Int. J. Patt. Recogn. Artif. Intell. 2019.33. Downloaded from www.worldscientific.com

by NANYANG TECHNOLOGICAL UNIVERSITY on 03/16/19. Re-use and distribution is strictly not permitted, except for Open Access articles.

World Scientific

International Journal of Pattern Recognition \\p
www.worldscientific.com

and Artificial Intelligence

Vol. 33, No. 3 (2019) 1950005 (24 pages)
© World Scientific Publishing Company
DOI: 10.1142/S0218001419500058

Displacement Analysis of Solar Magnetic Field Images
in EUV Wavelengths of Space Solar Telescope

Yang Liu*ii, Kefei Song*1§7 Xiaodong Wang*’ﬂ, Bo Chen*/,
Junlin Ma*** and Zhenwei Han* 1t

*Changchun Institute of Optics, Fine Mechanics and Physics
Chinese Academy of Sciences, Changchun 130033, P. R. China

1LUm'versity of Chinese Academy of Sciences

Beijing 100049, P. R. China
iljuyfciomp@](il?,com
§songkefei@sina.com
Ywangrd@ciomp.ac.cn

lchenb@ciomp.ac.cn
**michael8446@126.com
TThanzhenwei]Qé% @163.com

Received 28 May 2018
Accepted 25 July 2018
Published 19 September 2018

In this paper, the combination of nonlinear gradient iteration and crossing method is presented in
order to analyze high precision remote sensing images of solar magnetic field in extreme ultra-
violet (EUV) wavelengths which are usually affected by solar magnetic evolution, satellite at-
titude changes and random satellite jitter, and to reduce structural complexity the complicated
correlation tracker is normally adopted. Using crossing method which better approached the
inefficiency by computing full-scale solar magnetic field images, nine point areas are uniformly
selected in full-scale solar magnetic field images which solves the problem of low-
computing efficiency. Meanwhile, nonlinear gradient iteration algorithm through numerical
simulation experiments is adopted to analyze displacement of solar magnetic field images in EUV
wavelengths, which reduces the errors due to the solar intensity changing and tiny deformation of
solar magnetic field compared to traditional algorithms. The results clearly indicate that the
precision of mean error field and square deviation field for deformed displacement are both less
than 5% of pixel by solar magnetic field images of Solar Dynamics Observatory (SDO).

Keywords: Solar magnetic field images; displacement analysis; EUV; nonlinear gradient
iteration; mean error; parabolic least-square fit algorithm.

1. Introduction

The research of solar physics on sensor requirements of high-spatial resolution of
solar magnetic field images has already reached to the order of magnitude of arcsec
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and sub-arcsec. Therefore, the requirements for observation instruments are
becoming more demanding. For space solar telescope, although there is no atmo-
spheric interference, the orbital precession and the attitude changes of spacecraft!
and the revolving of the moving parts all will cause the random vibration of the
platform of the spacecraft”!”!® which will cause image blurring that will affect the
high imaging precision of space solar telescope. Therefore, taking measures to sup-
press vibration of the platform of spacecraft or realizing solar magnetic field images
registration in EUV wavelengths to obtain solar magnetic image with high-spatial
resolution, high-precision displacement analysis®” is very necessary.

Since compared to adaptive optical systems, image stabilizers are more simpler
and less expensive, using image stabilizers is especially rewarding. Due to the solar
images in EUV, wavelengths are very blurred and without obvious characteristics,
and also the local features of the solar are changing with the changing of the solar
itself (with time-varying shapes, exhibits extended, irregular), some detecting tech-
nologies for measuring the displacement of solar magnetic field using centroid and
limb measurements are unfit. Therefore, compensation technique based on motion
blur which uses statistical properties between images, which is correlation tracker
technology,»®!? greatly satisfies the demand of analyzing the displacement of
spacecraft by images.
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where Cp; denotes a two-dimensional spatial coordinate between the reference
image R(z,y) and live images L(z,y).

The Chinese Space Solar Telescope (SST) takes 240 us for 32- by-32 points
complex FFT with increasing hardware complexity and parallel algorithm and
achieves an accuracy of about 0.3-pixel with 25-point parabolic least-square fit.

In 1993, the correlation tracker integrated successfully in the system of TAC
(Instituto de Astrofisica de Canarias), in 2006, Solar Optical Telescope Onboard
(SOLAR-B) researched associatively and developed by Japan and the US also car-
ried this system.!* The Solar Optical Telescope onboard SOLAR-B achieved 0.09
arcsec sub-pixel size within 20 Hz bandwidth. When the correlation tracker (CT)
system starts to work, reference image is considered as the first image grabbed. Live
images, which are also called successive images, are used to compare with the ref-
erence image in real time. Then analyze spatial lags Az, Ay of the two associative
images by a relationship of the spatial cross-correlation function. The crest value of
the cross-correlation function is the two pictures matching greatly. The relative
displacement between reference images and live images is shown in the maximum
position. Use parabolic least-square fit algorithm to analyze displacements which
possess the sub-pixel accuracy where the two orthogonal z and y directions with the
sub-field around the maximum, usually adopting quadratic polynomial fitting
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function, which can be written as
R(z;,y;) = bly? + by + bsy;x; + byy; + bsz; + b, (2)

where (z;,y;) are the integral coordinate values around the maximun position, and
R(x;,y;) are the corresponding correlation coefficients, and by, by, by, by, b5, bs are the
undetermined coefficients.

SOLAR-B researched together and developed by Japan and the US, the vacuum
tower telescopes belonging to the National Solar Observatory at Sacramento, project
ANGARA on the Big Solar Vacuum Telescope2006,'¢ all calculate the displacement
using solar granulation®'® where solar images are visible wavelength (629-634 nm)
obtained by the camera as shown in Fig. 1 obtained from Solar Optical Telescope
(SOLAR-B SOT), the bright granulations are not changed over time and distrib-
uted, the sunspots are some dark areas on the solar heliosphere surface, where the
background temperature slowly drops from 6,000 degrees Celsius to 4,000 degrees
Celsius, where the region appears as a dark spot on the surface of the solar.

The spatial solar imager uses the solar EUV images to detect the image dis-
placement caused by the satellite itself and the evolution of the solar in real time.
Advantages of calculating the displacement using solar granulation images in visible
wavelength (629-634 nm) are that optical systems in visible wavelength are easy to
design, including detectors and optical lenses. Solar granulation changes slowly
compared to solar magnetic field images in EUV wavelength for solar activities, so it
is relatively easy to use solar granulation images in visible wavelength (629-634 nm)
to calculate the displacement. Shortcomings of calculating the displacement using
solar granulation images in visible wavelength (629-634nm) are structural com-
plexity for which complicated correlation tracker is normally adopted. Compared to
adaptive optical systems that image stabilizers are more simpler and less expensive,
so using image stabilizers is especially rewarding.

For solar activities such as solar prominence, solar flares, solar corona and sun-
spots®? are mainly shown in short-wave EUV and X-ray bands. It is more accuracy
to know solar active rhythm which can increase the accuracy of weather forecast by
observing the solar by space solar imager in this wave band. Solar magnetic field

Fig. 1. TImage of solar granulations in visible wavelength (629-634 nm).
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(c) (d)

Fig. 2. Solar magnetic field images in EUV wavelength: (a) in wavelength 94 A, (b) in wavelength 131 A,
(c) in wavelength 211 A and (d) in wavelength 335 A.

images of space solar telescope in EUV wavelength obtained from SDO AIA
(Atmospheric Imaging Assembly) which takes series remote sensing images of the
solar atmosphere through multi-band are shown in Fig. 2, which is 8-bit with
dimensions of 4096 x 4096 pixels in RGB, then we convert the truecolor image RGB
to the grayscale intensity image by forming a weighted sum of the R, G, and B
components with 0.2989R + 0.5870G + 0.1140B, in order to link the transformation
from the surface area to interior variation, and these four images taken within 6 min
could be supposed to be taken at the same time, that the consistency of the algorithm
to extreme ultraviolet image processing could be verified. The corona is the
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outermost layer of the solar’s atmosphere, radiating energy outwards through X-rays
or ultraviolet short wavelengths, you can see large, irregular dark areas in the corona,
which is called a coronal hole, and the distribution of the coronal hole can reach most
of the solar’s surface, especially in the polar regions of the solar. Solar flares are a kind
of intense solar activity, and in the speckle near the active area, a sudden increase of
light is seen in small areas. In a matter of minutes, they can be brightened several
times or even dozens of times, and mainly occur in short-wave radiation (X-ray and
ultraviolet), and their lifespan is between minutes and dozens of minutes, and the
brightness rises quickly and falls slowly. The flares appear frequently and the in-
tensity is stronger, especially in the solar peak year. The earth ionosphere is sensitive
to changes in solar soft X-ray radiation. Therefore, the X-ray flares are graded based
on the soft X-ray radiation intensity of 1-8 angstrom widely used in the world.
At present, the flares are divided into five levels, namely, A, B, C, M and X,
respectively, as the energy released increased in sequence, according to the magni-
tude of the peak flow of soft X-rays observed by the GOES satellite. The continuous
solar EUV images collected by the space solar imager are directly collimated with
high precision on the ground to enhance the signal-to-noise ratio of the images, and
higher resolution images could be obtained, there is no need to provide image dis-
placement through indirect detection of the visible wavelength (629634 nm) image,
and the application of this method is not highly time-sensitive.

Figure 3 shows the histogram drawings of solar granulation images in visible
wavelength in picture (a) and the four solar magnetic field images in EUV wave-
length in picture (b). Picture (a) in Fig. 3 shows that histogram of the solar gran-
ulation images in visible wavelength has approximately normal distribution. It also
shows that the gray level is concentrated in the higher gray level, the left sides and
right sides are roughly symmetrical. However, from picture (b) to picture (e) we can
see that there is no obvious rule in histograms of solar magnetic field images in EUV
wavelength, and the distribution is in a lower grayscale range and is more discrete.

%102 %10° DMDE <10°

0 100 200 0 100 200 0 100 200 0 100 200 a 100 200
(a) (b) (c) (d) (e)
Fig. 3. Histograms of visible wavelength images and EUV wavelength images of solar magnetic field:

(a) in visible wavelength (629-634 nm), (b) in wavelength 94 A, (c) in wavelength 131 A, (d) in wavelength
211 A and (e) in wavelength 335 A.
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Among these pictures, we can see that the histogram of solar magnetic field images in
94 A wavelength and the histogram of solar magnetic field images in 335 A wave-
length are quite similar, which both present the multi-peak discrete distribution.
Meanwhile, the histograms of solar magnetic field images in 131 A wavelength and
the histogram of solar magnetic field images in 211 A wavelength are very similar,
which both present single peak continuous distribution. These two grayscale dis-
tributions of the histograms of solar magnetic field images in EUV wavelength would
cause displacement analysis of solar magnetic field images in EUV wavelengths
merging two similar distributions, it will be discussed and verified in what follows.

2. Displacement Analysis Algorithm of Solar Magnetic Field Images
by Nonlinear Gradient Iteration

2.1. Model of intensity variation

We can find that previous papers assumed that the elementary hypothesis of the
algorithm is that the gray value at a physical point is approximately invariant
between a random point of the reference part area and the homologous point of the
changed part area, and the equation of this method can be expressed as?’

ﬂ(xjvyj) = 90(33;»1/;)’ .7: 1727 s, M, (3)

where 3(z;, ;) is the gray intensity value at the point (z;,y;) of the reference subset
image, ¢(x,y}) is the gray intensity at the homologous point (z7,4’) of the de-
formed part region, m is the quantity of pixels contained in the reference subset.
However, in the deformed images at different time the solar magnetic field evolution
and the rapid change in the solar active area usually exists and the offset and gain
variation of imaging device and nonuniform sensor pixels as well. Consequently, in
order to minimize measurement error, a more practical intensity variation model
could be adopted. Therefore, the connection of the intensity value of a physical point
between the reference part region and the homologous point in the deformed part
region can be expressed by a nonlinear intensity variation model,'® which considering
the scope and offset value of intensity is shown in Fig. 4.

ax B3 (zj,y;) +bx Blx;,y,) + c = o(z],y)) (4)

where b and a are the linear and cubic factors of the intensity changes, respectively,
and c presents the offset of the intensity changes.

2.2. Nonlinear gradient iterative algorithm

The solar magnetic field is continuously varying, so the solar image is deformed. In
order to analyze the deformed displacement values of a point (z.,y.), we need to
select a square subset around it. If the subset is small enough, the deformation
gradient of the subset in the changed image is invariable, and the coordinates of the
points (:17’7, y;) of the changed part region mapped to the points (x;,%;) around the
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ax B3(x;, y) +bx fx;, y;) + ¢ = @(x,y])

Reference subset Deformed subset
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Fig. 4. Intensity variation model of solar magnetic field images in EUV wavelengths with the point in the
reference part 91 x 91 pixels and deformed part 91 x 91 pixels.

part center (x.,y.) in the subset of reference could be indicated as
z=z;+ Ao+ 0,Az; + 0,Ay;, (5)
yi =y; + AT + 7, Az; + 7,Ay;, (6)

where Ao and A7 are the sub-pixel shift parameters of the reference part center in
orthorhombic directions, respectively; Ax; and Ay; are the difference values from
(x;,y;) to the subset center (z.,¥.), Az; =x; —x,, Ay; =y, — y.. Substituting
Egs. (5) and (6) into Eq. (4), the expression of the intensity at the point (z, ) in
the deformed part region and its homologous point (z;,y;) of the part of reference
image could be shown as:

Q](P) = W(x;7y9) —aX 53(xj7yj) —bx ﬁ(xjvyj) —c= 07 (7)
where P = [Ac,0,,0,,AT,7,,7,,a,b, T is the requested argument vector that
includes sub-pixel displacement gradients and displacements of the part, Eq. (7)

Q(P) can be solved by iteration algorithm as'”
Q(P*!) = Q(P") + VQ(P")(P*! — PF) =0, (8)
where P* and P*+! are the solutions in the iterative process, respectively.
VQ;(P) = [00)s Puj AT}, i AYj, Pyir 0y AT, 0y AY;, —5?, —B3;,—1], 9)

where ¢,; and ¢,; are the orthorhombic directional spatial gradient values of the
deformed subset of the point (z, ), respectively.
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For the j =1,2,...,m(m > 9) points, the solution of Eq. (8) can be acquired by
the iterative least squares method as

Pl = Pt — [VQ(PHTVQ(PH)-IVQ(PH)TVQ(PF). (10)

It should be considered that starting value of the unknown vector P must be given
before an iterative procedure. P = [Ao,0,,0,, AT, T,,7,,a,b, c]T is the requested
argument vector, and o,0,,7,,7,, which are sub-pixel displacement gradients, are
actually much less than Ao, A7, which are the sub-pixel shift parameters of the
reference part center in orthorhombic directions, respectively, so the initial values of

04y 0y, Tq, Ty are generally set to zero, b and a are the linear and cubic factors of the

intenysity changes, respectively, and c presents the offset of the intensity changes. In a
short-exposure time, solar magnetic field evolution is mostly linear, so the initial
values of a,c are generally set to zero, the linear b factor of the intensity changes
converge around 1 according to multiple simulation verification. Ao and A7 are the
sub-pixel shift parameters of the reference part center in orthorhombic directions,
respectively. According to the experimental results, when the initial values of p and ¢
are selected as 0.2 and 0.1, respectively, the number of iterations is the
lowest. In this paper, the initial value P of iteration can be adopted as P9 =
[0.2,0,0,0.1,0,0,0,1,0]7. The convergence condition of the iterative procedure is
repeated until the calculation tolerance ||AP¥||, < 0.01 or reaching the maximum
number of iterations.

The gray level go(:z;;,y;) and its corresponding gradients ¢,;, ¢,; must be pro-
vided, because the iterative points may not be at internal-pixel position during
iterative process. The general interpolation algorithm is cubic spline and bilinear
interpolation. The bilinear interpolation is to calculate the grayscale value based on
the grayscale value of the four adjacent points around it. The influence of the direct
adjacent points has been taken into account. The cubic spline interpolation con-
siders the influence of direct adjacent points, but also takes into account the in-
fluence of 16 surrounding adjacent points. Because the solar activity in a short
period of time is not particularly severe, there will be no high frequency change, and
there is need to deal with the high frequency signal, bilinear interpolation is much
less than cubic interpolation, and bilinear linear interpolation can satisfy accuracy
requirement, therefore, this paper uses the bilinear interpolation. After gray @(m},
y;) is calculated by adopting the bilinear interpolation algorithm, we get 41-by-41

matrix of gray ap(m},y;)7 however, Barron operator needs to calculate ap(a:/-(k> —

J
2017), e =Ly 0@l + 1) el 2.4, ey - 2),

(p(a:;-(k>, y;-(k) - 1),<p(w;-<k),y;-<k) + 1),90(x;(k),y;-(k) +2), so the 41-by-41 matrix of
gray @(x;, yg) is extended to a 45-by-45 matrix, and the newly added data refer to
the data of the former 41-by-41 matrix of gray cp(x;, y;) closest to the original data.

In this way, 41-by-41 matrix of the gradients ¢,;, ¢,; can be implemented with
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Barron operator!!

k) ok 1 k k 8 k k
eale) i) = el —2.4") - el — 1y")
8 k k 1 k k

+§<ﬂ(x}( 1,y —ﬁw(wf 2,y ), (11)
o oy L gy 8y )
‘Py(xj Y )—ESD(xj YT )_E@(xj Y~ )

8 k) ik 1 k) ik
+3ze@ 1) ey 12, (2)

k+1 k+1 k k k k
ey ) = (1 - o) (1 - 1) P,y ) + oy (1 - 7))l + 1,410

+75(1 = o)™y +1) + oo™ + 1,y 4 1), (13)

where 0; = Ao + 0,Az; + 0,Ay;, T; = AT + 7, Az; + 7, Ay;.

3. Checking the Deformed Displacement Field Images Measurement
in EUV Wavelengths by Numerical Simulated Experiments

3.1. I'mage processing to imitate the solar magnetic images
evolution in EUV wavelengths

In order to analyze the capacity of the presented algorithm for modified displacement
measurement of the solar magnetic field images, numerical simulated experiments
are conducted in this article owing to their easily controlled features.

First, reference images are downloaded from SDO, which are 8-bit solar EUV
magnetic field images with dimensions of 4096 x 4096 pixels as shown in Fig. 2, then
bilinear interpolation scheme is used ranging from 0.1 to 0.9 pixels by a pace of 0.1
pixels in both y direction and x direction to generate a series of translated images.
After that the shifted images are adjusted further artificially with brightness in-
creased by 10%. For solar activities'®!? such as solar prominence, solar flares,
solar corona and sunspots mainly show in short-wave EUV and X-ray bands, we
should consider that the deformed images at different time usually exist in the solar
magnetic field evolution and the rapid change in the solar active area and the offset
and gain variation of imaging device and nonuniform sensor pixels as well. After-
wards, images are handled to imitate true solar magnetic activation in EUV wave-
band using the following mapping function:

1.2 x Qim if Qin Z 0.9 Qin_ma)u
Qout = 1.1x Qim if 0.8 Qin_max S Qin <09 Qin_maxa (14)
Qim if Qin < 0.08 QIin_maxa

where Q. and @;, are on behalf of the solar field images which are after and before
handling, and @;, .« is the maximum gray value of each image.
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(a) (b)

Fig. 5. Crossing method schematic figure of subsets selection method in 211 A wavelength, and trans-
lation value in x direction as same as y direction is 0.9 pixels, and 30% increase in brightness: (a) nine
reference subsets, (b) nine corresponding deformed subsets.

In theory, you can take four points in the orthogonal direction to calculate the
deformed displacements of the translated images of the solar magnetic field images,
but because solar activities such as solar prominence, solar flares, solar corona and
sunspots are randomly distributed on the surface of the solar. In order to improve the
precision, the algorithm mentioned in this paper is adopted, using crossing scheme at
homogeneously distributed 9 points, the deformed displacements of the translated
images of the solar magnetic field images are calculated. On the Solar Optical
Telescope onboard SOLAR-B jointly developed by Japan and the United States,'
the displacement is achieved with the 13 shifted pixel areas.

Using crossing scheme at homogeneously distributed 9 points (see Fig. 5, the
distance between neighboring points is 1/3 solar image radius with a subset size of
41 x 41 pixels.), the deformed displacements of the translated images of the solar
magnetic field images are calculated.

3.2. Verification of parabolic least-square fit algorithm for deformed
displacement field images measurement in EUV wavelengths

Using parabolic least-square fit algorithm described in Sec. 1 and image processing
method described in Sec. 3.1, the mean error and square deviation of the displace-
ment of solar magnetic field images can be analyzed. In Fig. 6, note that the results
from 94 A resemble those from 131 A and 335 A, in the y direction, as sub-pixel
displacement increases, there are small fluctuations about the mean error and square
deviation, and the error is small. However, in the x direction, as sub-pixel
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displacement increases, there are small fluctuations about the mean error and square
deviation, but the error is much bigger. At the same time, for the mean error and
square deviation of the displacement of solar magnetic field images calculated by
221 A, which is similar to the other three bands, only the calculation results in 0 sub-
pixel y direction are much bigger than the results in the other three bands. It can be
known that using this method the mean error and square deviation of the dis-
placement of solar magnetic field images are both less than 50% in all EUV wave-
lengths, which are much bigger compared to the calculation results using nonlinear
gradient iterative algorithm calculated in Sec. 3.3. The primary reason is that the
parabolic least-square fit algorithm considering the gray value at a physical point is
invariant between a random point of the reference part area and the homologous
point of the changed part area as expressed in Eq. (3), and also that the deformed
images at different time usually exist in the solar magnetic field evolution and the
rapid change in the solar active area and the offset and gain variation of imaging
device and nonuniform sensor pixels as well.

3.3. Verification of nonlinear gradient iterative algorithm for deformed
displacement field images measurement in EUV wavelengths

Using nonlinear gradient iterative algorithm described in Sec. 2.2 and image pro-
cessing method described in Sec. 3.1, the mean error and square deviation of the
displacement of solar magnetic field images in EUV wavelengths can be accurately
analyzed. In Fig. 7, note that the results from 94 A resemble those from 335 A owing
to their similar histogram distribution, and the mean error and square deviation are
minimum near 0 sub-pixel in x direction displacement and 0 sub-pixel y direction
displacement, moreover the maximum values of the mean error and square deviation
are near three positions: near 0 sub-pixel in x direction displacement and 0.9 sub-
pixel y direction displacement, near 0.9 sub-pixel in z direction displacement
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images in EUV wavelengths by nonlinear gradient iterative algorithm, and 10% increase in brightness: (a)
in wavelength 94 A, (b) in wavelength 131 A, (c) in wavelength 211 A and (d) in wavelength 335 A.
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Fig. 7. (Continued)

and 0 sub-pixel y direction displacement, and near 0.9 sub-pixel in = direction dis-
placement and 0.9 sub-pixel y direction displacement. At the same time, the mean
error and square deviation of the displacement of solar magnetic field images cal-
culated by 221 A and 131 A are almost similar due to their semblable histogram
distribution, the minimum position is the same as 94 A and 335 A, however, the
maximum values of the mean error and square deviation are an area from 0.9 sub-
pixel in z direction displacement and 0 sub-pixel y direction displacement to 0 sub-
pixel in z direction displacement and 0.9 sub-pixel y direction displacement, it can be
known that using this method the mean error and square deviation of the dis-
placement of solar magnetic field images are both less than 5% in all EUV wave-
lengths, the calculation results are much smaller than the calculation results which
use parabolic least-square fit algorithm calculated in Sec. 3.2, the primary reason is
that nonlinear gradient iterative algorithm considering the connection of the
intensity value of a physical point between the reference part region and the
homologous point in the deformed part region can be expressed by a nonlinear
intensity variation model as expressed by Eq. (4), and the solar magnetic field
evolution and satellite attitude changes during solar magnetic field images acquisi-
tion can be easily incorporated, too.

3.4. Verification of the algorithm sensitivity to the solar magnetic
evolution and computational efficiency by nonlinear gradient
iterative algorithm

Applying the numerical simulated intensity variation scheme, two intensity varia-
tion cases (in which brightness are augmented by 20% and 30%) for each translated
image are achieved, as it is described in Sec. 3.1. Using the identical measurement
scheme in Sec. 2.2, the deformed displacements of the solar magnetic field images in
EUV wavelengths are analyzed. The mean error and square deviation of the

1950005-14



Int. J. Patt. Recogn. Artif. Intell. 2019.33. Downloaded from www.worldscientific.com

by NANYANG TECHNOLOGICAL UNIVERSITY on 03/16/19. Re-use and distribution is strictly not permitted, except for Open Access articles.

Displacement Analysis of Solar Magnetic Field Images in EUV Wavelengths

calculated deformed displacements under the applied sub-pixel displacements which
have various intensity alteration cases is illustrated in Figs. 8 and 9, and the results
show clearly that the mean error and square deviation computed increased in
brightness by 20% and 30% compared to those in Fig. 7, which are almost the
analogical distribution. Furthermore, similar behavior is shown in different intensity
variation cases, suggesting that for the solar magnetic field evolution, the method in
this paper has well accuracy and stability.

3.5. Verification of integration times of deformed displacement
field images measurement in EUV wavelengths by nonlinear
gradient iterative algorithm

A comparison of integration times of deformed displacement field images measure-
ment in EUV wavelengths by nonlinear gradient iterative algorithm as ranged
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Fig. 8. Graphs of mean error field and square deviation field of the displacement of solar magnetic field
images in EUV wavelengths by nonlinear gradient iterative algorithm, and 20% increase in brightness: (a)
in wavelength 94 A, (b) in wavelength 131 A, (c) in wavelength 211 A and (d) in wavelength 335 A.
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iteration-times

iteration-times.

Fig. 10. Comparison of iteration times of deformed displacement field images measurement in EUV
wavelengths by nonlinear gradient iterative algorithm in 94 A wavelength: (a) 10% increase in brightness,
(b) 20% increase in brightness and (c) 30% increase in brightness.

from 0.1 to 0.9 pixels by a pace of 0.1 pixels in = direction and y direction in three
intensity change models is given in Figs. 10-13. The figures of iterations shown in
Figs. 10 and 13 are quite similar due to their semblable histogram distribution, and
the iterations around the sub-pixel displacement are much more than those in the
center. Meanwhile, the figures of iterations shown in Figs. 11 and 12 are also quite
similar owing to their similar histogram distribution, and the iterations of sub-pixel
displacement in the four corners of x direction and y direction are less, and the
iterations of sub-pixel displacement in the four peaks of the center are much more.

iteration-limes
iteration-imes
iteration-limes

Fig. 11. Comparison of iteration times of deformed displacement field images measurement in EUV
wavelengths by nonlinear gradient iterative algorithm in 131 A wavelength: (a) 10% increase in brightness,
(b) 20% increase in brightness and (c) 30% increase in brightness.
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Fig. 12. Comparison of iteration times of deformed displacement field images measurement in EUV
wavelengths by nonlinear gradient iterative algorithm in 211 A wavelength: (a) 10% increase in brightness,
(b) 20% increase in brightness and (c) 30% increase in brightness.
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Fig. 13. Comparison of integration times of deformed displacement field images measurement in EUV
wavelengths by nonlinear gradient iterative algorithm in 335 A wavelength: (a) 10% increase in brightness,
(b) 20% increase in brightness and (c) 30% increase in brightness.
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Fig. 14. Comparison of computational time of deformed displacement field images measurement in EUV

wavelengths by parabolic least-square fit algorithm in 94 A wavelength: (a) 10% increase in brightness, (b)
20% increase in brightness and (c) 30% increase in brightness.
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Fig. 15. Comparison of computational time of deformed displacement field images measurement in EUV
wavelengths by parabolic least-square fit algorithm in 131 A wavelength: (a) 10% increase in brightness,
(b) 20% increase in brightness and (c) 30% increase in brightness.
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Fig. 16. Comparison of computational time of deformed displacement field images measurement in EUV
wavelengths by parabolic least-square fit algorithm in 221 A wavelength: (a) 10% increase in brightness,
(b) 20% increase in brightness and (c) 30% increase in brightness.
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Fig. 17. Comparison of computational time of deformed displacement field images measurement in EUV
wavelengths by parabolic least-square fit algorithm in 335 A wavelength: (a) 10% increase in brightness,
(b) 20% increase in brightness and (c) 30% increase in brightness.
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It is obvious that the algorithm in this paper is insensitive to the solar magnetic
evolution, and has better accuracy.

A comparison of computational time of deformed displacement field images
measurement in EUV wavelengths by parabolic least-square fit algorithm as ranged
from 0.1 to 0.9 pixels by a pace of 0.1 pixels in x direction and y direction in three
intensity change models is given in Figs. 14-17.

4. Conclusion

In this paper, a more robust deformed displacement analysis algorithm of solar
magnetic field images in EUV wavelengths based on nonlinear gradient interaction
and crossing method is presented. Both the cubic and linear factors of the solar
magnetic field evolution are taken into account, and also satellite attitude changes
during solar magnetic field images acquisition and the various sub-pixel displacement
measurement functions, which models can be easily incorporated into. So as to study
and evaluate the capability of the algorithm, lots of simulated experiments are done.
These experiments results have shown that, using this method, the square deviation
and mean error are all less than 5% in all EUV wavelengths, and similar behavior has
been shown in different intensity variation cases which suggest that the method in
this paper has well accuracy and stability for the solar magnetic evolution. This
algorithm is mainly applied in two aspects, on the one hand, the continuous solar
EUV images collected by the space solar imager are accurately matched on the
ground to enhance the signal-to-noise ratio of the images, so that the image reso-
lution is higher. This application does not require high real-time computing, and this
algorithm is very suitable. On the other hand, the sun image displacement caused by
the satellite itself and solar evolution is detected in real time by the solar images on
space solar telescope, but this application of the algorithm requires some precondi-
tions. High speed hardware calculation unit is required to ensure fast calculation of
iteration process, and the algorithm needs to be simplified according to practical
application, and the darker EUV signal is enhanced to allow rapid imaging by image
intensifier. The intensifier MCP and the photomultiplier are required, enhancing a
single photon to thousands of photons, which is illuminated to the detector, and the
darker EUV signal is enhanced to make it rapidly image. Moreover, the potential of
real-time displacement measurement in space solar telescope should be studied
in future work. Meanwhile, the further research extending this method to be used in
X wavelength still has much work to be done. And continuous phase removal
algorithm in exposure time will be my next work.
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