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Diabetic retinopathy is the main cause of blindness in adults. Early diagnosis of diabetic retinopathy is
essential for avoiding deterioration of illness and vision loss. The use of computer technology to identify
diabetic retinopathy images provides significant means to reduce the risk of deterioration. In this paper,
we propose a new approach for retina images detection and classification by using a hybrid system which
is constructed by two-dimensional multifractal detrended fluctuation analysis (2D MF-DFA) and least
square support vector machines (LSSVM). In the proposed method, we applied 2D MF-DFA to compute

f/lezlvt?f)rrggéal the local generalized Hurst exponents which are the multifractal features of the diabetic retinopathy
Retina image, and these values are recorded as LH,. Then, the Hurst exponents are taken as the training input

vector for the training in LSSVM. Finally, we classified a specific retina image as healthy or lesionimage. We
present experimental verification to investigate the efficiency and robustness of the proposed system. The
results show that the proposed system yields a classification accuracy with 99.01% + 0.0074, sensitivity
with 99.03% + 0.0051, and specificity with 97.73% + 0.0075. When the performance was compared with
state-of-the-arts, the solution indicated that the MF-DFA-LSSVM system outperforms most of others in
terms of all the classification sensitivity, accuracy, and specificity. The proposed method will be useful

Least square support vector machine
Classification

for clinical medicine.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Diabetic retinopathy is a frequent complication of diabetes
mellitus, and is one of the most significant causes of vision loss
worldwide [1]. In the recent years, studies of human retina images
classification of healthy and diabetic retinopathy images have pro-
duced great impacts on research and clinic. In Thakur’s survey
[2], the authors summarized the segmentation methods of optic
disc and cup by different researchers and their classification in
the diagnosis of glaucoma. A review for registration techniques
and automated detection methods for diabetic retinopathy color
fundusimages was also conducted in [3]. In the classification of reti-
nal pathological images, the extraction of the representative and
discriminatory features was the key factor to achieve good classifi-
cation results. The manual classification of retinal images has some
problems, such as it is difficult to extract discriminant features, poor
classification performance, time-consuming and laborious, and dif-
ficult to obtain objective and unified medical diagnosis.
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Therefore, how to design a more intelligent retinal image analy-
sis system is an urgent need. In the recent years, machine learning
technology has attracted wide attention. In human retina images
classification, according to the spectral and spatial information,
each pixel in an image is assigned with a unique label, and various
machine learning algorithms have been proposed for the classifica-
tion. In Acharya’s work [4], the authors used a sample consisting of
510 healthy and glaucoma images. Gabor transformation and prin-
cipal component analysis were used to extract the features in these
images, then ranked the features. Finally, a support vector machine
classifier was used for classifying the images. High accuracy, sensi-
tivity and specificity were achieved in their study. By using support
vector machine classifier, Raghavendra proposed a hybrid system
and yielded a maximum accuracy with 97.00%, sensitivity with
97.80%, and specificity with 95.80% [5]. In [6], the least squares sup-
port vector machine was used to classify the retina images by the
features obtained from variational mode decomposition method.
By using 3-fold and 10-fold cross-validation methods, the proposed
algorithm produced classification accuracies of 95.19% and 94.79%.
Moreover, a diabetic retinal image classification system based on
deep neural network has also been widely used in the recent years.
A deep learning system for the classification of glaucomatous optic
neuropathy was developed for automated classification of glauco-


https://doi.org/10.1016/j.bspc.2020.101943
http://www.sciencedirect.com/science/journal/17468094
http://www.elsevier.com/locate/bspc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bspc.2020.101943&domain=pdf
mailto:super_wj150@163.com
mailto:cfdkim@korea.ac.kr
http://math.korea.ac.kr/_cfdkim/
http://math.korea.ac.kr/_cfdkim/
http://math.korea.ac.kr/_cfdkim/
http://math.korea.ac.kr/_cfdkim/
http://math.korea.ac.kr/_cfdkim/
http://math.korea.ac.kr/_cfdkim/
http://math.korea.ac.kr/_cfdkim/
http://math.korea.ac.kr/_cfdkim/
https://doi.org/10.1016/j.bspc.2020.101943

2 J. Wang, W. Shao and J. Kim / Biomedical Signal Processing and Control 60 (2020) 101943

matous optic neuropathy on color fundus photographs in [7]. In
their validation, the system achieved an accuracy, sensitivity, and
specificity of 98.6%, 95.6%, and 92.0%, respectively. Convolutional
neural network (CNN) is a standard multi-layer neural network
structure composed of convolution, pooling, and full connection
layers. Convolutional neural networks can learn some simple local
features from images, such as curves, textures, and other informa-
tion; and these local features can be combined into complex local or
global features to restore objects in order to achieve image recog-
nition and classification. An eighteen layer CNN framework was
developed for glaucoma diagnosis in [8]. By using 589 healthy and
837 glaucoma fundus images, the authors attained a high accuracy
of 98.13%.

MF-DFA has recently been used to describe complex non-linear
systems [9]. The 1D MF-DFA was widely applied to the time series
in many fields [10-13]. As a meaningful expansion, Gu et al. [14]
used the 2D MF-DFA to analyze multifractal surfaces. Since then,
the 2D MF-DFA has been used for some studies to implement for
some specific image analysis [15]. The 2D MF-DFA is performed
by the local Hurst exponent LHg, quality indexes 7(q), and multi-
fractal spectrum Ac, which can analyze the scaling properties of
images. Although many methods have been proposed to classify
the images with healthy and unhealthy human retina images, the
combination of the 2D MF-DFA model and LSSVM has hardly been
applied to the research of lesion retina images. In this article, we
combined 2D MF-DFA and LSSVM for retina images classification.
The proposed ensemble classifier MF-DFA-LSSVM does not need
predetermined regions of interests or manually-determined, which
is different from the previous methods [6,16-18].

In Section 2, we introduce the MF-DFA, LSSVM, and leave-
one-out cross-validation methods. In Section 3, we provide data
collection. In Section 4, we conduct empirical experiments and pro-
vide classification results. Section 5 is the discussion section. In
Section 6, some conclusions are delivered.

2. Principles and methodology

In this section, we will provide a description of the methods
used in this paper. 2D MF-DFA, LSSVM, and leave-one-out cross-
validation (LOOCV) method were utilized for the research. We used
2D MF-DFA to compute the local generalized Hurst exponent LHq of
a given retina image. Then, the multifractal exponents were taken
as the training set for the LSSVM. In the process of classification,
the leave-one-out cross-validation method was applied. Next, we
classified a specific retina image as healthy or lesion image. Finally,
to evaluate the performance of the proposed model, we used three
metrics such as the accuracy, sensitivity, and specificity. In Fig. 1,
the classification process of our hybrid system is shown.

2.1. 2D MF-DFA

The 2D MF-DFA method and procedure can be conducted as
follows: (i) Consider a two-dimensional image, which can be dis-
cretized into an M x N matrix X;j, where i=1, 2, ..., M, and j=1, 2,

., N. We first divide the image into non- overlapping sub-regions
of equal length s, the size of which is Ms x N, and each sub-region
is defined as Xmn(i,j)=X((m—1)s+i,(n—1)s+j) for 1 <i, j <s. Here,
M;s =M/s and N = N/s. The cumulative sum Uy, »(i,j) of surface pixels
for each sub-region is:

szmn k],kz (1)

k] 1’(2 1

Um,n(i, j)

(ii) Then, we used the plane Up,n(i, j) to fit the trend of Um (i, j)
in each sub-region. We noted that Un (i, j) is a surface, according

Retina image input
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Fig. 1. Classification process of MF-DFA-LSSVM system.

to [14,15,19], a simple function Upm,n(i, j) = ai + bj + ¢ can be taken
to get the fitting polynomial with k-order by 1 for i and j, in each
region by using the least squares method. Define the element vy, x(i,
j) in residual matrix:

Um,n(i,j) = Um,n(i,j) — Um,n(isj)- (2)

(iii) The detrended fluctuation function F2(m, n, s) of each sub-
region can be obtained by residual matrix, which is defined as
follows:

F?(m,n,s) =

ZZ Um,n(i, j)) 3)

i=1 j=1

According to the detrended fluctuation function of each sub-
region, the gth-order wave function for each sub-region was
calculated as

Fy(s) = {MSNSZEZS[F(m n,s)] } . (4)

m=1n=1

When ¢ =0, according to Lopida’s law,

Ms N
Fq(s)=exp (Mst ZZIH[F m,n,s ) (5)

m=1n=1

(iv) Finally, by varying the range of s, a set of power relations
between fluctuation functions Fy(s) and scales s were obtained as
follows:

Fy(s) o s"@, (6)

where h(q) is the generalized Hurst exponent, h(q) describes the
image features, and it extracts different regions according to dif-
ferent values of h(q), then segments the image and obtains the
image features of each pixel. It is performed at each pixel (i, j), by
using a v x v moving window centered at (i, j). We can then cal-
culate h(q) for this window and consider it as the property of the
pixel (i, j). This is called local h(q), which is expressed as Ly). The
generalized Hurst exponent of an image represents the local non-
stationary property of the image. The initial window is shown in
Fig. 2, the window slides from the left to right and top to bottom
on each pixel in the image, then Ly of each pixel is obtained. In
our task, the generalized Hurst exponents are obtained from the
whole image, therefore, v is selected as 256. It is suggested that the
minimum segment scale s should be larger than the polynomial fit-
ting order k [9,20]. We assume minimum segment scale s;,;, =10
and the maximum segment scale Syqx =100 for this case, and the
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Fig. 2. Sliding window with size of 7 x 7.

segment size in total is chosen as 10. By [21,22], the fractal order g
taken by -10, -8, ..., 8, 10 is enough.

2.2. 2D MF-DFA based image segmentation algorithm

The algorithm is based on the multifractal segmentation
method. Each image can be regarded as a two-dimensional matrix
gray levels. We calculate Ly for these images by the above
algorithm. Firstly, we use a v x v window to traverse the whole
image, the generalized Ly is calculated for each pixel point (i, j)
according to the algorithm. We find the maximum and minimum
values of the Ly of all pixels, and construct them into an interval
[Liiqguin)» Lhtaman) -

Then, we divide the interval into n equal segments. In each seg-
ment, we use the box counting method to calculate the fractal
dimension of a sub-image composed of specific Ly, which belongs
to that segment. Then, a series of fractal dimensions can be obtained
and expressed as di(Ly(q)), d2(Lp(q)), - - - dn(Ly(q)). We use n=30 for
the following tests.

The size of the moving window can significantly affect the accu-
racy of the algorithm; if the window is too large, then details will
be missing, on the contrary, there are not enough points to fit the
curve. For images with different pixels, we choose different win-
dow size v x v, scale s in each window. According to [19], in this
article, v = 11 and s ranges from 2 to 5.

In each segment, a box dimension is used to calculate the image
consisting of Ly(q), that is a sub-image which is composed of the Ly
in an interval [Ly(q_. }» Lhgmae)]- Then, a box of size o x « is used to
cover aregion in the sub-image, then we record the number in one
box if L) belongs to the interval. When the box slides over all the
sub-image, we can get the number of boxes recorded as N(«). By
changing the size of « x «, a series of N(«) can be calculated by the
power law

N(@) = (g)_d. 7

then the spectrum d(Lyq)) of MF-DFA can be defined by the gradient
of the fitting line of the N(«) versus a.

As suggested by [19], here, we take «=2,4, 8, 16, and 32. d(Ly(q))
represents the global singularity information of the image. The sin-
gularity of the image can be determined according to the value of
d(Lpg)) and it can be used as the segmentation criterion to seg-

ment the image. By judging the numerical results, the singularity
of the image can be analyzed, and the appropriate range setting of
d(Lpq)) determines the singular region and the singular boundary
of the image.

2.3. Least square support vector machine

The support vector machine, presented for classification and
regression by Vapnikin 1995 [23], is a binary classification method.
LSSVM is the least squares version of SVM and was developed
by [25]. The difference between LSSVM and SVM is that LSSVM
transforms the inequality constraints of the original method into
equality constraints, and significantly facilitates the solution of
Lagrange multipliers & which can be both positive or negative [26].
The original problem is a convex quadratic programming problem,
while LSSVM is a problem of solving linear equations. Since LSSVM
is actually solving linear equations, the calculation speed of LSSVM
is obviously faster. Kernel function is a significant part of LSSVM,
which enables the LSSVM to classify targets nonlinearly. For non-
linear classification, we need to find a mapping ¢(-) to map the
original input data into a separation hyperplane and then maxi-
mize the objective function of the dual problem. The optimization
problem of LSSVM is

N
. 1 1
minj(w, €) = sl + 57 ¢ (8)
k=1

with the constraints

Vi [0 p(x)+b] =1 e k=T1,....N, (9)
where y is the regularization parameter, and ej is the random
errors. Adopt Lagrange multiplier method

N

L, b,e,a)=J(@, )~ > ar {yi [0'¢p(xi)+b] ~1+e}, (10)

k=1

where o, respond to Lagrange multipliers. Partial derivatives with
respect to each parameter and let them equal O, then we have

N
aL
o =0— w=;akyk¢(xk)»
N

aL

%:0% ;akykzo,
Car (11)
7:0-)0[’{:)/@,(,’{:1,...,1\’,

aek

L .

=0- ylo dx)+b]l—1+e,=0,k=1,...,N.

8(1k

Next, according to these four conditions, a system of linear equa-
tions for & and b can be formulated as

[0 N ] {b} {O}
= , (12)
y Q+I/y| Lo 1y

where the element of Q2 is Q= (X, ) d(x)=K(xx, X)), k, [=1, ..., N.
K(xy, x;) is the Gaussian kernel function and expressed by

xp,—x;]12
K(x;, %) = e7H ’(202{” , (13)
finally, LSSVM classification model is obtained by
N
¥(x) = sign lZakykK(xk, x)+ b} , (14)
k=1
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where b is a bias. The LSSVM implementation is performed
with MATLAB using the LS-SVMlab v1.8 toolbox available at:
https://www.esat.kuleuven.be/sista/Issvmlab/. The parameters y
and o2 used in LSSVM should be appropriately selected to achieve
the desired performance. After we have trained LSSVM with differ-
ent combinations of y and o2, we achieved the best result when
y=1 and 02 =10. The parameter tuning was guided by [24]. We
use the leave-one-out cross-validation method for experimental
verification. For evaluating the performance of the MF-DFA-LSSVM
system, we calculated the mean and standard deviation for three
evaluation metrics such as accuracy rate, sensitivity and specificity,
and compared them with the state-of-arts.

2.4. LOOCV and performance evaluation

We adopt the LOOCV method for classification experiments by
using LSSVM. The specific steps are as follows:

Step1: Randomly divide the Hurst exponents dataset for 130 real
human retina images into k mutually exclusive subsets.

Step2: Randomly divide The k subsets into k —1 subsets and the
other subset, thus, there are k partitioning methods in total.

Step3: In each group, the group of k —1 subsets are regarded as
training set and the other as test set. Thus, k-times predic-
tions are generated. Calculate the total accuracy of k-times
predictions.

Step4: Inorder to ensure randomness, we repeat the above process
P times. Therefore, it is called the P-times k-fold leave-one-
out cross-validation method.

In this study, we take P=100 and k= 10. Moreover, to evaluate the
superiority of the proposed algorithm, we calculate the metrics
such as the accuracy, sensitivity and specificity for the performance
evaluation of classification. The three metrics are defined as follows.

TP+ TN
Accuracy = N P TN (15)
Sensitivity = TPZ—%’ (16)
Specificity = FPZ—%’ 17)

where TP, EN, TN, and FP denote TruePositive, FalseNegative, TrueNeg-
ative, and FalsePositive, respectively.

TP: An image is detected as lesion that is tagged as lesion.

FN: An image is detected as healthy that is tagged as lesion.

TN: An image is detected as healthy that is tagged as healthy.

FP: An image is detected as lesion that is tagged as healthy.

Accuracy is a statistical measure of the correct recognition of
classifiers. Sensitivity is known as a true positive rate, which is
described as the probability of getting a positive test result in sub-
jects with the lesion. A greater sensitivity value implies that the
diagnostic test is more sensitive. Specificity is expressed as a true
negative rate, estimating the probability of getting a negative test
result in a healthy subject. A greater specificity value indicates that
the diagnostic test is more accurate [27]. Thus, all the three metrics
can represent the ability of a diagnostic process to detect the lesion
fundus images.

3. Data collection

The dataset of human retina images is selected from an open
standard diabetic retinopathy database. The database contains 130
fundus images, of which 20 are healthy fundus images and the rest
110 are diabetic retinopathy images of varying degrees. For more
information about the diabetic retinopathy database, please refer

to “http://www.it.lut.fi/project/imageret/diaretdb0”. We chose 130
images with 20 healthy and 110 lesion retina images. The sam-
ples of these images are all of calibration level 0, and with size of
1500 x 1152. The lesion retina images cover the images of diabetic
retinopathy in different degrees, and each one has typical represen-
tative diabetic retinopathy tissue and shape. Four typical images of
healthy and lesion images were selected and listed in Fig. 3(a) and
Fig. 3(b), respectively.

As the first step, we transferred the original image to a two-
dimensional gray image. The gray images of the first images in
Fig. 3(a) and (b) are shown in Fig. 4.

4. Experiment results

We performed classification experiments with human retina
images to show the robustness and efficiency of our proposed
method. All the computations in this paper were computed by using
Matlab R2018a on an Intel(R) Core(TM) i5-4430 CPU @ 3.00GHz
processor. We analyzed multifractal features and local generalized
Hurst exponents of the above two retina images in Fig. 4. The lesion
image affected by the diabetic retinopathy leads to sharp changes
in the local gray level. When calculating the local generalized Hurst
exponents, we need to decide the parameters such as segment
scale s and fractal order g. Because the image pixels in the diabetic
retinopathy database were too large, we scaled the image pixels to
the size of 256 x 256.

Before the multifractal analysis and classification of retina
images, we first demonstrate whether our method can be applied
for the automatic segmentation of retina images. The segmentation
method is described in detail in Section 2.2. We take the original
retina image of segmentation process as the same as Fig. 4(b), and
the automatic segmentation results of lesion in retinal image are
shownin Fig. 5. The performance depends on the interval of d(Lyg).
After comparing the segmentation results of different intervals, the
appropriate interval is selected as [2.25, 2.28].

The bleeding spots in the retinal image of diabetics are marked
by boxes in Fig. 5(a), and the corresponding regions are segmented
in Fig. 5(b). It can be seen that MF-DFA can effectively extract the
features of the retina images. Therefore, we have reason to believe
that the generalized Hurst exponents that obtained by MF-DFA
method can be used to classify the fundus retina images.

To find whether there exists a linear relationship between the
double-log plots of s and F(q, s) is the first step of multifractal anal-
ysis. As shown in Fig. 6, the log-log plots of fluctuation function
versus g are plotted for g=—10, -8, .. ., 8, 10. The decreasing slope
with the increasing of q indicates that both images have multifrac-
tal characteristics. Fig. 6(a) and (b) refer to the healthy and diabetic
retinopathy affected images, respectively.

MF-DFA can show multifractality, scale invariance, and corre-
lation of images. To better distinguish healthy and lesion retina
images, we calculated the local generalized Hurst exponents Lpq)
versus g for each image, see Fig. 7. Here, we notice that for the two
images, the Hurst exponent curves perform significantly different.

We calculated all the Hurst exponents for 20 healthy and 110
lesion images and these Hurst exponents were taken as the input
training vector for the classification of LSSVM. The mesh plots of
Ly(q) for 20 healthy retina images and 110 diabetic retinopathy
affected retina images are shown in Fig. 8. The input Hurst expo-
nents responding to a class label O for the healthy retina images and
responding to a class label 1 for the diabetic retinopathy affected
retina images.

Next, we used the leave-one-out cross-validation method that is
introduced in Section 2.4 for classification experiments by LSSVM.
Moreover, we calculate the metrics such as the accuracy, sensitivity,
and specificity to evaluate the classification performance. With the
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Fig. 3. Retina images of (a) healthy and (b) lesion.

(a)

(b)

Fig. 4. Gray images of the first images in Fig. 3(a) and (b).

(a)

Fig. 5. Automatic segmentation process of (a) Original retina image and (b) segmented lesion regions.

classification of LSSVM, the obtained results of accuracy, sensitivity,
and specificity versus iterations are shown in Fig. 9.

Using the above 100 random results of accuracy, sensitivity,
and specificity, we averaged the data and calculated the standard
deviation for three metrics. As shown in Table 1, the proposed
MF-DFA-LSSVM system achieved 99.01% + 0.0074 classification
accuracy, 99.03% + 0.0051 sensitivity, and 97.73% + 0.0075 speci-
ficity. To better demonstrate the performance of the proposed
system, we compared our method with some state-of-arts. The
classification accuracy, sensitivity, and specificity of these meth-
ods are illustrated in Table 1. It can be observed from Table 1 that
the proposed MF-DFA-LSSVM framework achieved the best perfor-
mance in classification accuracy; the sensitivity and specificity are

slightly less than [31,17], respectively. Generally, our system out-
performs most of other methods in terms of all the classification of
accuracy, sensitivity, and specificity.

5. Discussions

In this study, we used 130 fundus images from DIARETDBO
database to verify the efficiency and robustness of our proposed
model which is composed by 2D MF-DFA and LSSVM. Based on
the existing hybrid LSSVM classification methods for retina images,
many methods achieved high classification accuracies. However,
some models are complex and many steps are needed, the algo-
rithms for classification are difficult to implement. It is worth
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simple to implement. On the other hand, the system obtained sat-
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In this paper, the 2D MF-DFA-LSSVM system is proved to be an
efficient classifier for solving retina fundus images classification
problem. The proposed method combined 2D MF-DFA and LSSVM,
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Fig. 8. Mesh plots of L;(q) of (a) healthy and (b) lesion.
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Table 1
The comparison of obtained results with state-of-the-arts.
Task Methods Subjects Performance
number
Acharya [4] Features from Gabor 510 Accuracy : 93.10%

transform Sensitivity : 89.75%
Specificity : 96.20%
Jadhav [16] Morphological 89 Accuracy : 89.89%
operation Sensitivity : 90.00%
Specificity : 90.00%
Li[7] Deep learning 48116 Accuracy : 98.6%
algorithm Sensitivity : 95.6%
Specificity : 92%
Pal [17] Methodological 290 Accuracy : 98.55%
approach Sensitivity : 98.74%
Specificity : 98.55%
Raghavendra [5] Radon+MCT+ 1000 Accuracy : 97.00%
GIST+LSDA Sensitivity : 97.80%
Specificity : 95.80%
Koh [28] Continuous wavelet 910 Accuracy : 92.48%
transform Sensitivity : 89.37%
Specificity : 95.58%
Omar [29] Multiscale LBP texture 130 Accuracy : 98.68%
Sensitivity : 94.81%
Specificity : 96.73%
Prasad [30] Haar wavelet 89 Accuracy : 97.8%
transformations Sensitivity : 97.5%

Specificity : 97.75%
Accuracy : 92.65%
Sensitivity : 100%
Specificity : 92%
Accuracy : 85%
Sensitivity : 87%
Specificity : 80%
Accuracy : 95.19%
Sensitivity : 93.62%
Specificity : 96.71%
Accuracy : 98.13%
Sensitivity : 98.00%
Specificity : 98.30%
Accuracy : 89.00%

Noronha [31] Higher order spectra 272

Giraddi [32] Haar wavelet and First 130
order statistical
features

Maheshwari [6] VMD and entropy 488

Raghavendra [8] Eighteen layer CNN 1426

Stevenson [18]  Artificial intelligence 4435

algorithms Sensitivity : 75.00%
Specificity : 89.00%
Ours 2D MF-DFA-LSSVM 130 Accuracy : 99.01%

Sensitivity : 99.03%
Specificity : 97.73%

and the local generalized Hurst exponents are computed by 2D
MF-DFA. These Hurst exponents are given as the training feature
input vector. Through the training of the LSSVM with the input
vector, we classified specific retina fundus images as healthy or
lesion retina images. We used the leave-one-out cross-validation
method for experimental verification to investigate whether the
created ensemble classifier (MF-DFA-LSSVM) with better accuracy
for lesion retina detection. The MF-DFA-LSSVM system achieved
classification accuracy, sensitivity, and specificity with a high sat-
isfaction 0f 99.01% + 0.0074, 99.03% + 0.0051, and 97.73% + 0.0075,
respectively. The empirical results demonstrated our method is
superior to the other eight methods in three evaluation indica-
tors. We concluded that the proposed method may be a promising
system for clinic.
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