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a  b  s  t r  a  c  t

Epilepsy,  a common  neurological  disorder,  is generally  detected  by electroencephalogram  (EEG)  signals.
Visual  inspection  and  interpretation  of  EEGs  is a slow,  time  consuming  process  that  is  vulnerable  to error
and  subjective  variability.  Consequently,  several  efforts  to develop  automatic  epileptic  seizure  detection
and  classification  methods  have  been  made.  The  present  study  proposes  a novel  computer  aided  diagnos-
tic  technique  (CAD)  based  on the  discrete  wavelet  transform  (DWT)  and  arithmetic  coding  to differentiate
epileptic  seizure  signals  from  normal  (seizure-free)  signals.  The  proposed  CAD  technique  comprises  three
steps.  The  first  step  decomposes  EEG  signals  into  approximations  and  detail  coefficients  using  DWT while
discarding  non-significant  coefficients  in view  of threshold  criteria;  thus,  limiting  the  number  of signifi-
cant  wavelet  coefficients.  The  second  step  converts  significant  wavelet  coefficients  to bit  streams  using
arithmetic  coding  to compute  the compression  ratio.  In the  final  step,  the  compression  feature  set is
standardized,  whereupon  machine-learning  classifiers  detect  seizure  activity  from  seizure-free  signals.
We employed  the  widely  used  benchmark  database  from  Bonn  University  to  compare  and  validate  the
technique  with  results  from  prior  approaches.  The  proposed  method  achieved  a  perfect  classification

performance  (100%  accuracy)  for  the  detection  of  epileptic  seizure  activity  from  EEG  data,  using  both  lin-
ear and  non-liner  machine-learning  classifiers.  This CAD  technique  can thus  be  considered  robust  with
an  extraordinary  detection  capability  that  discriminates  epileptic  seizure  activity  from  seizure-free  and
normal EEG  activity  with  simple  linear  classifiers.  The  method  has  the potential  for  efficient  application
as  an  adjunct  for  the clinical  diagnosis  of epilepsy.

© 2019  Elsevier  Ltd. All  rights  reserved.
. Introduction

Epilepsy is a common brain disorder that affects people of
ll ages. It is a chronic neurological disorder in which recurrent
eizures occurs due to abnormal neuronal activities within the
uman brain and affects the sensorium, mood and/or movement of
he human body [1]. World Health Organization statistics indicate
hat approximately 50 million people currently live with epilepsy
orldwide and an estimated 2.4 million people are diagnosed with

pilepsy each year [2]. The incidence of the malady is higher in

eveloping countries; i.e., between 7 and 14 per 1000 people. Treat-
ent mostly comprises antiepileptic drugs and/or surgery [3].

∗ Corresponding author.
E-mail address: mzuki yusoff@utp.edu.my (M.Z. Yusoff).

ttps://doi.org/10.1016/j.bspc.2019.101707
746-8094/© 2019 Elsevier Ltd. All rights reserved.
The electroencephalogram (EEG) commonly detects seizure
activity as it reflects electrophysiological conditions of the brain at
a given time [4] and is widely used for diagnostic due to its low cost.
EEG signals, enhanced with physiological and pathological data,
are employed to evaluate and assess the treatment and progress
of epileptic patients. Typically, clinicians evaluate EEG signals for
three types of activity: (i) normal EEG activity that records healthy
subjects with eyes open or closed; (ii) inter-ictal/seizure-free EEG
activity that may  contain small spikes and/or subclinical seizures
that occur between two clinical episodes in epileptic patients; (iii)
and ictal EEG activity containing sudden spikes.

Generally, EEG recordings are lengthy (hours to days) and con-
tain a huge amount of data collected from patients. A visual
inspection of such recordings is slow, time-consuming, vulnerable

to errors, and subject to inter-observer variability [5]. Hence, sev-
eral automated Computer Aided Diagnostic (CAD) techniques have
been developed to help diagnose epileptic seizures [1,5–27]. CAD

https://doi.org/10.1016/j.bspc.2019.101707
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echniques are based on the extraction of linear, non-linear, and
ime and/or frequency domain features from EEG signals. Further,

achine-learning classifiers are employed to detect and character-
ze seizure activity. Details of related CAD techniques reported by
revious studies are presented in the ‘related-work’ section where
rior results are discussed and compared with the proposed tech-
ique. The literature review demonstrates the need for a highly
ccurate and more efficiently automatic EEG seizure detection sys-
em that differentiates seizure (ictal) from seizure-free (inter-ictal)
r normal EEG readings with faultless accuracy.

The main objective of this work is to develop an efficient and
obust automated computer-aided diagnostic (CAD) technique that

ines a compact set of significant data (EEG signals) for utiliza-
ion as a cost-effective feature involving simple linear classifiers to
ccurately differentiate seizure activity from seizure-free or nor-
al  EEG segments. The present study employed discrete wavelet

ecomposition (DWT) of EEG signals to obtain wavelet coefficients
or different levels of decomposition. Although many studies have
pplied wavelet transforms to EEG signals, they either used an
dvanced wavelet transform, such as wavelet packet decomposi-
ion [5] and the complex wavelet transform [12], or a non-linear
eature extraction method [6,7,28] along with non-linear classifiers
29], which are not always feasible for 1D signal decomposition and
hich demand additional loading and processing time. Further-
ore, few studies only classified normal and seizure EEG activity

20,30] but did not classify seizure-free (inter-ictal) intervals. The
resent work combines the discrete wavelet transform with arith-
etic coding to extract more robust features that efficiently and

etter segregate seizure activity (ictal EEG) from seizure-free (inter-
ctal EEG) and normal EEG activity. Both linear and non-linear
lassifiers were applied to compare our results with those from
he previously reported relevant studies that either employed non-
inear or linear classifiers. In addition, the proposed method can aid
eal-time clinical diagnosis of epilepsy with EEG signals.

Fig. 2 shows a block diagram of the proposed method. We
nitially applied DWT  to the EEG datasets and decomposed the
btained signals to approximations and detail coefficients. We
hen extracted the most significant coefficients by discarding non-
ignificant coefficients using threshold criteria in such a way that
he reconstructed signal’s total energy was retained by >99%. Signif-
cant coefficients were next encoded to a bit-stream by employing
n arithmetic coding algorithm and computing the compression
atio for the EEG dataset. Finally, the computed compression ratio
CR) was standardized and used as a feature to train machine-
earning classifiers to identify optimal classifier-model parameters
or classification purposes. The performance of these classifiers was
hen evaluated by using a 10-fold cross-validation technique. A
ortion of the extracted features (dataset) was used to train classi-
ers while the remaining data was utilized to assess the classifiers.
veraged performance measures for the 10-fold validation were
lso determined (see ‘results section’ for accuracy, sensitivity, and
pecificity).

This paper is organized as follows: Section 2 presents related
ork; Section 3 explains the proposed method and clinical database

sed for this study. Section 4 presents the experimental results.
ection 5 discusses experimental results and a comparison with
resent state-of-the-art techniques. Section 6 provides the con-
luding remarks.

. Related work
This section presents a detailed discussion of previous related
esearch on feature extraction using linear and non-linear methods
long with different machine-learning classifiers.
ignal Processing and Control 56 (2020) 101707

Presently, numerous studies have been reported epileptic
seizure detection methods depending on EEG signals applying
linear and non-linear techniques [7,9,14,25,26,28,31,32]. Feature
extraction techniques are the key focused on the methods proposed
by these studies to differentiate between seizure-free, seizure and
standard EEG activities together with machine learning algorithms.
These techniques incorporate the frequency sub-bands extraction,
entropy analysis, use of wavelet decomposition, largest Lyapunov
exponent, fractal measurement, Hurst exponent and higher-order
cumulants [33,34]. These studies reported the use of machine learn-
ing algorithms, such as an artificial neural network (NN), fuzzy
classifier, Gaussian mixture model, k-nearest neighbor (k-NN), sup-
port vector machine (SVM), and naïve Bayes classifier.

Generally, time and frequency-based methods are useful for
feature extraction in EEG signals, and the mined attributes of
the signals are further utilized as inputs into the classifiers [32].
Besides, frequency-based features, scientists have analyzed EEG
signals by using discrete wavelet transform (DWT). Time-frequency
analysis can be accomplished for EEG signals using DWT  decompo-
sition. An automated seizure detection method initially proposed
by Gotman et al. [35] have been widely adopted. Features such
as peak amplitude, sharpness, time interval, and slope were used
for seizure activity detection after the decomposition of the EEG
signals. Likewise, Khan et al. [36] decomposed EEG signals by
employing the DWT  and computed features, such as energy and
coefficients variation in sub-frequency bands for the detection of
the epileptic seizure activity. Similarly, Adeli et al. [8,9] tested and
illustrated the epileptic seizure discharge being a 3 Hz spike using
wavelet transform. Features related to transients were computed
and located over time and frequency space. Subasi et al. [37] sug-
gested a system based on wavelet transform and artificial neural
networks (ANN) to classify EEG seizure signals. Subasi’s team [27]
implemented dynamic fuzzy neural networks, and thus, improved
their developed method. Guo et al. [16] utilized genetic program-
ming and proposed an automatic feature extraction scheme for the
classification of epileptic seizure activity. Recently, fuzzy approx-
imate entropy (fApEn) and discrete wavelet transformation based
EEG feature extraction method were proposed by Kumar et al.
[38]. In addition, Senhadji and colleagues [32] have analyzed the
spectral content of EEG signals as a function of time by using
wavelet transformation for ‘time vs. duration’ analysis and ‘time-
frequency’ approach. The authors have adopted both the analyses
approaches to detect inter-ictal spikes and ictal duration. Stud-
ies also suggested a method to overcome the computational load
for classical wavelet transform; likewise, Chen et al. [12] reported
artificial neural networks (ANNs) and logistic regression for the
classification of epileptic seizure activity. Further, artificial neu-
ral networks (ANNs) and logistic regression were used to classify
epileptic seizure activity. Xie and Krishnan [39] proposed a method
known as the sparse functional linear model, to represent EEG
signals based on wavelets, that is, wavelet variance to detect dis-
criminative components of EEG signals. Acharya and colleagues [7]
have used wavelet packet decomposition for EEG decomposition
and principal component analysis (PCA) to discard the eigenval-
ues from these wavelet coefficients. Further, they have utilized
ANOVA analysis to identify significant eigenvalues and employed a
10-fold cross-validation approach to train the classifiers. The Gaus-
sian mixture model (GMM)  was  utilized to achieve highly correct
results of classification for epileptic signals. Wang and colleagues
[40] extracted EEG features by using wavelet package entropy that
reported a hierarchical classification strategy. Recently, a wavelet-
based fuzzy-approximate entropy (fApEn) method was  reported

by Kumar et al. [41] along with support vector machine (SVM) for
classification functions. The EEG was  decomposed into sub-bands
with discrete wavelet transforms and then computed fApEN of each
sub-band to rate the chaotic behavior of EEG signals. The authors



ical Si

h
fi

i
n
s
E

3

3

t
d
a
o
j
l
l
E
t
D
C
a
D
e
t
f
a
f
w
A
p
o

3

l
t

W

 

S
t
o
c
c
o
t
s
t
a
s
h
D
t

3

p
t

H.U. Amin, M.Z. Yusoff and R.F. Ahmad / Biomed

ave reported the highest classification accuracy with SVM classi-
er along with the RBF.

The literature review shows that majority of the studies were
ncapable to attain perfect results using signal processing tech-
iques with machine learning methods for seizure activity from
eizure-free EEG signals or seizure-free EEG activity from healthy
EG recordings.

. Materials and method

.1. Dataset

EEG data used for this analysis is a publicly available database at
he University of Bonn as first reported by Andrzejak et al. [31]. This
atabase contains five sub data sets labeled as A, B, C, D and E. There
re 100 single channel EEG segments in each dataset with a length
f 23.6 s, and a total of 4097 samples per channel. Five healthy sub-

ects’ Eyes open (EO) and eyes closed scalp EEG recordings were
abeled as Sets A and B, respectively. EEG readings at various spatial
ocations of five epileptic patients were denoted as Datasets D, C and
. Dataset C includes EEG recordings from the hippocampal forma-
ion from the hemisphere opposite the epileptogenic zone. Dataset

 includes EEG records of the epileptogenic zone. The recordings
 and D both were collected during the seizure-free time. Set E is

 collection of seizure activity recorded by the hippocampal focus.
ata sets were recorded using 128 channels with average refer-
nce. Channels with pathological activities were removed from
he average common reference computation. Eye movement arti-
acts were removed from scalp EEG sets (A and B). The data were
cquired using 12-bit analog-to-digital converts with a sampling
requency of 173.61 Hz. Further, a band-pass filter (0.53 to 40 Hz

ith a 12 dB/oct filter roll-off) was applied on raw EEG data [31].
ccording to the original source of this dataset, EEG data com-
rises 5 (classes) × 100 (observations per class) × 4097 (23.6 s per
bservation).

.2. Discrete wavelet transform

The inner product of a given signal [x (t)] with dilated and trans-
ated versions of the wavelet function [  a,b (t)] is the wavelet
ransform denoted as follows:

 X (a, b) =
〈
x,  a,b

〉
, (1)

a,b = |a|−1/2 
(
t − b

a

)
, (2)

cale and translation parameters are represented as [a, b ∈ � ] in
he above equations, respectively. The scaling parameter dilates
r compresses the wavelet function and the translation parameter
hanges its location [42]. The low or high frequency components
an be obtained from the correlation of the signal [x (t)] with dilated
r contracted versions of the wavelet function [ a, b (t)], respec-
ively. Practically, the wavelet transform is defined at discrete
cales (aj = 2j) and times (bj,k = 2jk), called the discrete wavelet
ransform (DWT). The DWT  successfully divides a given signal into
pproximations and detailed coefficients at different scales. Lower
cales provide information for high frequency components and
igher scales provide information for low frequency components.
WT decomposition results for the present study are provided in

he description of the proposed method section.

.3. Arithmetic coding
Arithmetic coding is a technique primarily used in data com-
ression. It maps data and produces non-block codes in such a way
hat the original data can be obtained from the generated code.
gnal Processing and Control 56 (2020) 101707 3

This is to say that a one-to-one correspondence between source
data (symbols) and the code does not exist. Hence, each source
symbol is not individually converted to a codeword in contrast to
previous coding algorithms such as Huffman coding. In arithmetic
coding, a complete sequence of source symbols is allocated to a
single arithmetic codeword. The codeword expresses an interval
of real numbers between 0 and 1. When the number of symbols
in the source data increases, then the interval used to denote it
turns smaller and the number of bits essential to denote the inter-
val grow larger [43]. Moreover, in arithmetic coding, each source
symbol does not involve in symbolizing an integral number of code
symbols. Thus, each symbol of the source data reduces the interval
size according to its probability of occurrence.

Consider a sequence of five symbols (x1x2x3x3x4) from a four-
symbol source with encoded probabilities (0.2, 0.2, 0.4, and 0.2)
(Fig. 1). First, the complete sequence is considered to occupy the
entire half open interval [0, 1). This interval is subdivided into four
parts based on the probabilities of the source symbols. The first
symbol of the sequence (x1) is associated with subinterval (0, 0.2);
the sequence interval is narrowed to [0, 0.2). The subinterval [0, 0.2)
is then stretched to the full height of the entire half-open interval
[0, 1) and labeled with end points that hold narrowed range val-
ues [0, 0.2). Again, the narrowed range [0, 0.2) is then subdivided
according to the original source symbol probabilities, whose pro-
cess continues with the next symbol. Accordingly, x2 contracts to
(0.04, 0.08), x3 narrows to (0.056, 0.072), and so on until the last
symbol. The last symbol is used as a special indicator marking the
end of the sequence, which narrows the range to (0.06752, 0.0688).
At this point, any number with an interval, say 0.068, can represent
the entire sequence.

3.4. Proposed computer aided diagnostic technique

Fig. 2 shows a block diagram of the proposed Computer Aided
Diagnostic (CAD) technique, which comprises the following three
steps.

1 Wavelet Decomposition
� Decomposition of EEG signals via discrete wavelet transform.
� Apply threshold to coefficients such that reconstructed signal

energy remains ∼99%, rounded to the nearest integer.
2 Feature Computation

� Encode DWT  coefficients using Arithmetic coding.
� Compute compression features.
� Standardize extracted features.

3 Feature Classification
� Classify features using machine-learning classifiers.
� Evaluate performance via k-fold cross-validation and EEG clas-

sification results.

Initially, using DWT  with Daubechies wavelet, EEG signal x[n]
is decomposed up to level 4 to ‘approximation’ and ‘detail’ coeffi-
cients. We  selected the db4 wavelet in this analysis; as previously
reported by Adeli et al. [9], db4 is best suited for the decomposition
of EEG signals due to its orthogonality property and efficient filter
implementation, particularly, for epileptic EEG signals. DWT  uses a
succession of high pass g (n) and low pass h (n) filters. The discrete
mother wavelet is described by the high pass filter g (n) ; while the
low pass filter h (n) represents its mirror version [30]. Cutoff fre-
quencies for h (n) and g (n) filters equal one-fourth the sampling

frequency of EEG signal inputs. In the first level decomposition,
input signals are simultaneously filtered through h (n) and g (n) fil-
ters resulting in corresponding outputs called ‘approximation’ (A1)
and ‘detail’ (D1) coefficients, respectively. Approximation coeffi-
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Fig. 1. Simple Arithmetic Coding Procedure with Example.
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Fig. 2. Block diagram of the proposed CAD 

ients (Ai) and detail coefficients (Di ) at (ith) level are represented
s follows:

i =
1√
M

∑
n

x (n) .ϕj,k (n) (3)

here: ϕj,k (n) =  2−j/2h
(

2−jn-k
)

is scaling function, and

i =
1√
M

∑
n

x (n) . j,k (n) (4)

here:  j,k (n) =  2−j/2g
(

2−jn-k
)

is the wavelet function.
Here: n = 0, 1, 2, . . .,  M − 1; j = 0, 1, 2, . . .,  J − 1; k =

, 1, 2, . . .,  2j − 1; J = 4; M is the length of the EEG discrete
ignal x[n].

DWT  coefficients Djk (approximation Ai=3 and details
Di=0, 1, 2, and 3) are compacted by eliminating non-significant
oefficients with implementation of certain threshold value (˛)
efined as follow:
ˆ jk =
{
Djk,

∣∣Djk∣∣ ≥ ˛,

0,
∣∣Djk∣∣< ˛,

(5)
que for EEG epileptic seizure classification.

The specification of the threshold value (˛) ensured the recon-
structed signal has enough energy, i.e., energy >99%.

energy (E) = 100 × ‖Xr‖2
2

‖X‖2
2

> 99% (6)

where (Xr) denotes the reconstructed signal and (X) represents the
original signal.

The computation of threshold value (˛) is based on the method
of Donoho and Johnstone [44] where the last level of the detailed
coefficients vector is considered for the estimation of the standard
deviation of the noise (unwanted signal). Here, hard thresholding
is used and the threshold value (˛) is defined as:

 ̨ = �̂
√

2logN (7)

Here, N denotes the number of wavelets coefficients in the last level
of the detailed coefficients.

Based on the median absolute deviation,

�̂ =
median

(∣∣∼Djk

∣∣)
0.6745

(8)
Here, the number in the denominator denotes the scale factor,
depending on the distribution of ∼ Djk, and equal to 0.6745 for nor-
mal  distributed data. ∼ Djk denotes the wavelet coefficients in the
last level of the detailed coefficients.
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Table 1
Experimental Cases for Classification.

Case Datasets Description

1 A and E Normal and seizure (ictal) EEG recordings
2  AB and E Normal and seizure (ictal) EEG recordings
3  C and E Seizure-free (inter-ictal) and seizure EEG recordings
4  CD and E Seizure-free (inter-ictal) and seizure EEG recordings
5  ABCD and E Normal, seizure-free and seizure EEG recordings

Table 2
Quality of reconstructed EEG signals for all datasets (A–E).

Set Energy % Zero Ratio % MSE  PSNR (dB)

A 99.13 (0.67) 68.20 (5.52) 24.04 (3.56) 55.64 (1.98)
B  99.37 (0.40) 61.95 (5.62) 24.03 (6.69) 58.84 (2.16)
C  99.02 (0.79) 78.43 (8.12) 24.02 (7.11) 57.44 (3.04)
D  99.05 (0.84) 79.28 (5.91) 24.03 (6.24) 58.62 (5.61)
E  99.25 (0.05) 50.22 (12.21) 24.02 (3.80) 70.68 (4.52)
AB 99.24 (0.35) 65.12 (3.91) 24.03 (3.66) 60.52 (1.94)
CD 99.25 (0.46) 78.91 (5.34) 24.03 (4.96) 61.99 (4.54)
ABCD 99.33 (0.27) 72.09 (3.28) 24.03 (2.77) 64.63 (3.80)

Note: The facts are represented as mean (standard deviation).

Table 3
Threshold values for data set A–E while controlling for MSE.

Datasets A B C D E AB CD ABCD

Threshold 15.35 15.5 16.77 17.84 17.00 15.42 17.27 16.24

Note: Values reported in Table 3 are subject to a dataset, wavelet type, decomposi-
H.U. Amin, M.Z. Yusoff and R.F. Ahmad / Biomed

The computed threshold value is changed if the energy criteria
entioned in Eq. 6 is not met. This is to ensure that the quality of

he signal is not compromised among the datasets.
This process ensures the quality of the signal after disregarding

he non-significant coefficients. The DWT  coefficients D̂jk subjected
o threshold are rounded to the nearest integer and represented as
( D̄jk).

The second step includes encoding the rounded DWT  coef-
cients (D̄jk) into bitstreams by applying the arithmetic coding

echnique. Arithmetic coding has two strategies to reduce data:
tatic and adaptive. Here, static arithmetic coding is used because
he number of wavelet coefficients and their probability of
ccurrence is known. The adaptive strategy is useful when the dis-
ribution of the source in the form of cumulative counts is unknown
45].

Accordingly, DWT  coefficients’ size is compacted and the sig-
al is consequently compressed. The arithmetic coding output bits’
tream provides the compression feature denoted as follows:

R = Size of Original Signal X

Size of Compressed Signal Xc
(9)

The third step includes the standardization of the extracted CR
eatures to zero mean and unit variance by the following equation.

ˆi =
xi − x̄
�

(10)

ere, i = 1, 2,. . .,  N; where N reflects the number of instances in a
pecific feature x; � and x̄ are the standard deviation and the mean
f (xi ), respectively; and (x̂i) is the standardized feature value.

Standardized features are then used as input for the machine-
earning classifier. To demonstrate the proposed CAD system’s
ffectiveness, we used four machine-learning classifiers: (i) sup-
ort vector machine (SVM) with radial basis function (RBF) [46]; (ii)
ulti-layer perceptron (MLP) with 3 hidden layers [47]; (iii) Naïve

ayes (NB) [48]; and (iv) K-nearest neighbors (k-NN) with k = 5—
or machine learning classifier details, see [49]. A 10-fold cross-
alidation method was adopted to evaluate classifier performances
sing average accuracy, sensitivity and specificity computed as esti-
ated results [49].

.5. k-Fold cross-validation

In machine learning, k-fold cross-validation (CV) is a common
rocedure to evaluate the efficiency of classification algorithms on

 given data [50]. In this procedure, a given dataset is divided into ‘k
isjoint folds’ of equal size. Then, at each fold, k-1 folds are utilized

or training purpose and one fold is reserved as a validation set to
valuate the classification model. Accordingly, it is repeated k times
ith each k-fold used exactly once as validation data. Then, the k-

ccuracies from k-fold CV are averaged to evaluate the efficiency of
he classifier. The key advantage of this CV is that all instances in a
iven dataset are used for training and testing; while each instance
s used for validation exactly once. Variance in the resulting esti-

ate can be reduced as the value of k increases. However, running
he training algorithm k times can increase computational costs,
hich can be reduced by adopting a reasonable k value (e.g. 5-fold

r 10-fold).

. Experimental results

Beginning with the experimental setup, we now present exper-
mental validation results compared to state-of-the-art methods.

ll the analysis in our experiments was performed on a desktop
omputer with 2.4 GHz Intel Core i5 processor, 4GB memory and
4 bit Windows 7 ultimate operating system. The feature extrac-
ion and standardization part were completed with MATLAB and
tion  levels, and retained quality of reconstructed signals.

the classifiers were employed from Weka 3.6.9 toolbox. For the
five datasets of EEG, five different cases of classification are consid-
ered (Table 1). These cases are selected based on previous studies
to facilitate comparison.

We used 100 EEG segments from each of the five datasets.
The proposed CAD technique employed DWT  up to 4th level data
decomposition to extract wavelet coefficients, after which non-
significant coefficients were discarded as previously explained.
After discarding the non-significant wavelet coefficients, the qual-
ity of reconstructed signals was ensured by retaining signal energy
at >99% while controlling the mean square errors (MSEs) for all
the five datasets (A–E) (Table 2 demonstrates the quality of the
reconstructed datasets; Table 3 reports the threshold values used
to reduce non-significant wavelet coefficients). Retaining certain
percent energy while controlling the MSEs ensures that criteria
for discarding wavelet coefficients over all datasets were balanced
and fair. Only significant wavelet coefficients for all five datasets
were used to compute compression (compression ratio - CR) fea-
tures via the arithmetic-coding algorithm. After feature extraction,
machine-learning classifiers were trained and tested for all datasets
using the 10-fold cross-validation method. This method divided
‘features sets’ into 10 subsets of equal size, using nine subsets for
classifier training and one subset for testing. Averages for accuracy,
sensitivity, and specificity were then computed for final classifier
performances [49].

Classifier performances were evaluated using sensitivity, speci-
ficity, and accuracy as follows:

Sensitivity = True Positive
True Positive + False Negative

×  100% (11)
Specificity = True Negative
True Negative + False Positive

× 100% (12)
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Table 4
Classification accuracy results for datasets A–E of the University of Bonn database.

Datasets Accuracy %

Naïve Bayes KNN (k = 5) MLP  (Hidden Layers:3) SVM (RBF)

A-E 100 100 100 100
AB-E 100 100 100 100
C-E  100 100 100 100
CD-E 100 100 100 100
ABCD-E 100 100 100 100
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technique achieved perfect classification results (100%) for normal
ig. 3. Box plot of feature values. The normal (A, AB) and inter-ictal (C, CD) datasets
re  clearly different than the ictal dataset (E).

ccuracy =
Correctly classified (True Positive + True Negative)

Total Cases

× 100% (13)

The number of seizures correctly identified by the proposed CAD
ystem are represented as ‘true positive’ (TP); the number of normal
egments correctly identified as ‘normal’ are referred to as ‘true
egative’ (TN); the number of incorrectly identified EEG segments
s seizures are referred to as ‘false positive’ (FP); and the number
f missed seizures events as ‘false negative’ (FN).

Table 4 presents computed values for classification accuracy
or all the four machine-learning classifiers in the proposed CAD
ystem, which achieved perfect classification accuracy (100%) for
atasets A-E, AB-E, C-E, CD-E, and ABCD-E. Besides, all the four
lassifiers achieved 100% sensitivity and specificity for the above
entioned datasets. Since the proposed technique achieved perfect

ccuracy for sensitivity and specificity results, only classification
ccuracy is reported below.

To justify the differences between the datasets achieved with
he proposed feature extraction method, a one way  ANOVA was
pplied to the features extracted from all the datasets. There was

 statistically significant difference between datasets as deter-
ined by one-way ANOVA, F(5,594) = 547.23, p < 0.0001. A Tukey

ost hoc analysis showed that datasets A (normal EEG pattern),
B, C (inter-ictal), CD and ABCD (normal and inter-ictal together)

ere statistically significantly different than the dataset E (ictal), p-

alue<0.0001. In addition, Fig. 3 shows a box plot of all the datasets
o display the distribution of feature values.
ignal Processing and Control 56 (2020) 101707

5. Discussion

This section provides a detailed comparison with previous
methods as reported in the EEG literature and summarizes the
robustness of the proposed technique. Only the recent studies that
employed the Bonn EEG database were included.

In signal processing, a completely periodic signal repeats itself
with a constant period and can be mathematically defined, such
as sin(x) [51]. However, in the case of EEG signal, it is not com-
pletely periodic like sin(x), but there is some periodicity, see Fig. 4.
In this implementation, the idea is to consider the redundant infor-
mation that resides in the EEG in different conditions, like normal,
inter-ictal, and ictal EEG. The elimination of redundant informa-
tion from the EEG signals leads to EEG compression. The potential
of EEG compression is related to the brain neuronal processes. It
is obvious that the EEG signals recorded over the scalp are depen-
dent on whatever neural processes that are occurring inside the
brain which reflect directly the electrical activity of the neuronal
communications [52,53]. When the active neuronal networks of
the brain during certain tasks fire and produce a smooth rhythm
(e.g., EEG in resting-state eyes-closed condition), this will result in
fewer fluctuations in the scalp electrical potential and certain EEG
rhythms such as alpha waves will be dominant [54] – producing
high redundant information in the EEG signal, and increasing the
potential of EEG compressibility [55]. Similarly, when the active
neuronal networks of the brain in a certain mental task are firing
with rapid changes over time [56] (e.g., EEG in the working mem-
ory task), then there is a possibility of relatively high fluctuations in
the scalp electrical potential, which would result in low redundant
information in the EEG signal. It can be interpreted that when an
individual is feeling relax during a certain situation or the brain is
not involved in complex processing such as cognition, the recorded
EEG signal will have a high amount of redundant information, the
reverse of such situation will lead to a very minimum redundant
information in the EEG signal.

In the case of EEG analysis, where normal, inter-ictal, and ictal
conditions are involved. The idea of compression in these condi-
tions helps to separate the ictal EEG from the non-ictal one. The
ictal and inter-ictal EEG have high randomness and are lacking in
structure, which give relatively low or no potentials of compress-
ibility.

In this work, static arithmetic coding was  introduced for fea-
ture extraction of EEG signals in combination with the discrete
wavelet transform to detect the epileptic seizures in EEG record-
ings. Our proposed approach is based on discrete wavelet transform
(DWT) decomposition of EEG signals, extraction of features from
the significant DWT  coefficients using static arithmetic coding, and
classification of the EEG segments using linear (kNN and Naïve
Bayes) and non-linear (MLP and SVM) classifiers. The use of DWT
with static arithmetic coding is evaluated using five classification
problems (see, Table 1). Several previous DWT  studies identified
the most appropriate technique to handle with the non-stationary
transient events in the EEG signals, especially for epileptic EEG data
[4,9]. To our knowledge, there is no study in the literature related
to feature extraction with static arithmetic coding for epileptic
seizure detection with computationally efficient and perfect clas-
sification results. Our proposed technique’s results were compared
with the previously reported automated seizure detection tech-
niques. Table 5 shows our classification results for (i) normal (sets
A and B) versus seizure/ictal (set E); (ii) seizure-free/inter-ictal (sets
C and D) versus seizure/ictal (set E); and (iii) normal + seizure-
free/inter-ictal (sets A–D) versus seizure/ictal (set E). The proposed
EEG and epileptic seizure patterns (sets A or B vs. set E), com-
pared to numerous prior studies using simple machine-learning
algorithms (Naïve Bayes or k-NN). The few studies that did report
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Table  5
Comparisons with previously reported automated detection studies of Epileptic EEG signals using different feature extraction methods and machine learning classifiers
(classifying epileptic EEG vs. seizure-free EEG vs. normal EEG patterns).

Author(s) Year Feature Extraction Methods Classifier(s) Datasets Accuracy %

Song [23] 2012 Optimized sample entropy (O-SampEn) algorithm Extreme learning machine
(ELM)

D-E 97.50

Yatindra [18] 2012 Discrete wavelet transform (DWT) and approximate
entropy (ApEn)

ANN, SVM A-E
B-E
C-E
D-E
ABCD-E

100
92.5
100
95
94

Acharya [5] 2012 Wavelet Packet Decomposition and Principal component
analysis

Gaussian Mixture Model
(GMM)

Normal, inter-ictal,
and ictal

99.00

Fernandez-Blanco
et  al [61]

2012 Automatic seizure detection based on star graph
topological indices, General Discriminant Analysis (GDA)

GDA A-E 99.00

Varun Bajaj [10] 2012 Empirical mode decomposition (EMD) Least Squares SVM ABCD-E 100
Satchidanada

Dehuri [62]
2013 Differential evolution-Radial basis Function neural

networks (DE-RBFNs)
NN A-E

ACD-E
ABCD-E

100
98.98
98.46

Xie  & Krishnan [39] 2013 Dynamic PCA + PCPEM k-NN A-E
ABCD-E

100
100

Song et al. [24] 2013 Discrete Wavelet Transform with db4 + permutation and
sample entropy + genetic algorithm

Extreme learning machine
(ELM)

A-E 94.20

Joshi  et al. [17] 2014 Fractional linear prediction (FLP) +SVM SVM with RBF C-E
D-E

95.33

Lee  et al. [33] 2014 Wavelet transform, phase space reconstruction and
Euclidean distance

weighted fuzzy membership
function (NEWFM)

A-E 98.17

Kaya  et al. [63] 2014 One-dimensional local binary pattern (1D-LBP) BayesNet A-E
A-D
D-E
CD-E
AB-CDE

99.50
99.50
93.00
95.66
93.00

Pachori & Patidar
[21]

2014 Empirical mode decomposition (EMD) and second order
difference plot (SODP) of intrinsic mode functions

ANN Not reported 97.75

Guohun Zhu [57] 2014 Fast weighted horizontal visibility graph constructing
algorithm (FWHVA)

k-NN A-E
ABCD-E

100
95.40

Yatindra Kumar
[41]

2014 Wavelet based Fuzzy approximate entropy (fApEn) SVM with RBF A-E
B-E
C-E
D-E
ABCD-E

100
100
99.6
95.85
97.36

Fu  et al. [14] 2014 Hilbert-hung transform based time-frequency image SVM with RBF A-E 99.12
Guangyi [12] 2014 Dual-tree complex wavelet (DTCWT)-Fourier features k-NN A-E

A,B,C,D-E
100
100

Jose et al. [17] 2014 Fractional linear prediction SVM with RBF CD-E 95.33
Dhiman & Priyanka

[64]
2014 Wavelet Packet + Genetic Algorithm SVM A-E 100

Yuan  et al. [65] 2014 Kernal SRC SVM with RBF A-E
D-E

98.63
98.63

Zhu et al. [57] 2014 FFT + sample entropy KNN A-E
B-E
C-E
D-E
ABCD-E

99
90
97
94
95

Kang et al. [59] 2015 FFT spectral analysis, AR model Quadratic discriminant
analysis (QDA)
MLPNN

A-E
B-E
C-E
D-E

99.78
99.55
99.62
99.46

Sharma and
Pachori [60]

2015 Phase space representation and intrinsic mode functions Least Squares SVM CD-E 98.67

Tawfik et al. [66] 2016 Wavelet Transform + Weighted Permutation Entropy
algorithm

SVM, ANN A-E
B-E
C-E
D-E
ABCD-E

99.5
85.00
93.5
96.5
93.75

Tiwari et al., [67] 2017 Key-point descriptors + Gaussian filters SVM (RBF) AB-E
ABCD-E

100
99.31

Jesus et al., [68] 2017 DWT  SVM (RBF) A-E 99.85
Ihsan  et al., [69] 2018 P-1D- Convolutional Neural network (CNN) AB-CDE

AB-CD
99.80
99.95

Acharya et al., [70] 2018 13-layer Deep Convolutional Neural network CD-E 88.7%
Present Work 2019 Discrete Wavelet + Arithmetic coding k-NN,

Naïve Bayes,
MLP, and SVM

A-E 100%

AB-E 100%
C-E 100%
CD-E 100%
ABCD-E 100%
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Fig. 4. Example of periodic sine signal and EEG signal of 3-to-6 Hz with

erfect classification results either employed complex methods for
eature extraction [57,39] or non-linear classifiers (ANN and ker-
el SVM) [18,58]. The segregation of normal from epileptic EEG
atterns was relatively easier than for seizure-free vs. epileptic
EG patterns. However, seizure-free/inter-ictal EEG patterns may
ontain spikes similar to those observed in seizure EEG patterns,
hich can create difficulties in the differentiation of seizure activ-

ty from non-seizure EEG readings in commonly used diagnostic
ools. This can result in misclassifications reported by many studies
ang et al., [59] Zhu et al. [57], Kumar et al. [38], Sharma & Pachori

60], etc., as listed in Table 5. To justify the robustness of feature
xtraction of the proposed CAD technique, statistically, analy-
is (one-way ANOVA) was performed on the features extracted
rom all the datasets (A to E). The results indicated a statistically
ignificant difference between normal vs. seizure, normal with
eizure-free vs. seizure, and seizure-free vs. seizure datasets. The
roposed technique, however, achieved satisfactory results for sets
-E, AB-E, C-E, CD-E, and ABCD-E, as shown in Table 5, using both
achine learning algorithms and statistical analysis. Such find-

ngs, to our knowledge, have never been reported by any prior
tudy.

The novelty of this study is the utilization of discrete wavelet
ransform with static arithmetic coding for the extraction of robust
EG features in the proposed CAD technique. The DWT  with
b4 wavelet is proved as a most appropriate technique for non-
tationary signals and is very effective in detecting sudden spikes
hat mark epileptic EEG signals, as reported by Adeli [9]. Further,
WT  is capable of representing EEG signals in a compact manner as

t limits the number of significant coefficients while retaining both
ime and frequency information. Combined with arithmetic coding,
WT locates signal compression (the limit to which a signal can be
ompressed), which is an important characteristic of EEG signal
nd varies with the brain’s state. In addition, we decomposed sig-
als up to the 4th DWT  level of sub-bands. Moreover, both encoder
nd decoder of the arithmetic coding algorithm are in linear time;
hus, indicating that the time complexity of the proposed technique
s O(N).

To compare the time computation of the proposed approach,
ime computations were determined for all the five datasets.

he proposed feature extraction method requires 0.5 s for feature
xtraction from a segment of 23.5 s recording which is compu-
ationally faster than the time-frequency analysis based methods
dant information, CR (compression ratio), R (percentage redundancy).

proposed by Tzallas et al., [71,72]. Further, our approach of feature
extraction is also faster than the empirical mode decomposi-
tion (EMD) based method proposed by Alam and Bhuiyan [73],
which required 0.2-0.6 s for processing 1.475 s recording, i.e., 23.6 s
would require 3.2 to 9.6 s processing time. The classification algo-
rithms k-NN, naïve Bayes, MLP, and SVM required 0.001∼0.002 s,
0.001∼0.002, 0.09∼0.11 s and 0.01∼0.05 s, time for testing, respec-
tively. Thus, to detect the seizure, for example, 24 h continuous
recordings of an epilepsy patient, the proposed CAD system can be
expected to detect approximately 30 minutes. This means the pro-
posed technique is exceptionally quick in terms of computational
cost and thus, is suitable for implementation as a computer-aided,
clinical diagnostic tool.

5.1. Limitations

A 100% correct classification rate was  achieved for a relatively
small database. Should we  employ larger clinical databases, the
proposed technique might or might not yield perfect classifica-
tion accuracy. If not perfect, the proposed technique could be
amended by adding a feature selection step after feature extrac-
tion. We recommend Fisher’s Discriminant Ratio and Principal
Component Analysis to be used as a feature selection method.
The former is a feature ranking method, which can rank all the
features according to their discrimination power; while the lat-
ter is a dimensionality reduction method, which transforms the
features into a linear combination of mutually orthogonal new
variables, representing the original features in a low dimen-
sional space. Second, a lengthy feature extraction step via 10-fold
cross-validation scheme could be computationally costly. However,
we believe that with advanced high performance computational
technology the additional feature extraction would not be a prob-
lem.

6. Conclusion and future direction

The proposed technique robustly outperformed those that were
previously reported in the literature. Perfect seizure activity detec-

tion is highly desirable as a medical diagnostic system, which makes
this technique a valuable supportive clinical tool for the diagno-
sis of epileptic seizures and subsequent clinical management. The
present effort combined discrete wavelet transform (a basic pre-
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iminary wavelet analysis) with an arithmetic-coding algorithm
o optimally extract EEG features. We  then employed machine-
earning classifiers to identify and differentiate seizure/ictal from
eizures-free (inter-ictal) and normal EEG patterns. We  submit that
he combination of DWT  with the arithmetic-coding algorithm bet-
er mines an EEG database for the most useful and most significant
nformation which can then train machine learning classifiers for
iagnostic purposes.

In the future, we intend to further validate the proposed CAD
echnique with high density, larger clinical EEG databases. A
eature selection step may  be added to select for highly seizure-
ontaminated segments of huge EEG databases for classification.
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Automatic seizure detection based on star graph topological indices, J.
Neurosci. Methods 209 (2012) 410–419.

62] S. Dehuri, A.K. Jagadev, S.-B. Cho, Epileptic seizure identification from
electroencephalography signal using DE-RBFNs ensemble, Procedia Comput.
Sci. 23 (2013) 84–95.

[

ignal Processing and Control 56 (2020) 101707

63] Y. Kaya, M.  Uyar, R. Tekin, S. Yıldırım, 1D-local binary pattern based feature
extraction for classification of epileptic EEG signals, Appl. Math. Comput. 243
(2014) 209–219.

64] R. Dhiman, J.S. Saini, Priyanka, Genetic algorithms tuned expert model for
detection of epileptic seizures from EEG signatures, Appl. Soft Comput. 19
(2014) 8–17.

65] Q. Yuan, W.  Zhou, S. Yuan, X. Li, J. Wang, G. Jia, Epileptic EEG classification
based on kernel sparse representation, Int. J. Neural Syst. 24 (2014) 1450015.

66] N.S. Tawfik, S.M. Youssef, M.  Kholief, A hybrid automated detection of
epileptic seizures in EEG records, Comput. Electr. Eng. (2015).

67] A.K. Tiwari, R.B. Pachori, V. Kanhangad, B.K. Panigrahi, Automated diagnosis of
epilepsy using key-point-based local binary pattern of EEG signals, IEEE J.
Biomed. Health Inform. 21 (2017) 888–896.

68] J. Martinez-del-Rincon, M.J. Santofimia, X. del Toro, J. Barba, F. Romero, P.
Navas, J.C. Lopez, Non-linear classifiers applied to EEG analysis for epilepsy
seizure detection, Expert Syst. Appl. 86 (2017) 99–112, 2017/11/15.

69] I. Ullah, M. Hussain, E.-u.-H. Qazi, H. Aboalsamh, An automated system for
epilepsy detection using EEG brain signals based on deep learning approach,
Expert Syst. Appl. 107 (2018) 61–71, 2018/10/01.

70] U.R. Acharya, S.L. Oh, Y. Hagiwara, J.H. Tan, H. Adeli, Deep convolutional
neural network for the automated detection and diagnosis of seizure using
EEG signals, Comput. Biol. Med. 100 (2018) 270–278, 2018/09/01.

71] A.T. Tzallas, M.G. Tsipouras, D.I. Fotiadis, Epileptic seizure detection in EEGs
using time–frequency analysis, IEEE Trans. Inf. Technol. Biomed. 13 (2009)
703–710.

72] A. Tzallas, M.  Tsipouras, D. Fotiadis, Automatic seizure detection based on
73] S. Alam, M.I.H. Bhuiyan, Detection of seizure and epilepsy using higher order
statistics in the EMD  domain, IEEE J. Biomed. Health Inform. 17 (2013)
312–318.

http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0250
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0250
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0250
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0250
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0250
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0250
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0250
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0250
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0250
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0250
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0250
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0250
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0250
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0250
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0250
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0250
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0250
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0250
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0250
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0250
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0255
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0255
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0255
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0255
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0255
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0255
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0255
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0255
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0255
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0255
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0255
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0260
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0260
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0260
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0260
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0260
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0260
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0260
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0260
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0260
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0260
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0260
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0260
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0260
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0260
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0260
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0260
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0260
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0260
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0260
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0260
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0260
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0265
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0265
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0265
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0265
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0265
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0265
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0265
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0265
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0265
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0265
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0265
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0265
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0265
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0265
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0265
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0265
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0265
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0265
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0265
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0265
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0265
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0270
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0270
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0270
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0270
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0270
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0270
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0270
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0270
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0270
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0270
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0270
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0270
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0270
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0270
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0270
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0270
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0270
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0270
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0270
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0270
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0270
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0270
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0270
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0270
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0270
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0270
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0275
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0275
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0275
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0275
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0275
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0275
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0275
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0275
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0275
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0275
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0275
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0275
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0275
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0275
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0275
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0275
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0275
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0275
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0275
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0275
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0275
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0275
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0275
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0280
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0280
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0280
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0280
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0280
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0280
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0280
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0280
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0280
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0280
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0280
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0280
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0280
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0280
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0280
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0280
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0280
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0285
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0285
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0285
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0285
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0285
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0285
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0285
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0285
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0285
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0285
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0285
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0285
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0285
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0285
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0285
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0285
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0285
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0285
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0285
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0285
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0285
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0285
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0285
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0285
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0285
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0285
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0285
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0285
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0290
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0290
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0290
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0290
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0290
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0290
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0290
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0290
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0290
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0290
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0290
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0290
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0290
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0290
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0290
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0290
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0290
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0290
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0290
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0290
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0290
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0290
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0290
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0290
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0295
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0295
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0295
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0295
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0295
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0295
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0295
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0295
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0295
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0295
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0295
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0295
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0295
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0295
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0295
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0295
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0295
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0295
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0295
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0295
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0295
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0295
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0295
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0295
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0295
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0295
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0295
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0300
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0300
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0300
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0300
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0300
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0300
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0300
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0300
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0300
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0300
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0300
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0300
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0300
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0300
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0300
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0300
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0300
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0300
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0300
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0300
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0300
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0300
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0300
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0300
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0300
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0300
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0300
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0300
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0305
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0305
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0305
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0305
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0305
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0305
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0305
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0305
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0305
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0305
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0305
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0305
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0305
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0305
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0305
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0305
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0305
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0305
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0305
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0305
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0305
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0305
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0305
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0305
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0305
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0305
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0305
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0305
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0305
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0305
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0305
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0310
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0310
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0310
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0310
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0310
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0310
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0310
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0310
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0310
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0310
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0310
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0310
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0310
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0310
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0310
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0310
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0310
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0310
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0310
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0310
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0310
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0310
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0310
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0315
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0315
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0315
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0315
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0315
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0315
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0315
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0315
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0315
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0315
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0315
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0315
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0315
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0315
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0315
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0315
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0315
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0315
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0315
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0315
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0315
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0315
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0315
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0315
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0315
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0315
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0315
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0315
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0320
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0320
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0320
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0320
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0320
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0320
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0320
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0320
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0320
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0320
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0320
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0320
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0320
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0320
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0320
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0320
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0320
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0320
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0320
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0320
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0320
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0320
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0320
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0320
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0320
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0320
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0325
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0325
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0325
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0325
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0325
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0325
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0325
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0325
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0325
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0325
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0325
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0325
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0325
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0325
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0325
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0325
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0325
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0325
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0325
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0325
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0325
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0325
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0325
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0325
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0325
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0325
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0325
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0330
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0330
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0330
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0330
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0330
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0330
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0330
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0330
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0330
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0330
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0330
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0330
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0330
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0330
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0330
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0330
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0330
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0330
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0330
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0330
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0335
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0335
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0335
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0335
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0335
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0335
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0335
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0335
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0335
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0335
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0335
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0335
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0335
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0335
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0335
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0335
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0335
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0335
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0335
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0335
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0335
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0335
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0335
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0335
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0335
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0335
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0335
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0335
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0335
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0335
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0340
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0340
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0340
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0340
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0340
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0340
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0340
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0340
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0340
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0340
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0340
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0340
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0340
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0340
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0340
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0340
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0340
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0340
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0340
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0340
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0340
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0340
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0340
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0340
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0340
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0340
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0340
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0340
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0340
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0340
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0340
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0340
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0340
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0340
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0345
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0345
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0345
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0345
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0345
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0345
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0345
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0345
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0345
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0345
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0345
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0345
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0345
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0345
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0345
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0345
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0345
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0345
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0345
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0345
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0345
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0345
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0345
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0345
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0345
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0345
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0345
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0345
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0345
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0345
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0345
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0345
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0350
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0350
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0350
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0350
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0350
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0350
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0350
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0350
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0350
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0350
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0350
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0350
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0350
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0350
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0350
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0350
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0350
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0350
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0350
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0350
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0350
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0350
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0350
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0350
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0350
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0350
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0350
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0350
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0350
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0350
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0350
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0350
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0350
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0350
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0355
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0355
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0355
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0355
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0355
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0355
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0355
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0355
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0355
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0355
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0355
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0355
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0355
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0355
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0355
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0355
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0355
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0355
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0355
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0355
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0355
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0355
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0355
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0355
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0355
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0355
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0360
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0360
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0360
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0360
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0360
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0360
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0360
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0360
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0360
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0360
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0360
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0360
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0360
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0360
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0360
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0360
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0360
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0360
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0360
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0360
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0360
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0360
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0365
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0365
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0365
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0365
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0365
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0365
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0365
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0365
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0365
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0365
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0365
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0365
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0365
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0365
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0365
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0365
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0365
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0365
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0365
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0365
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0365
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0365
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0365
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0365
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0365
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0365
http://refhub.elsevier.com/S1746-8094(19)30288-5/sbref0365

	A novel approach based on wavelet analysis and arithmetic coding for automated detection and diagnosis of epileptic seizur...
	1 Introduction
	2 Related work
	3 Materials and method
	3.1 Dataset
	3.2 Discrete wavelet transform
	3.3 Arithmetic coding
	3.4 Proposed computer aided diagnostic technique
	3.5 k-Fold cross-validation

	4 Experimental results
	5 Discussion
	5.1 Limitations

	6 Conclusion and future direction
	Ethical approval
	Acknowledgment
	Conflict of Interest

	References

