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Abstract The study of solar coronal holes (CHs) is important in the understanding of so-
lar physics and the prediction of space weather events, which have significant impact on
space-based instruments, communication and navigation systems. With the availability of
the multi-wavelength Atmospheric Imaging Assembly (AIA) instrument on board Solar Dy-
namics Observatory (SDO) satellite, a large volume of high-resolution solar images are pro-
duced continuously. Proper detection of CHs from AIA images is an important issue and
recently, a few contour and machine learning-based techniques are found to be promising
for such purpose. However, accuracy, time complexity and the requirement of human in-
tervention are some of the critical issues with such methods. In this paper, to address these
challenging issues, two contour-based approaches are developed, namely i) the Hough trans-
formed simulated parameterized online region-based active contour method (POR-ACM)
and ii) fast fuzzy c-means clustering followed by Hough transformed simulated static con-
tour method (FFCM-SCM). The major issues that are addressed here are automated ini-
tialization of contour, reducing time complexity and avoidance of non-coronal hole inside
a coronal hole region during contour evolution. The proposed techniques have been tested
on three benchmark solar disk images and compared with the existing active contour with-
out edge- (ACWE) based method and fuzzy energy-based dual contour method (FEDCM)
of CHs segmentation. The results indicate the capability of the proposed techniques in de-
tection and extraction of CHs in solar disk image with higher accuracy and reduced time
complexity.
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1. Introduction

The Sun plays a vital role in the space environment and is responsible for many important
phenomena such as flares, coronal mass ejection and geomagnetic storms (Gombosi, 1998).
CHs are the main source of solar wind and are accountable for geomagnetic storms. The
solar wind and the geomagnetic storm directly affect the electronics on artificial satellites,
disrupt communication and introduce severe errors in the satellite-based navigation system.
Solar wind and geomagnetic storm also cause severe electric supply disruption by affecting
the power grids in mid and high latitude locations. Accurate prediction of location and size
of CHs are hence important requirements of the scientific community.

For a long time, hand-drawn maps of CHs were the only way to study the CHs (Harvey
and Recely, 2002; Krista and Gallagher, 2009; Reiss et al., 2015). However, with the ad-
vancement of image processing techniques, a few automated segmentation techniques using
magnetograms and spectroscopy data have been used in the last few years for this purpose.
Most of the advances in this direction used the data from SDO in different wavelengths.
SDO provides a high-resolution image of the solar disk in different wavelengths by AIA
instrument.

Local intensity thresholding has been used by Krista and Gallagher for detection of CHs
in a solar disk image of wavelength 195 A (Krista and Gallagher, 2009). This method, how-
ever, strongly depends on the proper selection of window size. Rotter et al. (2012) had
applied a histogram-based thresholding method for extraction of CHs from 193 A images.
The accuracy of this method, again, depends on the selection of threshold value present in
local minima. Further, the success of this method is limited in the case of histogram overlap.
Lowder et al. (2014), and Kirk et al. (2009), had also used the thresholding-based segmen-
tation technique for CHs detection. But the main concern associated with the outcome from
this technique is the proper distribution of the histogram, which often varies with changes
in the wavelength of the solar image and conditions of imaging (Boucheron, Valluri, and
McAteer, 2016).

A region-growing-based segmentation technique had also been implemented by Caplan,
Downs, and Linker (2016) for mapping of CHs obtained from multi-instrument images.
However, the success of the region-growing-based method depends on the proper selection
of the seed points in images.

Active contour methods (ACMs) such as the Chan-Vese ACM (C-VACM) have also been
used by Boucheron, Valluri, and McAteer (2016). However, this method requires the initial-
ization of the contours within the boundary of the CHs. Moreover, it requires the exact value
of solar disk center co-ordinates and radius for the elimination of the off-disk region.

Ciecholewski (2015) used a watershed transformation technique for automated coronal
segmentation in solar disk images. But it requires a large variation in color in the image. The
method also sometimes results in over-segmentation of the images.

A spatial possibilistic clustering algorithm (SPoCA) has been applied for multiple region
detection (CHs, active region and quiet Sun region) in solar disk image using multiple wave-
lengths (Verbeeck et al., 2014). This method shows good performances, however, is having
mathematical complexity due to the use of three different algorithms.

The convolution neural network- (CNN) based technique has also been used for the solar
image segmentation purpose (Illarionov and Tlatov, 2018). This method, like any other ma-
chine learning technique, requires a large database of solar images for training and testing
of the network. Both the CNN-based method (Illarionov and Tlatov, 2018) and the active
contour-based method (Boucheron, Valluri, and McAteer, 2016) require down-sampling of
the images to reduce the time and computational complexity. However, this also leads to
loss of information.
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Very recently, a fuzzy energy-based dual contour method (FEDCM) has been introduced
by Bandyopadhyay, Das, and Datta (2020) for the CHs detection. The method has the advan-
tage to detect CHs accurately due to the incorporation of fuzzy techniques and the ability to
detect the topological changes. However, the method requires the initialization of two con-
tours; one for the segmentation of solar image and another for the extraction of CHs from
the segmented image.

Among the stated methods of CHs segmentation contour-based technique is capable
of producing smooth and closed contours as segmentation results (Caselles, Kimmel, and
Sapiro, 1997). Moreover, it can achieve sub-pixel accuracy of object boundaries (Caselles,
Kimmel, and Sapiro, 1997). However, this method of segmentation suffers from two major
issues: first, contour initialization and second, the way of solving the optimization function.
Boucheron, Valluri, and McAteer (2016) had countered the issue of contour set-up by ini-
tializing the contour within the CHs region by means of an intensity thresholding technique.
However, in the work a major concern is choosing of the correct threshold value of ini-
tializing the contour. In (Boucheron, Valluri, and McAteer, 2016), the authors had applied
a heuristic approach to choosing the optimize threshold value. Furthermore, the ACWE
technique used in (Boucheron, Valluri, and McAteer, 2016) depends on a gradient descent
technique to solve the cost function associated with the technique, which is a very time con-
suming method. The stated issues have been handled in (Bandyopadhyay, Das, and Datta,
2020), where the authors had used a fuzzy energy-based active contour method (FEACM)
for solving the problem CHs segmentation. FEACM has the advantage that the method does
not require one to solve the gradient associated with the energy function, like ACWE meth-
ods (Krinidis and Chatzis, 2009). Moreover, for contour initialization in the work the authors
had used the circular Hough transform technique which has overcome the issue of contour
set-up as associated with ACWE technique of CHs detection. But in (Bandyopadhyay, Das,
and Datta, 2020) it has been found that only initialization of single contour is unable to solve
the CHs extraction problem. So, the FEDCM requires initialization of two contours, one for
segmentation of the solar image and another for extraction of CHs from the segmented im-
age. This in turn increases the time complexity of the method.

Thus in order to avoid the issues associated with the contour-based techniques, here we
have developed two such approaches for automated detection of CHs based on contour-
based techniques which can be solved by initializing single contour only in real time. A
fast fuzzy c-means (FFCM) clustering followed by the Hough transformed simulated static
contour method (FFCM-SCM) has been proposed for the fast identification of the CHs.
Meanwhile a Hough transformed simulated parameterized online region-based active con-
tour method (POR-ACM) has been proposed for improved accuracy in the other methods.
The hybrid contour-based clustering approach is faster than the classical active contour ap-
proach, while the active contour method is more accurate than the hybrid contour-based
clustering technique.

The main contributions in this work of CHs extraction from solar disk image are:

i) Introduction of parameterized real-time contour-based technique for accurate detection
of CHs.

ii) Demonstration of a fast technique for CHs detection using a hybrid contour-based clus-
tering technique.

The proposed methods have been applied and tested on few benchmark images of the solar
disk. The images of the solar disk had been taken at a fixed wavelength of 193 A from the
SDO/AIA website. The details as regards the images are discussed in the subsequent section
of this paper. The results are compared with the existing FEDCM and active contour without
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edge (ACWE) method of CHs segmentation algorithms (Boucheron, Valluri, and McAteer,
2016). Further, the results are compared with the synoptic map image and the accuracy of
the proposed techniques is evaluated.

The organization for the rest of the paper is as follows. The proposed methodologies
of CHs detection are elaborated in Section 2. In Section 3, discussions on the results and
findings are carried out. At last, in Section 4, the conclusion on the performance of the
proposed work of CHs detection and a comparison with the existing ACWE model of CHs
segmentation is drawn.

2. Methodology
2.1. Datasets

The developed algorithms are applied and tested on a few benchmark datasets. The datasets
correspond to randomly chosen ((a) 2017-01-30, (b) 2017-03-14 and (c) 2017-09-14) solar
disk images in fits file format from Joint Science Operations Center (JSOC).! These data are
AIA level 1 data at observed in extreme ultraviolet (EUV) wavelengths. The AIA instrument
captures Sun at several frequencies. The images used for the present work are EUV images
of wavelength 193 A having a resolution of 4096 x 4096. One image per day has been
considered for the work.

2.2. Challenges in CHs Detection

The CHs region is characterized by lower density and temperature than the surrounding
plasma. It appears as a low-intensity dark region in X-ray and EUV images of the Sun
(Munro and Withbroe, 1972; Krista and Gallagher, 2009; Rotter et al., 2012; Reiss et al.,
2015). Thus from the image processing point of view, the task is detecting the lower intensity
region. However, an important consideration in the case of solar image processing is removal
of the limb effect. From the point of view of image processing, this image contains a region
which is not part of the solar disk but has a similar intensity composition of the CHs. Prior
limb correction is thus essential in almost all existing algorithms to properly detect the CHs.

The existing techniques such as threshold-based methods are unsatisfactory because fix-
ing the threshold value is a difficult job due to overlapping histograms of the foreground
and background and due to change in intensities in different images. Moreover, the cluster-
ing techniques used for automated threshold selection also suffer from similar features. The
contour-based techniques, on the other hand, use the additional feature of a coronal hole
(CH) that it is a closed object. However, one challenging issue in such approaches is to ini-
tialize the contour appropriately. The other issue is to overcome the local minima problem.

This paper aims to detect the CHs region in solar disk images with low computational
cost without changing the resolution of the considered image. As already mentioned, there
exist two important issues in applying contour-based methods in the case of solar images.
One is the presence of solar limbs in the solar image, while another is the generation of initial
contour. Both issues are simultaneously handled in the present work in a novel strategy by
using a Hough transformation. These are presented next.

IThe data has been collected from http://jsoc.stanford.edu/How_toget_data.html.
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2.2.1. Issue with Solar Limb

The solar limb is part of the image which appears brighter than the edge of the solar disk due
to solar corona. Due to the high-intensity value of this region, all segmentation algorithms
fail to eliminate the region and this, in turn, results in misclassification.

There were several techniques that have been proposed to tackle this problem. First limb
brightening emendation has been introduced by Barra et al. (2009). The method transforms
the image into a polar plane with the origin at the solar disk center. Delouille et al. (2018)
had applied solar limb correction in the pre-processing step. Here all pixels with a greater
distance than the radius of the Sun 1R from the center of the solar disk are withdrawn and
the remaining pixels are rectified for limb brightening effects. In (Reiss et al., 2015), the limb
brightening effect has been corrected by fitting a smooth transition function and inverting
it. In CHs segmentation using CNN, prior segmentation of the solar disk had been applied
(Illarionov and Tlatov, 2018) and maximal intensity has been set for the pixels outside the
solar disk. Boucheron, Valluri, and McAteer (2016) had applied the limb-brightening rec-
tification as described by Verbeeck et al. (2014) before all posterior processing of the solar
image. Nieniewski (2004) had set two rings (inner and outer) of intensity values 255, based
on the Bresenham algorithm (Bresenham, 1965). In this experiment, the radii of the circles
were set at 186 and 188 pixels, respectively (Nieniewski, 2004). The area inside the circles
was replenished and the borders were smoothed out by image morphological operation with
a structuring element of size 3 x 3 pixels. This set-up prevents the leaking in the merging
process (Nieniewski, 2004).

However, most of the stated techniques of limb correction require accurate data about the
co-ordinate points of solar disk center and the length of the solar radius in the image.

2.2.2. Issue with Contour Initialization

Contour initialization is a vital problem in the contour-based method as the overall perfor-
mance and accuracy of the method depend on it. In general, the contour should be initialized
within the region of interest (Rol) (Wang et al., 2017; Darolti et al., 2008; Xingfei and Jie,
2002; Huang and Zeng, 2015) and requires human supervision. To overcome this problem
many researchers had introduced different strategies such as initializing the contour near the
image boundary, setting the contour outside Rol and contour initialization free ACM (Chan
and Vese, 2001; Xie and Mirmehdi, 2010). However, for the task of CHs extraction in the
solar image, there is a high probability of including the unwanted pixels as the CHs regions
which are not part of the solar disk. Moreover, the background region in solar disk images
having the same color composition as that of the Rol, there is a high possibility that both
CHs regions and background in solar disk images are classified as CHs. Boucheron, Valluri,
and McAteer (2016) had tackled this contour set-up issue by initializing the contour within
the CHs region using an intensity thresholding method. But choosing the correct threshold
value is still a major concern. Recently, Bandyopadhyay, Das, and Datta (2020) introduced a
circular Hough transform-based technique to solve this issue. However, single circular con-
tour initialization is not capable to segment the CHs properly (Bandyopadhyay, Das, and
Datta, 2020).

In order to overcome the above-mentioned problems of contour initialization, misclas-
sification due to solar limb, and real-time analysis of CHs region in a solar disk image, in
this work, circular Hough transform driven single contour-based CHs detection techniques
are introduced. The Hough transform has the capability to detect a circular object in a noisy
image (Duda and Hart, 1972; Yuen et al., 1990; Hough, 1962). Furthermore, the main aim
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of this work is to extract the CHs region in the solar disk, and the solar disk is circular in
shape when presented in the two-dimensional (2D) image; as such, a circular Hough trans-
form? is used here. The detected circle with radius r and center (a, b) is considered as the
initial circular contour for both proposed methods, POR-ACM and FFCM-SCM. Details as
regards the circular Hough transform-based contour initialization have been discussed in
(Bandyopadhyay, Das, and Datta, 2020).

2.3. Proposed CHs Detection Methods
2.3.1. POR-ACM

After the detection of the solar disk region using the initialized Hough transformed inspired
circular contour, the unwanted regions (which include solar limbs and image background)
has been eliminated by replacing the corresponding pixels intensity value with white pixel
intensity. This elimination of the unwanted pixels has been done with the knowledge that the
circular contour has been initialized on the boundary of the solar disk, the region inside the
boundary is the solar disk portion of the image and the region outside the initial contour is
an off-disk region. This elimination of a region, in turn, will help in reducing computational
complexity and misclassification of the region.

The POR-ACM is based on an online region-based active contour method (OR-ACM).
The main advantage of using OR-ACM is that the method is computationally fast and is
applicable for real-time detection of the CHs. Moreover, the method is mathematically less
complex than other ACM-based object detection algorithm and does not require any parame-
ter tuning (Talu, 2013). However, OR-ACM has the probability to get stuck at local minima
and thus give rise to many small regions (Talu, 2013), and it is also stuck on the object
boundary due to strong edge and presence of local minima. As such the method misclassi-
fies Rol which is situated inside another object present in the image. In order to handle this,
a post-processing operation of morphological opening and closing has been incorporated
in the work of (Talu, 2013). A parametric-signed pressure function has been introduced to
address the problem where Rol is inside another object.

The contour level set updating is given by (Talu, 2013)

¢

i H(spf(1(1)))¢ (1). eY)
Here, in Equation 1 the term ¢ () denotes the level set function of the curve at iteration ¢
whose initial formulation is given by

p=—vV(x—a2+(y—b2+r )

The term H in Equation 1 indicates the Heaviside or the unit step function. The notion
spf( (¢)) denotes the region-based signed pressure function of an image at iteration ¢ (Zhang
et al., 2010). The signed pressure function of image [ is given by

I(x,y)— 932
) 3
max (115, ) — 32 ©

spf(/ (x, y)) =

2Details about the outcome obtained after applying the circular Hough transform are discussed in the
Appendix.
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Algorithm 1 Proposed POR-ACM.
1: Input: Image /

2: Inmitialization: Area; =0, Area, =0, A; = 0, and other parameters
3: Initialize circular contour using circular Hough transform
4: Eliminate off-disk region / region outside the circle
5: Calculate Area; by determining total number of pixels inside the contour
6: for iter=1:max_iter do
7: Update contour position based on pspf(I(x, y))
8: Calculate Area,, the total pixels inside the contour
9: Calculate A; = |A; — Ay
10: if A; =0 then
11: goto Step 16
12: break;
13: else
14: Al < A2
15: goto Step 6

16: Output: The location with ¢ (iter) > 0 are CHs pixels for image 1.

where the terms ¢, and c, represent the mean intensity values inside and outside the curve,
respectively.
The stopping criterion for the OR-ACM is given by the formulation

/H(d)(t))—/H(fb(t—l)):O, “

where the terms H (¢ (¢)) and H (¢ (t — 1)) denote the total energy at iterations ¢ and (f — 1).
The parametric-signed pressure function 5 is given by

I()C, y) _ ajcitonc

2
ajCptanc ) (5)
11;22})

pspf(/ (x, y)) = max (|1 (r. y) —

where the parameters «; and «, indicate the weight parameter for the mean intensity inside
and outside the curve, respectively. These parameters generate an extra force on the curve
so that it does not get stuck at the local minima present within the strong edge of the object.
The corresponding algorithm of the proposed POR-ACM is given in Algorithm 1.

2.3.2. FFCM-SCM-Based CHs Segmentation

In the second approach, the fast fuzzy clustering along with the SCM has been used to detect
the CHs. In the first stage of this technique, FFCM has been introduced in order to segment
the image into CHs and non-CHs regions by taking global statistics of the image, i.e., the
histogram of the image pixels’ intensities has been considered in place of raw image data
(Semechko, 2019). The cost function for a classical fuzzy c-means (FCM) algorithm is given
by Equation 6 (Bezdek, Ehrlich, and Full, 1984);

N c
Je=Y > wi"||p—ull. ©)

j=1i=1
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Here 11 is the membership function of the jth pixel intensity p;, in the ith cluster. The term
N denotes the total number of pixels in the image, ¢ indicates total cluster number and m is
the fuzziness constant. The term v denotes the cluster center, which is given by

N m
i=1 KHij " Pj
Ul':Zj 1 J J’ (7)

S0 i

where the membership function p;; is initially denoted by

c L X 2
u,-,:Z(—Hp’ U’”) : ®)
k=1

[[pj =]

In FFCM (Semechko, 2019), the raw data term p; has been replaced by ;. Here the term
n; indicates the number of the occurrence of pixels intensity value /. Thus, the overall cost
function for FFCM is given by

255 ¢

Te=Y Y i llng =il ©

1=0 i=1

As such, Equations 7 and 8 can be rewritten as

wil"ny

= Tt (10
—o Mil™

where u;; is the modified membership value for FFCM-based clustering, which is denoted

by

c _ ) 2
/Li1=Z<M> ) (11)
k=1

llpr — vl

After the clustering image into two segments, namely foreground (CHs regions and solar
image background) and background (non-CHs regions), the original solar image is used
to initialize a static contour based on a circular Hough transform. This static contour has
been initialized with a view to overcoming the effect of the solar limb and to separating the
detected foreground region. The following three conditions can then easily identify the CHs
as mentioned below:

i) If the foreground region is present outside the contour, set as background.
ii) Background region is present within the contour, set as background.
iii) The foreground region is present inside the contour, set as foreground CHs regions.

Algorithm 2 highlights the corresponding algorithm of the proposed method FFCM-SCM.

2.4. Validation

In order to validate the proposed techniques, the synoptic maps of the solar surface drawn
each day by SWPC forecasters considered as benchmark ground-truth data for the compari-
son purpose (Boucheron, Valluri, and McAteer, 2016; Illarionov and Tlatov, 2018). Synoptic
maps provide forecasters with a broad outline of solar surface features.> These maps have

3Synoptic map has been collected from https://www.swpc.noaa.gov/products/solar-synoptic-map.
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Algorithm 2 Proposed FFCM-SCM.

: Input: Image /

1

2: Inmitialization: Randomly initialize membership matrix w;;, threshold €
3: Calculate image histogram

4: for iter=1:max_iter do

5: Calculate cluster center v;

6: Update membership value using

2
Mit = Y ey (|‘|‘;§—5'kl\‘|)

7: if /g < € then

8: goto Step /2

9: break;
10: else
11: goto Step 4

12: Cluster image I into foreground and background
13: Initialize circular contour ¢ using circular Hough transform
14: if ¢ (1) > 0 & pixels labeled foreground then

15: Label pixel «— foreground
16: else if ¢ (1) > 0 & pixels labeled background then
17: Label pixel «— background

18: else ¢ (1) < 0 & pixels labeled foreground
19: Label pixel «— background

20: Output: foreground pixels are CHs pixels for image 1.

been produced daily by SWPC forecasters since 1972. The map shows neutral lines, coro-
nal hole boundaries, active regions, plages, filaments, and prominences. The outcome of
the proposed POR-ACM and FFCM-SCM techniques* have been compared with the CHs
segmentation results obtained using the ACWE method (Boucheron, Valluri, and McAteer,
2016) and FEDCM,’ concerning the ground-truth data. The proposed method has been val-
idated in terms of visual analysis, quantitative analysis based on segmentation metrics and
the time taken to generate the results.

3. Results and Discussions
3.1. Data Pre-Processing

The SDO/AIA image obtained from the fits file is not suitable for the purpose of image
segmentation in its original form. This may be due to the fact that the original SDO/AIA
images are either too dim or too bright.® The main reason for this is the linear scaling of
the data between the minimum and maximum pixels values. Moreover, the variance of the
original image is also high, of the order of 10*. Along side, the image resolution is too high
to meet the real-time execution. As such, to make the image suitable for the real-time image

4Corresponding code for POR-ACM and FFCM-SCM are available on github https:/github.com/
sanmoy 1985/CoronalHolesContour.

5Code of FEDCM is available in https://github.com/sanmoy 1985/CoronalHolesFuzzyContour.

f’Original text available in https://www.uclan.ac.uk/sdo/assets/sdo_primer_V1.2.pdf.
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(a)

Figure 1 Here (a) shows the original image, (b) indicate the linear scaled image obtained for supplied range
of [0, 255] and (c) shows the light brown colorized solar image obtained from the solar fits file captured on
2017-01-30.

segmentation task the image data in the fits file has been resized to 1024 x 1024, after the
data having been passed through a pre-processing step. In the present work, the pixel value
has been pre-processed using three separate techniques to fulfill three different criteria.

For the task of CHs segmentation using POR-ACM the pixels value has been normalized
using Equation 12:

I(x,y) —min(I(x, y))
max(/ (x, y)) —min(/ (x, y))’

Inorm(-xay): (12)

where Iom(x, y) denote the normalized pixels value, and the term max(/(x,y)) and
min(/ (x, y)) represent the maximum and minimum pixel intensity of the original fits file
data, respectively. However, this process of pre-processing generates images with a very
low variance, in the order of 1078, Thus, in order to overcome this, the normalized pixels
value has been multiplied with the factor of 255.

On the other hand, the algorithm of FFCM-SCM requires the value of image pixels to lie
between 0 to 255. At the same time, the previous image pre-processing technique generates
an image with low variance. As such, the FFCM-SCM technique will have the tendency to
detect all the low-intensity region as the CHs. The fuzzy technique has the property to detect
an ambiguous region even if the image does not contain proper region boundary. To tackle
this, in the pre-processing step for FFCM-SCM, the image has been linearly scaled between
the pixels value of O to 255. The method will scales the image in such a way that any pixels
value below 0 is assigned to black and any values above 255 is assigned to white. Values 0
to 255 are linearly scaled as indicated by different gray levels.

At last for the displaying purpose the fits file image has been typically colorized in light
brown for easy visualization and making it suitable for the visual identification of CHs.’
The resultant image obtained using three different pre-processing techniques are shown in
Figure 1 and the corresponding code has been made available in github.?

TDetails about SDO/AIA 193 A visualization can be found in https://www.nasa.gov/content/goddard/
sdo-aia-193-angstrom/.

8Code for SDO/AIA image pre-processing is available in https://github.com/sanmoy 1985/
CoronalHolesContour/blob/master/Fits2Image.m.
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2017-01-30

2017-03-14

2017-09-14

Figure 2 A pictorial summarization of comparative studies between existing algorithm and the proposed
methods, where (a) original image, (b) ground-truth image (generated-based on synoptic map image), and
outputs from (¢) ACWE (d) FEDCM (e) POR-ACM and (f) FFCM-SCM are shown.

3.2. Parameter Settings

There are mainly two parameters which control the outputs of the POR-ACM-based coronal
hole segmentation; ; and «,. These parameters control the foreground and the background
consistency. If these parameters are not properly chosen then there is a probability that some
CHs regions get classified as non-CHs and vice versa. So, for this work the parameter o
has been kept between [0.5, 0.1], while the parameter o, has been kept within the interval
of [0.1, 0.01]. On the other hand, the fuzziness value of m is a vital factor for FFCM-SCM
technique. The lower the value of m, the more it will act like a classical c-mean cluster
technique. As such for convenience of this work, in this case m has been assigned the value
of 20.

3.3. Visual Analysis

The solar disk images used for the experimental purpose and corresponding results of CHs
extraction obtained using the proposed methods and existing ACWE-based techniques are
shown in Figure 2. From visual comparison shown in Figure 2, it can be seen easily that
the output obtained using the proposed techniques and FEDCM generates comparable re-
sults to that of the ground truth based on synoptic maps information. Meanwhile the output
generated using the ACWE method has under segmented the Rol.

From the image in the first row of Figure 2c, and from the enlarged images in Figure 3,
it can be noted that the ACWE method fails to detect the non-coronal whole region which is
present within Rol as shown in the synoptic map image. However, this non-CHs region can
also be noticed in the original image. Now, while comparing with the outcomes obtained
using the POR-ACM, it can be seen that the proposed method has better detected the non-
CHs region lying within the coronal hole region. A similar thing can be found for the output
obtained using FFCM-SCM and FEDCM.

From the results shown in the second row of Figure 2 and from the enlarged images in
Figure 4, it can be easily noticed that the FFCM-SCM-based method generates about the
same results as shown in the ground-truth image. This also holds true for the case of the

@ Springer



110 Page 12 of 26 S. Bandyopadhyay et al.

Figure 3 Enlarge image showing performance of different contour-based segmentation technique on image
dated 2017-01-30 when non-CHs regions are present within CHs region. Here (a) shows the original image,
(b) indicate the enlarge region located within highlighted square in (a), the segmentation output obtained by
using ACWE, FEDCM, FFCM-SCM and POR-ACM have been shown in (¢)—(f) respectively.

proposed POR-ACM- and FEDCM-based CHs segmentation. However, in the case of an
existing ACWE-based technique, it has been found that the method fails to extract all the
CHs region from the solar image, particularly the coronal hole region present at the side of
the solar disk as shown in Figures 2 and 4. But, from the analysis of Figure 2, it has been also
found that both FEDCM, FFCM-SCM and POR-ACM-based techniques have also included
some extra regions in the CHs class, which are not highlighted in the ground-truth image.
This is because these regions have the same intensity consistency as that of CHs regions.
Moreover, it can be found that in the middle of the solar disk there lie CHs as shown in
the synoptic map image, this region has been better detected in the output obtained using
POR-ACM and FFCM-SCM.

Again from the outcome shown in the third row of Figure 2 and from the enlarged im-
ages in Figure 5, it can be noticed that FEDCM and the proposed POR-ACM are able to
detect the exact CHs region as shown in the synoptic map. The other two methods, namely
the FFCM-SCM- and ACWE-based methods, seem to over-segment and under-segment the
solar image, respectively. In a like manner the output is obtained after applying contour-
based segmentation techniques on the image in the first row of Figure 2a, in this case nearly
a similar type of result has been obtained. The proposed techniques are able to extract the
non-CHs region lying within the CHs region in this case also. However, the ACWE-based
method fails to extract the same.

The main reason for the success of FEDCM- and POR-ACM-based CHs segmentation is
the ability of the ACM to cope with small topological changes that exist within the image.
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Figure 4 Enlarge image showing performance of different contour-based segmentation technique on im-
age dated 2017-03-14. Here (a) shows the original image, (b) indicate the enlarge region located within
highlighted square in (a), the segmentation output obtained by using ACWE, FEDCM, FFCM-SCM and
POR-ACM have been shown in (¢)—(f) respectively.

Furthermore, FEDCM is also incorporated with the advantage of the fuzzy clustering tech-
nique which has the capability to detect the ambiguous boundary in the image. As such, the
FEDCM technique performs better in few cases. On the other hand, the caliber of extrac-
tion CHs using FFCM-SCM is due to the association of the FCM technique with the overall
method. The FCM-based clustering method has the higher competence to detect objects
having an ambiguous boundary over other methods.

It can be visually noticed that the FFCM-SCM method has detected a few smaller non-
CHs regions present inside the solar disk image as CHs which the other methods are unable
to localize. This is due to the use of a fuzzy-based technique which can classify the Rol
with vague boundaries. The class memberships values for CHs and non-CHs regions and
corresponding class assignment are shown in Figure 6. From Figure 6 it can be seen easily
that the FFCM clustering technique has identified the CHs region intensity distribution (rep-
resented by the red color line) with the highest membership value below the intensity value
of 50. At the same time, pixels with the intensity value greater than 50 have been clustered
as a non-CHs region (represented by the green color line).

3.4. Image Morphological Operation

While comparing with ground-truth images, it can be observed that in Figures 2-5 both
POR-ACM and FFCM-SCM have segmented many small and narrow redundant dark re-
gions along with the CHs. These are the filament regions of the solar image, which are
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Figure 5 Enlarge image showing performance of different contour-based segmentation technique on image
dated 2017-09-14 when non-CHs regions are present within CHs region. Here (a) shows the original image,
(b) indicate the enlarge region located within highlighted square in (a), the segmentation output obtained by
using ACWE, FEDCM, FFCM-SCM and POR-ACM have been shown in (¢)—(f), respectively.
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Figure 6 The class memberships value and corresponding class assignment obtained using the FFCM tech-
nique for CHs detection.

characterized by a smaller area and are narrower in shape than the CHs region (Boucheron,
Valluri, and McAteer, 2016; Reiss et al., 2014). This ultimately affects the accuracy of CHs
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region detection. A combination of morphological or magnetic criteria can be used to elim-
inate these regions from the segmented image (Boucheron, Valluri, and McAteer, 2016).
But using magnetic criteria will require an HMI image as an additional information. This
in turn will affect the computational time. Thus, to avoid these redundant pixels obtained
after implementation of both techniques and to avoid the computational time requirement, a
post-processing operation of morphological image processing methods has been introduced.
In a post-processing operation, morphological opening is followed by morphological clos-
ing. The opening operation dilates the eroded image, using the same structuring element,
SE,, throughout the operations. On the other hand, the closing operation erodes the dilated
image, using the same structuring element, SE,, throughout the closing operations. Thus for
output image A the opening operation with structuring element SE; is denoted by

AoSE; =(ASSE|) ®SE,, 13)
and the morphological closing operation with structuring element SE, is given by
A e SE; = (A @ SE;) © SE;. (14)

Here, in Equations 13 and 14, (A & SE,) indicates a morphological erosion operation, while
(A @ SE,) indicates a morphological dilation operation.

In the post-processing scenario, the size of the structuring elements plays an important
role in overcoming the redundant pixels from the image. In this work, the radius of the
structuring element SE; has been kept at 5 throughout the experiment, while the radius of
the structuring element SE, has been kept within the interval of [4, 8]. The segmentation
outputs obtained for different radius of the structuring element SE, are shown in Figure 7.
From the experiment, it can be stated that this method reduces the erroneous detection of
filament channels, while not eliminating them entirely.

3.5. Quantitative Analysis

The outcomes from the four methods are analyzed in terms of a segmentation quality score.
The Dice coefficient and Jaccard index are used as a matrix to measure the quality score. For
the purpose the ground-truth generated from the synoptic map has been taken into account
for determining the stated quality scores. The Dice coefficient is given by

_ 2JANG]

= (15)
IAl+ |G

where A is the output image obtained after applying the segmentation technique and G is
the ground-truth image. The Jaccard index is represented by

DC

M= -0 (16)

From Table 1 it can be noticed that the proposed methods show the suitability in the de-
tection of CHs in the image. It can be concluded that, for most the images, FEDCM-based
segmentation provides better output than the other three methods. This is due to the fact that
the FEDCM technique can handle topological changes like ACM while it has the capability
to tackle vagueness associated with the image due to the presence of fuzzy energy term in
the cost function (Bandyopadhyay, Das, and Datta, 2020). The segmentation quality score
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(d) SE2:4 (e) SE2=6 (f) SE2=8

Figure 7 Output obtained after application of an image morphological operation using structuring element
(SEp) of different radius.

Table 1 Coronal holes segmentation quality score.

Images Measurement metrics Methods
ACWE FEDCM POR-ACM FFCM-SCM
2017-01-30 Dice Coefficient 0.7020 0.7576 0.7437 0.7353
Jaccard Index 0.5408 0.6098 0.5920 0.5814
2017-03-14 Dice Coefficient 0.5047 0.5998 0.5883 0.5234
Jaccard Index 0.3375 0.4284 0.4167 0.3545
2017-09-14 Dice Coefficient 0.7066 0.8166 0.7950 0.7157
Jaccard Index 0.5463 0.6901 0.6597 0.5573

of POR-ACM stood the second highest over the other three discussed techniques, for CHs
detected on 2017-01-30, 2017-03-14 and 2017-09-14. Moreover, due to the incorporation
of a post-processing step based on the segmented region area size, FEDCM has eliminated
most of the redundant region as can be found in the output obtained using POR-ACM and
FFCM-SCM.

3.6. Execution Time Analysis

The comparison has also been carried out in terms of execution time as shown in Table 2.
An investigation has been conducted on a system having been configured with Intel(R)
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Table 2 Time and iteration for execution of coronal holes segmentation technique.

Images Methods
ACWE FEDCM POR-ACM FFCM-SCM
on Image size on Image size on Image size on Image size
(512 x 512) (1024 x 1024) (1024 x 1024) (1024 x 1024)

Time (sec) Iteration Time (sec) Iteration Time (sec) Iteration Time (sec) Iteration

(a) 2017-01-30 141.7941 3 58.2901 10 71.9788 5 579049 -
(b) 2017-03-14 141.6941 3 59.3454 10 98.7736 6 45.6274 -
(c) 2017-09-14 141.7132 3 54.8045 10 99.1384 7 51.9919 -

Core(TM)i5-8250U CPU, having the base speed of 1.8 GHz and 4 GB RAM, along with
Windows 10, a 64-bit operating system. It has been found that both proposed methods and
FEDCM are faster than the ACWE technique. The main reason for the large time taken by
the ACWE method, even for low-resolution images, is the presence of a gradient term in
its equation. Moreover the method uses a gradient descent technique for optimization of the
energy function (Chan and Vese, 2001). This requires a huge computational time. For the
case of POR-ACM, it can be found that the method takes quite less time than ACWE, how-
ever, the number of iterations is higher. The main reason for the increase in the number of
iterations is the contour initialization procedure and the minima searching procedure. The
execution time taken by a circular Hough transform to initialize the contour on solar disk
boundary is an issue, which also holds true for the case of FFCM-SCM. However, from
Table 2 it can be easily noticed that FFCM-SCM takes less time for execution than both the
POR-ACM and the ACWE method of CHs segmentation. Moreover, it takes zero iteration
to generate the outputs, without compromising the original image resolution. At the same
time, it can be seen that FEDCM has comparable performance with that of FFCM-SCM in
terms of the execution time taken.

3.7. Magnetic Unipolarity

Unipolarity of the magnetic field within CHs has also been considered for measuring the ac-
curacy of CHs detection, as used in (Boucheron, Valluri, and McAteer, 2016). At time closest
to the observational time of the SDO/AIA image, the Helioseismic and Magnetic Imagery
(HMI) magnetogram data correspond to the segmented region obtained in SDO/AIA im-
age has been considered for the calculation purpose. The skewness of the flux distribution
of magnetogram pixels values located within the detected CHs region is used to measure
the related flux imbalance. The average absolute skewness |S| of the magnetic field located
within the segmented CHs region is computed as skewness(mag) = E(mag — mag)® /o2,
where mag is the mean value of the magnetic field strength within the CHs region, o is the
standard deviation, and E (-) is the expectation operator. Thus, while calculating the absolute
skewness of each of the R disjoint regions obtained in the segmentation output, the corre-
sponding HMI magnetogram data is taken into account (Boucheron, Valluri, and McAteer,
2016). The absolute skewness of each of the R disjoint regions is given by

|S,| = skewness(abs(H'(x", y")|(x",y") € C)),q=1.2,3,...,R, 17)

where H' is the geometrically transformed HMI magnetogram and C; is the final contour
obtained using the segmentation algorithm. So, the average absolute skewness |S| is the
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Table 3 The average absolute
skewness values obtained for Images Methods

different coronal hole ACWE FEDCM POR-ACM FFCM-SCM
segmentation techniques.

2017-01-30 0.0004 0.0004 0.0006 0.0003
2017-03-14 0.0013 0.0014 0.0020 0.0004
2017-09-14 0.0007 0.0006 0.0007 0.0012
average |S,| weighted by area:
R
< 2g=115]
S| = ==L 1 (18)
ICil

If the final segmentation output is truly representative of the CHs, then it is expected that
|S| is large, indicating unipolar magnetic fields. The obtained skewness value has been high-
lighted in Table 3. From the table it can be found that the POR-ACM-based technique shows
the highest skewness value for the solar images taken on 2017-01-30 and 2017-03-14, and
has the second highest performance for the rest of the cases.

3.7.1. HMI Image Alignment

The major issue associated with the calculation of magnetic unipolarity is the alignment of
two images, SDO/AIA and solar HMI under consideration. Since these data are observed
from different sources there is a high probability of misalignment among this images, as can
be observed from the images shown in the first row of Figure 8. This leads to the improper
generation of the skewness values. In order to overcome this, the two images are to be
put in the same reference frame. For this purpose, in this work’s image an interpolation
technique has been implemented. The main motive is to distort an image from one pixel
grid to another. To interpolate the image, a bilinear interpolation method has been used. As
the name suggested the interpolation technique involves two separate linear interpolations.
First in one direction, then again in a different direction. Thus the interpolated image for an
HMI magnetogram H (x, y) is given by

H'(x',y)=Hx, y)(1 = Ax)(1 = Ay) + H(x + 1, y) Ax(1 — Ay)
+Hx,y+ DA —-Ax)Ay+H(x+ 1,y +1)AxAy, (19)

where Ax and Ay are the fractional parts of row and column locations defined by
(Ax, Ay) = (x; —x,y7 = y). (20)

The term (x, y,) represents the fractional location of the image under consideration from
which to sample the output pixel (x, y), which is given by

Xf:[(l,...,X/)'S] 21
and

yr=I[1,...,Y)- S (22)
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(e)

Figure 8 Here (a) and (d) shows SDO/AIA 193 A image, (b) shows the SDO/HMI image, (c) indicated
overlap result of the original SDO/AIA and SDO/HMI image (e) show the HMI image obtained after bilinear
interpolation and (f) overlap image obtained after alignment of SDO/AIA and SDO/HMI image obtained for
the solar fits file captured on 2017-01-30.

The term § indicates the scaling factor defined by

_ Ro .in AlA i.mage’ 23)

Rg in HMI image
where Ry stands for the radius of the sun and X’ and Y’ indicate the total numbers of
rows and columns in the sampled image, given by X/S and Y/S, respectively. The results
obtained after aligning of the AIA and the HMI image are shown in the second row of
Figure 8.

Meanwhile, there may exist an angle between the y-axis relative to the north direction
which is indicated by the term CROTA?2 in the header of the fits file. In order to correct this,
a bilinear transform is implemented to express x’ and y’ as functions of x” and y”. For this
transformation the image has been rotated over —®, where ® = CROTA2. Thus x” and y”
can be expressed as

x" =x'cos(®) + y'sin(®), 24
y" = —x'sin(®) + y' cos(®). (25)
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Figure 9 Changes in the physical properties of the coronal holes with the change in Carrington rotation.

3.8. Analysis of CHs During Carrington Rotation

The physical properties of CHs and their corresponding phenomenons have also been ana-
lyzed during a particular solar Carrington rotation (CR) in this experiment. For this work,
CR 2186 starting from 2017-01-10 and ending on 2017-02-06 has been considered. The
corresponding HMI image has been obtained from the database of JSOC.'® One SDO/AIA
as well as HMI magnetogram of a solar image per day during the CR have been used. From
the detected CHs region two parameters, namely the CHs area and magnetic flux distribu-
tion within the extracted CHs have been analyzed. CHs can be better understood on the
basis of a nearly current-free coronal region with holes highlighting the open magnetic field
(Wang and Sheeley, 1993). The variation in the physical parameter of segmented CHs with
the variation of CR is shown in Figure 9. From the graph, it can be observed that all four
compared methods of CHs segmentation show a similar variation for both parameters of the
CHs under consideration.

9Data on Carrington rotation can be found in http://umtof.umd.edu/pm/crn/.
10SDO/HMI data has been collected from http://jsoc.stanford.edu/data/hmi/fits/.
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From the graph of the percentage of CHs area in the solar disk, plotted in Figure 9a, it
can be observed that during the initial stage of the CR all the four compared methods have
detected approximately a similar low CHs area in the solar disk. The same trend can be seen
at the end of the CR, where the CHs areas detected by the methods are low in percentage.
It can also be seen that the CHs area attends its maximum during the period 2017-01-25
to 2017-01-31 of the CR. It indicates that the solar cycle is in its descending phase, as a
sharp increase in the percentage of total CHs area corresponds to low solar activity during
the period of CR (Minot, Lee, and Sun, 2018).

Furthermore, analyzing the graph of the skewness values of the magnetic flux during
the CR given in Figure 9b, it can be concluded that during the descending phase of the
solar cycle there is a large deep in the skewness value of the magnetic flux as generated by
three compared methods. The skewness value was high during the initial stage of the CR,
however, a sharp fall in the value of skewness can be noticed during the last stage of the CR.
It can also be observed that during the initial stage of the CR the solar cycle had positive
flux values, while at the last stage of CR the flux shifted to negative values. This could be
attributed to the switching of the magnetic poles during the observed CR period (Minot, Lee,
and Sun, 2018).

4. Conclusion

In this work a comparative analysis and the development of new contour-based techniques
for segmentation of CHs region in the solar disk image have been carried out. In spite of
various advantages the contour-based method of segmentation has a few constraints such as
initial contour set-up, time complexity while solving optimization function, contour stick-
ing at local minima. In order to handle these constraints and to solve the CHs segmentation
problem in real time as a part of development, two contour-based techniques, namely POR-
ACM and FFCM-SCM, have been proposed for the segmentation of CHs and compared with
the existing FEDCM and ACWE method of CHs extraction. The first and vital advantage in
both proposed techniques is that the methods do not need the gradient term to solve the opti-
mization problem as required in the ACWE method of segmentation. As a consequence, the
time complexity of the techniques gets reduced. Secondly, the implementation of circular
Hough transform-based contour initialization as introduced in (Bandyopadhyay, Das, and
Datta, 2020) addressed both the issue of limb correction and the contour initialization issue.
This in turn avoids the requirement of the exact location of the solar disk center and accu-
rate length of the solar disk radius (provided by the header of the .fits file) in order to handle
the off-disk region in the solar disk image (Boucheron, Valluri, and McAteer, 2016). The
circular Hough transform has the property to localize the shape of an object even in a noisy
environment (Duda and Hart, 1972). Moreover, the proposed techniques do not require any
separate technique as introduced in the work by Boucheron, Valluri, and McAteer (2016)
or extra contour as initialized in (Bandyopadhyay, Das, and Datta, 2020) for off-disk region
elimination purpose. The solar-limb pixels are removed automatically after the initialization
of Hough transformed inspired circular disk. The morphological image processing method
is working well even without magnetic field information in reducing the effect of filament
channels in coronal hole detection, within low computational cost. However, some filament
channels may still be included, in order to completely eliminate the effect of the filament
channels further studies are needed and planned. The main motive behind the development
two individual algorithms is to test whether newly developed single contour-based tech-
niques can separately attain the same segmentation accuracy level within the real-time like
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FEDCM or not. It is future work to combine the advantages of both POR-ACM and FFCM-
SCM, in order to develop a modified fuzzy energy-based contour technique for CHs regions
extraction in the solar disk image.
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Appendix: Contour Initialization and Limb Correction

The elimination of solar limbs in the process of CHs region detection is also a vital problem.
The presence of solar limbs leads to the misclassification of the CHs region. The stated
issue has been handled by introducing the circular Hough transform and the corresponding
outcome is shown in Figures 11 and 12.

A.1 Contour Initialization in POR-ACM

An experiment has also been conducted for different contour initialization and using differ-
ent ACM under various conditions. Among ACM, here mainly POR-ACM has been consid-
ered for its fastness in segmenting the image. After initializing the contour near the object
boundary of the solar image, as shown in Figure 10b, then implementing POR-ACM with-
out eliminating off-disk pixels for segmenting out CHs, it has been found that the method
fails for the purpose. The method plotted the contour on the boundary of the CHs region
and on the boundary of solar disk along with the portion of the solar limb. As such, regions
outside the bigger contour having low-intensity value also have been selected as the CHs
regions (as shown in Figure 10c). But as a piece of prior information, it is to be considered
as a non-CH region. Also, in the upper portion of the solar disk in the image located in the
first row of Figure 10c it can be seen that the low-intensity region has been considered as the
background. This is due to the fact that when POR-ACM forces the contour to move towards
the boundary of the Rol, it considers the intensity homogeneity information for evolving the
contour, and in this case, the intensities of CHs region and solar image background are ho-
mogeneous. The same output can be found for the contour initialized within the solar disk
and inside the Rol, as shown in Figures 10d—10g.

Now, after initializing the circular contour using the Hough transform (shown in Fig-
ure 11a), then applying POR-ACM without eliminating solar-limb and image background
will generate the same results as shown in Figure 10c. This is due to the presence of the
off-disk region (solar-limb and solar image background). Now, eliminating the off-disk re-
gion after initializing contour, as highlighted in Figure 11d, then again applying POR-ACM
has failed to reach the boundary of the CHs. The corresponding results can be seen in Fig-
ure 11e. This is due to the property of ACM, which finds the minima in a local manner and
as such the contour gets stuck on the edge of the solar disk. The force at the solar disk edge
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2017-03-14 2017-01-30

2017-09-14

Figure 11 Various stages of POR-ACM-based CHs segmentation and contour initialization, where (a) origi-
nal image, (b) initial contour, (¢) results without eliminating off-disk region (d) elimination of off-disk region
(e) output using OR-ACM after elimination and (f) final output using POR-ACM after elimination have been
shown.

2017-03-14 2017-01-30

2017-09-14

Figure 12 Various stages of FFCM-SCM-based CHs segmentation, where (a) original image, (b) output
using FFCM, (c) static contour generation on FFCM results (d) Limb elimination and (e) final output have
been shown.

is high due to the huge change in intensity value at the edge of solar disk. This force is pre-
venting the contour to move further towards the CHs regions present inside the solar disk.
However, after the application of the proposed POR-ACM, it can be found that the contour
is able to reach the boundary of the CHs region as highlighted in Figures 2d and 11f. This is
because the parameters in the introduced POR-ACM provide an extra force that overcomes
the force extort by the change of intensity values at the edge of solar disk.
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A.2 Contour Initialization in FFCM-SCM

From the second column of Figure 12, it can be seen easily that without the application
of the solar-limb correction technique lead to the misclassification of the CHs region. The
non-coronal holes regions present outside the solar disk region are also considered as CHs.
Meanwhile, in the fourth column of the same figure it can be noticed easily that after the
application of SCM employing a circular Hough transform based on the original image (as
shown in Figure 12¢) one has eliminated the problem of misclassification due to the presence
of the off-disk region and has detected only the CHs region. This can also be established by
the final outcome of the proposed technique shown in the last column of Figure 12. Basically,
after the application of SCM the off-disk region is transformed into background or non-CHs
region as given in Figure 12d. Thus, during this stage, the total image is left with only CHs
regions (foreground) and non-CHs regions (background). As a consequence, the boundary
of the CHs regions gets detected in the image. The final result can be seen in Figures 2e and
12e.
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