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The flat-field method based on
rotated images for FY-3E/X-EUVI

Guangxing Ding*, Kun Wu?, Lingping He?', Bo Chen* and
Fei Liu?
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An algorithm to calculate the flat-field coefficient based on the series of rotated
images captured by the solar X-ray and Extreme Ultraviolet Imager (X-EUVI)
onboard the Fengyun-3E satellite is proposed in this article. The method
includes determination of the solar disk centers and radiuses, calculation of
the rotation angles, coordinate transformation to expand the solar disk into
rectangles, and derivation of the flat matrix using the KLL algorithm. The
accuracy of determination of the solar disk center and radius tested by the
Hough gradient method and the least-squares method is at sub-pixel, and the
precision of the calculated rotation angle based on the log-polar transform is
less than 0.025°. Since the X-EUVI rotates relative to the Sun in real time,
multiple rotating images can be obtained and used for flat-field calibration at
any time, and the tested accuracy is estimated at 0.79-3.42%. This flat-field
method will provide reference and support for solar image processing and
research.
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1 Introduction

The solar X-ray and Extreme Ultraviolet Imager (X-EUVI) are the first space solar
observation equipment working in EUV and X-ray bands in China, which are loaded on
the FY-3E satellite and rotating relative to the sun [1-4]. This article will expound how to
use the solar rotation images observed by X-EUVI to calculate the flat field.

The flat field is the characterization of the non-uniformity of the response of the
optical system to the incident light. The uneven responses may come from the
inconsistency of the digital semiconductor detector pixels such as the charge-coupled
device (CCD) and complementary metal-oxide semiconductor (CMOS), filters, reflector,
and the mechanical structure. The observed images need to correct the non-uniformity of
the detector response using the flat-field matrix to obtain the real observation image.
Generally, the flat-field correction coefficient can be obtained by fitting the images
observed under a uniform light source or stable light source with different exposure times.

However, sometimes both the uniform light source and the stable light source are
difficult to obtain. In 1991, Kuhn et al proposed a method (KLL algorithm) to obtain a flat
field by using relatively stable and non-uniform images [5]. On this basis, Chae improved
the algorithm by liberalizing parameters such as solar images, light intensity change, and
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the flat field in 2004 [6]. The KLL algorithm calculates the flat
field using the solar images obtained at different positions on the
detector. This method uses the observed solar image as the light
source, by changing the direction of the telescope to obtain
multiple solar images at different positions on the CCD or
CMOS, and then calculates the flat field using the iterative
method. Many instruments adopt the KLL method to derive
the flat field, like the ground-based solar telescopes, such as the
optical and near-infrared solar telescope (ONSET) [7], the Ha
solar telescope of the Great Bear Lake Solar Observatory [8], and
space-based solar observation equipment, like the Atmospheric
Imaging Assembly (AIA) and the Helioseismic and Magnetic
Imager (HMI) carried by the Solar Dynamics Observatory (SDO)
[9-11]. Moreover, the solar telescopes with the local field of view
also adopt the KLL method, such as the solar interface layer
spectrometer (IRIS) and the magnetic field observation on the
Great Bear Lake Solar Observatory [12, 13].

The FY-3E satellite was launched successfully in July 2021;
due to the characteristics of the orbit, the solar images taken by
X-EUVI rotate in real time. Combined with the characteristics of
the rotated image and the requirements of the KLL algorithm,
this article presents a flat-field calculation method based on the
rotating image. The algorithm mainly includes determination of
the solar disk center, calculation of the rotation angles,
coordinate transformation to expand the solar disk into a
rectangle, and derivation of the flat matrix using the KLL
algorithm.

The article is arranged as follows: the data source and the
general information of X-EUVT are introduced in Section 2. In
Section 3, the calculation processes of the flat-field method are
focused on, and finally, the conclusion, discussion of the results,
and the source of error of the algorithm are presented in
Section 4.

2 Data sets

Onboard the FY-3E satellite, the X-EUVI was launched in
July 2021 successfully. So far, X-EUVI has observed and
accumulated a large number of solar X-ray and EUV images.
The FY-3E satellite operates in a polar-orbiting sun-synchronous
dawn-dusk orbit at an altitude of ~840 km with ~99° inclination
and with orbital periods near 102 min. X-EUVI tracks and
images the sun in real time with the X-ray bands at
0.6-8.0nm (X1 0.6-6.0nm (X2
0.6-5.0nm (X3 channel), 0.6-2.0nm (X4 channel),
0.6-1.6 nm (X5 channel), and 0.6-1.2 nm (X6 channel), and
the EUV bands at 19.5 nm. Due to the characteristics of the
FY-3E orbit, the satellite rotates at a uniform rate relative to the

channel), channel),

Sun; therefore, the X-EUVI rotates relative to the Sun in real
time; multiple rotating images can be used for flat-field
calibration at any time, so that the high-quality solar X-ray
and EUV images can be obtained.

Frontiers in Physics

10.3389/fphy.2022.1048835

(x2, y2)

XV

FIGURE 1
Schematic diagram of solar disk center detection.

3 Methods

The method to calculate the flat field can be divided into four
steps, which include determination of the solar disk center,
calculation of the rotation angles, coordinate transformation
to expand the solar disk into a rectangle, and derivation of
the flat matrix using the KLL algorithm. These calculation
processes are described in detail.

3.1 Solar disk center

In this section, the Hough gradient method is used to detect
the disk circle in the EUV solar image, and then the preliminary
coordinates of the disk center and radius are obtained [14]. The
optimal disk circle is selected by comparing the coefficient of the
radius unit length of each circle. Also, in order to improve the
accuracy of the center coordinates and radius, the least-squares
method is finally used to realize the accurate fitting at the sub-
pixel level. According to the input parameter threshold, the
center and radius of the detection circle are screened with the
Hough gradient method, and finally, the circle that initially meets
the threshold conditions is obtained. The specific steps are as
follows:

(1) The disk circle center (a, b) is detected in the solar image

a) The original solar image is processed using CANNY edge
detection to get the binary image.

b) The Sobel operator is performed once on the original image
to calculate the neighborhood gradient values of all pixels.
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¢) All disk center accumulators N (a, b) = 0 are initialized.
d) All non-zero pixels in the CANNY edge binary graph are
tested, as shown in Figure 1. Lines are drawn along the
gradient direction of the pixel edge (the vertical direction of
the tangent line), and 1 is added to the accumulator of all
pixel coordinates (a, b) that the line passes through, that is, N
(a, b) = N (a, b) + 1.

The N (a, b) are statistically sorted to obtain the possible disk
circle center. The greater the N (a, b), the more likely the

S

~

corresponding pixel (a, b) is to be the center of the circle. If N
(a, b) is greater than the threshold T;, then the
corresponding pixel (a, b) is determined to be the center
of the circle.
(2) For each detected circle center (a, b), the corresponding
radius r is calculated.

Naod

a) The distance L between all non-zero points and the center (g,

b) in the CANNY graph is calculated.

b) The radius accumulator N (L) = 0 is initialized.

¢) The non-zero points in the CANNY graph are tested. If the
distance from the point to the center is L, then N (L) = N (L)
+ 1. According to the input radius thresholds Ry, and R,y
if L is between R, and Ry, then L will be selected as the
possible radius r.

d

=

The accumulator N (R) of all possible radius 7 is counted to
obtain the radius that meets the requirements of the
threshold T,. The greater the accumulator N (R), the
more likely 7 is to be the real radius value. According to
the definition of the threshold, if N (R) is greater than the
threshold, then the R will be determined as the radius of the

circle.

Threshold T; is the high threshold of CANNY edge
detection, and the low threshold is automatically set to
half of the high threshold. Threshold T, is the judgment
threshold of whether a point on the accumulation plane is
the center of the circle. The higher the T,, the closer the
detected circle is to the circle. R, is the minimum value of
the circle, and R,,,, is the maximum value of the circle.
During the operation of the algorithm, if the distance
between the centers of two circles is less than 1, the two
circles will be regarded as the same circle.

The unit radius coefficients K = N (r)/r of each circle tested by
the Hough gradient method are calculated. The larger the
coefficient K value, the more the image edge points in the
circle will be contained within the unit radius. Therefore, it is
determined that the circle with the largest K value is the best
circle in the image. Since the accuracy of the solar disk center
tested by the Hough gradient method is +
squares method to fit the center and radius will be used to further

1 pixel, the least-

optimize the circle and improve the accuracy of the center and
radius to sub-pixel. The least-squares circle fitting method is
mainly based on statistics [15]. Even if the edge of the circular
target in the image is missing due to the uneven illumination
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intensity, it will not affect the positioning of the center of the
circle and the determination of the radius. Since the edge pixels
on the optimal circle are known, the least-squares method can
find the best function matching this group of pixels by
minimizing the sum of squares of errors and fitting the final
sub-pixel radius and circle center. The tested results of this
method are shown in Figure 2. This solar EUV image was
captured by X-EUVI at 00:02:05 UTC on 5 November 2021,
and the red circle was the final determination of the solar disk
edge on the CANNY graph.

3.2 Rotation angle

After the location of the image centroid is determined, the
rotation angles between the sequence images need to be
calculated. The method to calculate the rotation angle is
developed from the log-polar transform. The image function
in the plane rectangular coordinate system is represented as f (x,
y) and it can be represented as f’ (r, 6) after the log-polar
transformation. Through the transformation, the rotation
transformation in the original image can be expressed as the
circular translation along the 0 axis direction in the polar
coordinate system. The scale transformation in the original
image can be expressed as the translation along the r-axis
direction in the polar coordinate system. The log-polar
transformation is often used to extract the rotation angle and
the scale features in image matching. The processes are divided
into three steps including extracting rays from the center of the
image, calculating the sum of the gray values along the ray to
obtain the polar gray curve, and determining the rotation angle
between the sequence images based on two curves using the
correlation algorithm [16, 17].

In Figure 3, the solar images were captured by X-EUVI on
5 November 2021: the time of 3a is 00:00:03 UTC, the time of
3b is 00:02:05 UTC, and the time of 3¢ is 00:04:06 UTC. Due
to the instrument rotating around the earth with the
satellite, there are rotation angles which exist between
these three images. The gray curves of Figure 3 are given
in Figure 4. The black curve corresponds to Figure 3A, the
blue curve corresponds to Figure 3B, and the red curve
corresponds to Figure 3C. The rotation angles calculated
by the relevant algorithm are 7.200° between 3a and 3b and
7.200° between 3b and 3c. It is assumed that the sun is
basically stable in the exposure time, and this assumption
is reasonable because the time interval between two
successive images is actually ~10s.

The experimental results show that the extraction accuracy of
the algorithm is related to the number of lines from the image
center. The higher the extraction accuracy, the more lines are set.
In this article, the number of lines is selected as 14,400, and it can
ensure that the error of the calculated rotation angle is less than
0.025".
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FIGURE 2
Tested solar image sample. (A) is the original image, (B) is CANNY edge detection, and the red curve in (C) is the optimal circle in the CANNY
edge graph
FIGURE 3

Solarimagesin 19.5 nm observed by X-EUVI on 5 November 2021. The time of 3ais 00:00:03 UTC, the time of 3bis 00:02:05 UTC, and the time
of 3c is 00:04:06 UTC
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Gray curves of Figure 3. The black curve corresponds to

Figure 3A, the blue curve corresponds to Figure 3B, and the red
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3.3 Coordinate transformation and the KLL
algorithm

After the solar image centers are determined, the Cartesian
coordinate system is established with the center as the origin, and
then, the solar images are expanded into rectangular shapes, as
shown in Figure 5. The rotation angles of the images are
converted into the translations in the X-direction in the
rectangular images, and the displacements in the Y-direction
are zero. Then, a series of expanded rectangular solar images and
the corresponding rotation angles can be used to calculate the
flat-field matrix.

The KLL algorithm is used to calibrate the spatial
nonuniformity of an image-array based on a series of offset
images, and the algorithm is robust and efficiently uses
information from multiple data frames to determine pixel
gain variations. Space-based solar observation instruments
usually utilize the KLL algorithm to carry out flat-field
calibration in orbit. The KLL algorithm does not rely on
experimental equipment and directly uses the offset images to
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A Figure 3a

FIGURE 5
Solar images are in rectangular shape and, the original images
are in Figure 3A, Figure 3B, and Figure 3C

calculate the flat-field matrix of the imagers, which is widely used
in SDO/AIA, SOHOV/EIT, and other instruments.

It is assumed that the image-array detector can be calculated
as a system, whose response is independent of the input intensity
of the object, while depending on the optical sensitivity
differences of each pixel element.

r(x)=o- f(x). oy

Here, r and o are the actual inhomogeneous response and
intensity of the object, respectively. F is the gain at an
appointed position x.

We can also assume that the intensity of the object is stable
and invariant when we take a series of shifted image samples. Let

2021-11-05 02:01:59 UTC

FIGURE 6

10.3389/fphy.2022.1048835

R(x) =In (r(x)) and F(x) = In (f{x)). The relationship between the
gray value and response of each pixel in two images is given as
formula (2), where displacements are described by a; and a;.

R,‘(X"’ﬂ,‘)—Rj(x+aj)—F,'(X+a,')+Fj(X+aj):0. (2)

We can calculate a least-squares solution for the distribution
of the gain if we build an oversampled, over-determined linear
equation set about r(x).

Z [Rt (x + ai) - R](X + a]) - Fi (X + a,-) + FJ(X + aj)]z =0.
i<jx

3

Differentiating Eq. 3 with F(x) and setting the initial solution
F’(x) = 0, we arrived at an iterative solution:

F*(x) = K(x) + L Z [Ft(x —a; + aj) - F‘(x —a;+ u,-)],

n(x) i<j
4)
where
K(x) = ﬁ ;[Ri (x) - Rj(x —a; + aj)] + [Rj (x)
—R,~(x—a,»+a,»)]. (5)

This is the form of a solution to Poisson’s equation. n(x)
counts the number that contributes to the sum. This model is
useful where other models fail, especially when we cannot offer
a proper uniform target in a short wavelength. Yet, the
limitation is that the accuracy of the edge is too low to be
accepted because of the internal vignetting and the boundary
extraction process. That is why we proposed our method. The
approximate optimal solution of this least-squares method is
not unique. In order to avoid contingency and to improve
credibility, the calibration result takes the average of multiple
sets of data.

2021-11-05 02:01:58 UTC

Original solar image (A), flat-field matrix (B), and the corrected image (C). The solar image was captured by X-EUVI at 02: 01 on 05 November

2021
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(A) is the flat-field coefficient along the blue line in Figure 6B. (B) is the comparison of the gray values along the green line in Figure 6A and the

red line in Figure 6C.

The FY-3E satellite rotates relative to the Sun, and the solar
images taken by X-EUVT are also rotated relative to the center of the
field of view. Also, since the temporal resolution of X-EUVT is less
than 10 s, it is reasonable to assume that the morphological features
of the two adjacent solar images remain unchanged during the
calculation; thus, only translation and rotation exist. Because of the
characteristics of FY-3E satellite orbit, the solar images observed by
X-EUVI are continually rotating, and the imager’s flat-field matrix
can be acquired at any time when the instrument is working. The
flat-field matrix, the original solar image, and the corrected image
using the flat-field matrix are shown in Figure 6. Figure 7 shows the
flat-field coefficients’ variation and the comparison of the gray values
before and after flat.

4 Conclusion and discussion

The algorithm proposed in this article is used to calculate the flat
field using the rotated solar EUV images from FY-3E/X-EUVL The
algorithm includes determination of the solar disk centers and radiuses,
calculation of the rotation angles, coordinate transformation to expand
the solar disk into rectangles, and derivation of the flat matrix using the
KLL algorithm. The accuracy of the determination of the solar disk
center tested by the Hough gradient method and the least-squares
method is at sub-pixel, and the precision of the calculated rotation
angle based on the log-polar transform is less than 0.025". Since the
X-EUVI rotates relative to the Sun in real time, multiple rotation
images can be obtained and used for flat-field calibration at any time.
Using this method, five flat fields were calculated to estimate the
accuracy. The five flats were calculated using 61 rotated solar images
that were obtained on September 23, September 29, October 2, October
4, and October 8 in 2021. The accuracy is (0.79-3.42) % estimated by
the following method.
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(1) Calculate the mean values and standard deviations of each
pixel (five flats).

(2) Divide the standard deviation by the mean values to obtain a
matrix (A).

(3) Calculate the mean value (B) and standard deviation (C) of
matrix A.

(4) The accuracy of the flat can be estimated to be (B + C) %.

The Sun is assumed to be stable in the calculation process of
using a series of rotated images, but the solar radiation in the
extreme ultraviolet band changes rapidly, so this assumption will
introduce some errors. The calculated solar center still introduces
errors to the final result since it is still difficult to determine the
disk and the center of the EUV solar image due to the influence of
the solar atmosphere. Moreover, the calculation of the rotation
angle and the error of the KLL algorithm itself can introduce
error in the final flat field.
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