiers do not perform high classification accuracy rates.
AAMI standards classify ECG beats into five classes:
Normal (N), Ventricular (V), Supraventricular (S), Fusion
(F) and Unknown (Q); beat distributions are explained in [3],
[25] particularly.

B.  Preprocessing

In ECG it is easy to have useless noise because of by
skin-electrode changes or the other recording conditions.
Noise on the ECGs causes the baseline wander effect. Two
median filters are applied to ECGs to handle the baseline
wander effect. Filtered ECGs are segmented into heartbeats
by using a window which is R peak centered and almost 1
sec in length [3].

C. Feature Extraction
In this study, 6 morphological features, 8 from higher
order statistics (HOS) of ECGs, 90 from HOS of WPD and
46 features from the Fourier transform are extracted. Feature
extraction is described in [3], particularly.

1) High Order Statistics: The statistical features such as
mean, median, minimum, and variance usually have an
ability to characterize the signals and are frequently used in
machine learning algorithms. But, some signals cannot be
represented properly by first and second order statistical
features. So, the main stream statistics such as 2nd, 3rd, and
4th order moments and cumulants are calculated as features.

2) Wavelet  Packet  Decomposition: The DWT
decomposes the coefficients by analyzing low frequency
sub-band (approximation) coefficients. However, the WPD
decomposes  both the low frequency sub-band
(approximation) and the high frequency sub-band (detail)
coefficients [3], [38]. Three features are extracted for each
sub-band using HOS (2nd, 3rd, and 4th order) [3].

3) Morphological Features: QR and RS and slopes of
right and left sides of R waves are extracted.

4) Discrete Fourier Transform (DFT): The DFT is a
practical function that converts a finite sampled time domain
into the list of coefficients of frequency domain. 46 energy
values in the frequency band of 0—50 Hz are calculated [3].

III. CLASSIFIER

A. Deep Belief Networks

The aim of the DL is modeling complex, hierarchical and
detailed features in data. DL algorithms are based on
stochastic gradient descent, backpropagation and also new
ideas such as the stacked denoising auto encoder, fine tuning
and more. The DBN is one of the most used probabilistic
generative DL algorithms which consists of stacked
Restricted Boltzmann Machines (RBMs) [35], [39]. The
DBN has multiple layers of hidden units. The top two layers
have undirected connections between them. The lower layers
have the top-down between adjacent units. The DBN has an
ability to make deep assessments of the feature connections
[36].

The DBN is constructed from two stage learning
algorithms. The first stage is known as pre-training of the
network by greedy layer-wise unsupervised training. The
number of the RBMs depends on the number of the hidden
layers in the DBN [35]. Each RBM has a visible and a
hidden unit and has a connection with the adjacent RBM.
The visible unit of the first RBM is the input vector of the
model which maps this vector to the representation of the
hidden unit. The visible units (input vector) of the next
RBMs are the represented hidden units of the previous
adjacent RBMs [35]. The details on the DBN functions are
given in [36], particularly.

RBMs have no visible-visible and hidden-hidden
connections within units. In this way the parameters of the
DBN such as weights, biases, are evaluated in the
unsupervised stage by the aid of the probability of greedy
layer-wise method. In the second stage, the obtained
classification parameters of the DBN by unsupervised
training are enhanced by the supervised fine-tuning within
the Contrastive Divergence method [35], [40].

The performance of the arrhythmia classification model
is measured by using statistical valuation functions:
Specificity, Sensitivity, and Accuracy which are obtained
from the confusion matrix of multistage classification [35].
The details on the calculation of performance measures are
given in [3], [35], [36]. TP (True Positive) represents the
truly classified heartbeats in the stages of proposed method.

IV. EXPERIMENTAL RESULTS

The detection of the arrhythmia type is fundamental for a
quick and successful treatment. Nowadays, computer-based
arrhythmia classification methods have a high accuracy rate
in hard-to-detect arrhythmias and symptoms, as they are
successful and steady in the diagnosis systems. In this study,
a deep learning-based multi-stage classification model is
proposed for achieving the efficiency of the DBN for
automatic arrhythmia classification.

The dataset, which was used in the study, includes a total
of 150 features: 8 from HOS of ECGs, 90 from 2nd, 3rd, and
4th order moments and cumulants of WPT, 6 morphological
features, and 46 DFT coefficients. The feature vector is
normalized to 0-1.

A multistage DBN classifier is proposed in this study. N,
S, V, F, and Q types of arrhythmias are classified,
respectively. 4 DBN structures are used in the proposed
system. Fig. 1 depicts the structure of the proposed classifier.
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Fig. 1. Structure of the proposed multistage classification system




The DBN-based multi-stage automatic arrhythmia
classification model consists of 4 stages. Greedy layer-wise
pre-training is used in this model at the unsupervised
learning stage of the DBN with 10 epochs. The activation
function of the hidden layers on the supervised learning
phase is the hyperbolic tangent function to avoid bias in the
gradients and to have a stronger gradient. To unfold the DBN
to a neural network for the supervised learning stage of the
DBN, model parameters were selected by iterations. We
experimented only with a limited number of parameters and
the parameters in which the best classification performance
achieved are given. In the first stage, DBN1 has separated N
class heartbeats from V, S, F and Q arrhythmia heartbeats.
The DBNI1 has 2 hidden layers with 200-530 hidden units.
The output layer has two outputs N and Others (S+V+F+Q).
The learning rate is 4 and the softmax output function was
utilized. In the second stage, DBN2 separated S class
heartbeats from V, F and Q arrhythmia heartbeats. The
DBN2 has 3 hidden layers with 260-420-120 hidden units.
The output layer has two outputs: S and Others (V+F+Q).
The learning rate is 4 and the softmax output function was
utilized. In the third stage, DBN3 separated V class
heartbeats from F and Q arrhythmia heartbeats. The DBN3
has 2 hidden layers with 50-60 hidden units. The output layer
has two outputs V and Others (F+Q). The learning rate is 2
and the sigmoid output function was utilized. In the last
stage, DBN4 separated F class heartbeats from Q arrhythmia
heartbeats. The DBN4 has 3 hidden layers with 150-440-100
hidden units. The output layer has two outputs: V and F
arrhythmia heartbeats. The learning rate is 3 and the softmax
output function was utilized.

The training set of the automatic arrhythmia
classification model includes 3,345 heartbeats from various
types of heartbeat classes and the trained DBN model is
tested using 2,542 heartbeat classes which are defined by
AAMI standards. The confusion matrix of the classifier is
seen in Table 1.

TABLE I. CONFUSION MATRIX OF MULTISTAGE CLASSIFIER

Predicted heartbeats
Labels
N S V F [0
N 477 2 8 16 4
k4
S N 0 288 10 3 6
<
~
S 14 3 0 467 2 3
-~
N
E F 12 8 12 173 9
[ 8 2 3 6 478

Melin et al. used ANN and a learning vector quantization
multistage system to classify fifteen types of arrhythmias
using fiducial points, segmentation of cycles and
transformation of cardiac cycles with an accuracy rate of
97.64% to 99.16% [9]. Castillo et al. have presented ANN
with gradient descent and a fuzzy k-NN hybrid intelligent
system to classify five types of arrhythmias using heartbeat
segmentation with an accuracy rate of 98% [28]. Chang et al.
used the Gaussian mixture model with hidden Markov model
features. Sensitivity, specificity, and accuracy are reported as
85.71%, 79.82%, and 82.50%, respectively, for six classes of
arrhythmias [5]. Martis et al. have reported high
classification performances using higher order spectral
analysis and PCA with ANN and least square SVM [18].

Leutheuser et al. compared the real-time -classification
systems for arrhythmia detection on mobile devices using
statistical features, heartbeat features and temporal features
to classify 2 types of arrhythmias [6]. They reported their
best accuracy rate of 93.30% using k-NN on android-based
mobile devices. Alajlan et al. classified two arrhythmia types
with the SVM system using morphological features, DWT,
higher order statistics and S transform features. Sensitivity
and accuracy are reported as 93.14%, and 93.49%,
respectively [7]. Yeh et al. have reported an accuracy rate of
94.30% using a multistage cluster analysis model with
morphological and shape features to classify five types of
arrhythmias [4]. Yan et al. have reported an accuracy rate of
98.82% with morphological features, heartbeat features and
raw two-lead ECGs to classify twelve types of arrhythmias
using the DBN [12]. Rahhal et al. fed raw ECG waveforms,
temporal features and the weights and biases that are trained
by the DBN as features to the SVM training and
classification [8]. An accuracy rate of 98.49% is reported for
two types of arrhythmia heartbeats. It is hard to compare the
classification performances of the studies, because of the
different numbers and different types of classified arrhythmia
heartbeats belonging to different patients. The purposed
multistage DBN classification is based on the arrhythmia
types which are defined by the AAMI. The comparison of
the studies using the AAMI is seen in Table 2.

TABLE II. COMPARISON OF THE RELATED WORKS ON 5 TYPES OF
ARRHYTHMIAS (N, S, V, F, Q) ACCEPTED BY ANSI/AAMI

Related Features Classifier Accuracy
Works
Martis et al. DCT, PCA ANN 99.12%
[33] LS-SVM 89.30%-
PNN 98.17%
99.52%
Martis et al. DWT, ICA, LDA, PCA LS-SVM 87.52%-
[19] ANN 97.40%
PNN 98.78%
99.28%
Kim et al. CWT, Morphological ELM 97.94%
[22] feature, DWT, PCA, LDA
Chazal et al. Morphological features LD 85.83%
[20]
Tadejko et Morphological features, SOM/LVQ 92.95%
al. [23] Wavelet Transform SVM 97.82%
Llamedo et Wavelet Transform, LD 78.00%
al. [24] Morphological features
Lannoy et al. Morphological features, W-CRF 85.39%
[25] HBF coefficients,
HOS
Alvarado et Integrate and Fire Sampler LD 93.60%
al. [26] Model, Pulse based
features
Yeetal [27] | Interval Features, Wavelet SVM 86.40%
Transform, ICA, PCA
Proposed Morphological features, DBN 94.15%
HOS, WPD, DFT

4 CWT: Continuous Wavelet Transform, LD: Linear Discriminant, W-CRF: Weighted Conditional
Random Fields, ELM: Extreme Learning Machines, PNN: Probabilistic Neural Network, LS-SVM:
Least Square-SVM, SOM/LVQ: Self-Organization Map/Learning Vector Quantization

Martis et al. and Kim et al. have reported high accuracy
rates in the classification of AAMI types of arrhythmia. Each
study is based on a different number of heartbeats from
different subjects. So it is hard to compare the results in an
objective way. Enhancing the classification accuracy of
arrhythmia types is not the first object; the aims of this study
are determining the efficiency of the DBN classifier for
arrhythmia classification and proposing a multistage
classifier system that is an alternative to other machine
learning models. The classification performances of the



proposed system are 94.15%, 92.64%, and 93.38%, for
overall accuracy, average sensitivity, and average selectivity,
respectively. The results are higher than in most of the
related works and this case identifies the success of the DL in
the classification of arrhythmia.

V. CONCLUSION

Various feature extraction methods that characterize the
irregularity on ECGs, several popular classification methods
have been investigated for various types of automatic
arrhythmia recognition. The DBN is becoming a popular
machine learning algorithm for the classification of
automatic arrhythmia. Therefore a DBN based multi-stage
classification system is constructed.

Features are based on a combination of a set of derived
morphological, WPD, Fourier and HOS. A 4 stage DBN
based system is utilized in classification of heartbeats. This
paper presented an attempt to develop a computerized
classifier, which can detect arrhythmia types in an efficient
and reliable way. The results show that the proposed multi-
stage classifier for discriminating a broad range of heartbeats
performs good with average sensitivity, average selectivity,
and overall accuracy rates of 92.64%, 93.38%, and 94.15%,
respectively.
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