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Abstract The registration of multi-wavelength high-resolutionaoimages is an important task in the
research of solar physics. This paper proposed a coarfieetstrategy to realize the accurate registration
of high-resolution photospheric images and chromospherages observed by the New Vacuum Solar
Telescope (NVST) whose field-of-view is abalit~ 3’, and the spatial resolution can reachOafter
image reconstruction. In this strategy, the full-disk sataages with relatively lower resolution taken by
other space- or ground-based telescopes are taken agitrainsiages, and the Fourier-Merlin transform,
Template matching and a local statistical information dadgorithm are used in combination. After regis-
tration, the geometric transformation between multi-vianwgth images of NVST are corrected at the level
of sub-arcseconds, including the rotation, scaling andistedion relations. Two sets of data observed in
active regions (i.e., the NOAA 11982 and the NOAA 12673) aeduto illustrate our method step by step.
The result shows that the registration accuracy can reastthen 1. Moreover, this work also has facili-
tated the combination of high-resolution observations ¥SY with the continuum, ultraviolet passbands
and magnetic field observations of the Solar Dynamic ObsiervgSDO), which is highly beneficial to the
multi-instrument joint measurement of solar activities.

Key words: instrumentation: detectors — methods: observational -hrtieies: image processing — Sun:
general

1 INTRODUCTION The multi-wavelength solar images can be divided in-
) ) _ to two categories: full-disk images with low spatial reso-
It is well knowln that .the multl-wavelength.solar images |ytion (about 0.5-~2"") and local images with high spatial
can reveal a wide variety of the morphologies of solar acieso|ution (often less than @pthat have a partial field-of-
tivities at different atmospheric layers, which is impaa ey of full disk. For the full-disk image, taken in differen

for the study of the Sun (Zuccarello 2016). However, thesgyayelengths by different instruments, it is relatively eon
images are usually observed by different instruments withepjent to register them taking the advantage of the solar

different spatial resolution, orientation and differeelet | structures and the knowledge of observation informa-
scope mount systems (e.g., the Alt-Az or Equatorial teletion such as pointing information, plate scale, obseovati
scopes). Thus, image registration is a crucial step at thﬁme, etc. (DeRosa & Slater 2013; Yoshimura & Mckenzie
beginning of the studies so as to achieve the spatial €%015). In comparison, for the local solar image, particu-
alignment of these multi-wavelength images. Image regisraHy taken by the ground-based telescope, they often lack
tration is one of the basic image processes o match tWQccyrate position information. What is more, solar fea-
or more images of the same scene taken at different timegyes ysually present quite different morphologies in mult
from different sensors, or even from different viewpointsyayelength and the reference is hard to find. As a result, the
and in other conditions geometrically. So far, there are Rtudy of accurate registration methods for high-resofutio
lot of developed image registration algorithms, which hav%ulti-wavelength images is necessary. For a long time, it

been widely used in medicine, remote sensing and oth§fas carried out through simple cross-correlation or trial-
fields (Wolberg & Zokai 2000; Kennedy & Cohen 2003). nd-error method by use of some typical solar features

However, there are some specific difficulties in the regis-(e_g_ sunspots, pore, chromospheric brightening struc-
tration of multi-wavelength solar images.
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tures) to accurately register the multi-wavelength high-are described in details. Section 5 gives the discussion and
resolution solar images (Hong et al. 2016). But that isconclusions.

quite inefficient and the registration precision is always

low (greater than ). Recently, with the developmen- 2 INTRODUCTION OF ALGORITHM

t of solar fine structure research, the precise registration PRINCIPLES

of solar images has made a lot of progress. Feng et al. )
(2012) proposed a sub-arcsecond image registration af-1 Fourier-

gorithm for low signal-to-noise ratio images to achieverne Fourier-Merlin (FM) transform based registration
the correlation alignment of single-wavelength solar im-,athod was proposed by Chen et al. (1994). It is

ages. Yue et al. (2015) suggested an approach based @fhely studied and used in image processing field

information entropy and scale-invariant feature tranSfor(Ayyalasomayajula et al. 2011). In general, FM transform
m (SIFT) algorithm to improve the registration quality of o5y he realized by performing a log-polar coordinate trans
single-wavelength solarimages. Feng et al. (2018) adoptegmation followed by the Fourier transform. The core idea

a method of combining local statistical information with ot the F\ transform method is to convert the problem of
control points matching to achieve high-precision regisyy,qe rotation and scaling to the translation problem in

tration between the photospheric images taken by groungsy_nojar coordinates, taking the advantage of the Fourier

based telescope and taken by space-based telescope. Ygngsform properties. Supposing two images, reference im-
et al. (2018) used a scale-invariant feature point matchlngge —f1(z,y), sensed image f(z, ), with rotation, scal-

method to solve the registration problem of solar magnety,, ang translation relations, the geometric transforomati
ic field images from different instruments. Ji et al. (2019)patween them can be represented as

developed an automatic mapping approach to determine
the position of local solar image on the helioprojective-
cartesian coordinates using an improved SIFT algorithm.
All these methods have greatly improved the accuracy of
solar image registration. Nevertheless, they are aimed athere, », s and (Az, Ay) are the rotation, scaling and
images taken from single wavelength and cannot be directranslation parameters respectively. Hereafter, we @enot
ly used for the registration between multi-wavelengthisolathese geometric relations as RST (Rotation, Scaling and
images. Translation) transformation. Applying the Fourier traorsf

m to Equation (1), we have

Merlin Transform

fa(z,y) = fi(Az+s(z cos p—ysinp), Ay+s(zsin p+ycosp)), (1)

The New Vacuum Solar Telescope (NVST) of the
Fuxian Solar Observatory (FSO) is a hew generation so-
lar observation facility of China (Liu et al. 2014). One Fz(u,v) = v Fi( " ; » ),
of its main scientific goals is to observe fine solar struc- @
tures at different layers using multi-wavelengths, inelud
ing Ha, TiO-band, G-band and Call H and K lines (Xu et Where, theF (u, v) and F;(u, v) is the Fourier transfor-
al. 2014). The highest spatial resolution can achieve abot® Of f1(z,y) and f2(z, y) respectively. Carrying out log-
0.1” (the diffraction limit resolution) at TiO-band after im- Polar transformation for Equation (2), thatiss= e’ cos ¢,
age reconstruction. In this paper, we propose a coarse-t8- = €’ sin¢, and taking the magnitude of both sides of
fine strategy, in which different registration algorithme a Equation (2), we obtain the equation:
combined to realize the accurate co-alignment of multi-
wavelength images of NVST with the precision of sub-|F.(e” cos ¢, e’ sin )| = S%m (€771 % cos(B+), €” 18 sin(6+¢))|.
arcsecond. During the process, the full-disk solar images ©)]
after coordinate calibration is used as transition imagesEquation (3) is symbolized as follows:
and the Fourier-Merlin transform and Template matching ip 1 ,p
algorithm are used to carry out an initial localization of My (p,9) = 5 My (p—logs,0+ ), (4)
each single wavelength image pairs with pixel-wise preci; Equation (4) is called the FM transform.
sion. In addition, a local statistical information based al

gorithm is applied to improve the registration precision to The gdvantage of the.FM transform methpd s the low
sub-pixel-wise. complexity and computation cost of the algorithm, but the

disadvantage is that the accuracy of the parameters estima-

The rest of this paper is organized as follows. Intion in sub-pixel level is not very good. In this paper, the
Section 2, the basic algorithm principles are introducedFM transform is used to estimate the rough RST parame-
Section 3 introduces the characteristics of the obsemvatioters between full-disk solar image and high-resolution so-
data. In Section 4, the registration steps and result aisalyslar image.

—j2n(Azut+Ayv)

e ucosp +wvsing —usinp + vcosp
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2.2 Template Matching ed pixel-by-pixel across the source image to evaluate the

o ) cross-correlation coefficient value at each position, and
Template matching is an approach to determine the posjran an NCC matrix is formed, denoted py, y). The

tion of a given template in a source image with large size. I og¢ ocation of the template in source image is the posi-
is widely used in the computer vision field such as motion;, corresponding to the index of the maximum NCC val-

estimation, target detection, feature tracking, image mogq (0(2,y)mas). Let t(x, ) denote the template with the
saic, etc. (Luo & Konofagou 2010; Smeulders et al. 2014);,4 ), « n, andf(z, ) denote the source image with the

The most popular and effective way to realize the Templati;a 17 « N wherem < M andn < N. Then. the NCC
matching is Normalized Cross-correlation (NCC) basedy atrix is defined as

method. In the NCC-based method, the template is shift-

SIS flw iy + )G, §) — mnfi gt

p(‘r1y) = X X _ X X B 1/2 * (5)
(S Shm £ + i,y + ) — mnf2) (0 S35 200, 5) — mni?) }
In Equation (5),f; ; denotes the mean value of large 3 OBSERVATIONS
target imagef (z, y) within the area of the templateshift- ) ) ) ) _
ed to(4, j) which is calculated by The aim of. this work is tg realize the qccurate registra-
tion of multi-wavelength high-resolution images observed
- ] Hmolitncd by the imaging system of NVST. An active region NOAA
fii= — Z Z f(z,y) (6) 11982 observed on 2014 April 25 is used to demonstrate
r=i  y=j our registration method. The data sets used here include:

Similarly, ¢ is the mean value of the templater, y), 0 — TiO/NVST: High resolution photospheric images tak-
i <m-1,0<j<n-10<x<M-m0<y en at the TiO-bandX705.8 nm) by NVST (Fig. 1(a)).
N —n. The field-of-view is abou4” x 74" (1860 x 1860
Due to the normalizatiorp(z, y) is robust to differ- pixels). The pixel sample is 0.04ixel .
ent lighting conditions across the image and less sensitive— Ha/NVST: High resolution chromospheric images
to noise. But the main drawback is that the calculation of  taken at the Id (A\656.3 nm) by NVST (Fig. 1(b)). The
Equation (5) is computationally expensive. A relatively ef field-of-view is aboutl31” x 131" (810 x 810 pixel-
ficient way of calculating the NCC matrix is by using the s), which is almost two times larger than TIO/NVST
Fast Fourier Transformation (FFT) to compute the cross- image. The pixel sample is 0.16Bixel~".
correlation value and then using sum-tables to perform the — SDO/HMI: Full-disk photospheric image taken at the
normalization (Hanebeck 2001). In our strategy, the NCC-  continuum by the Helioseismic and Magnetic Imager
based template matching is used to perform an initial esti-  (HMI) on board SDO spacecraft (Fig. 1(c)). The image
mation of the position of high-resolution solarimage inthe  size is4096 x 4096 pixels, and the pixel sample is

<
<

full-disk image with pixel-wise precision. about 0.3 pixel~!.
— GONG: Full-disk Ha image taken by the Global
2.3 Local Statistical Information Based Algorithm Oscillation Network Group (GONG) (Fig. 1(d)). The

image size i2048 x 2048 pixels, and the pixel sample
For the purpose of further improvement of registration ac- s about 1 pixel~.

curacy obtained from FM transform method and Template

matching, a local statistical information based algoritem 4 REGISTRATION STEPS AND RESULT

proposed here, in which, both reference image and sensed onaLYSIS

image are divided into the same number of subsets with

equal size. The cross-correlation of each subset pairis caGenerally speaking, the implementation of the coarse-to-
culated to determine the displacement of the subset paifine registration strategy in this work consists of three
Then we can obtain the matched points of all subset pairstages. Stage 1: Coordination calibration of the full-disk
according these displacements. Finally, the control gointsolar image. It is aimed at carrying out accurate co-
(CPs) are selected from these match points with some cralignment between full-disk solar images of SDO/HMI and
terion, which are used to calculate the fine RST transforGONG by means of standard process along with some spe-
mation parameters. cific processing proposed in this paper. Stage 2: Accurate
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Fig. 1 Observations of the active region NOAA 11982 on 2014 April @) High-resolution photospheric observation at the Tadd
observed by NVST. (b) High-resolution chromospheric obestion at Hvy line center obtained by NVST. (c) A full disk continuum
image taken by the SDI/HMI. (d) A full disk chromospheric igeaprovided by the GONG.

registration between high-resolution photospheric imagangle, solar East-West and North-South axes calibrations.
and full-disk photospheric image. Using FM transform, theAfterwards, it is found that there is still a certain systéima
coarse co-alignment between them is realized. Afterwardsleviation with maximum value about 7 pixels3.5’) n-

the local statistical information based method is carriecear the solar limb. This systematic deviation may be caused
out to obtain the fine registration between them. Stagéy insufficient correction in the calibration of the solar P-
3: Accurate registration between high-resolution chromoangle (Hernandez et al. 2004; Hughes et al. 2013; Liang
spheric image and full-disk chromospheric image. In thiset al. 2017), and it is a rotational problem. Because the P-
stage, the coarse registration step is implemented based angle value in the header information of the GONG image
the Template matching algorithm, and then the local statisis not very accurate, it is not fully corrected during coerdi
tical information based method is used again to achieve theate calibration. Hence we propose to remove this devia-
fine registration of the chromospheric images. tion by calculating and correcting the residual rotation an
gle using large sunspot features. We firstly select sunspots
on the full-disk solar images, which can be recognized in
both the SDO/HMI images and GONG images, and then
we use the center-of-gravity method to calculate the cen-
At the beginning, the GONG image is calibrated with ref-troid of each sunspot. The rotation angle is calculated by

erence to the SDO/HMI image coordinate system by using N
the SolarSoftWare IDL (SSWIDL) package (Brown et al. 0 — Z arctan [ 2229 ) _ aretan Yi — Ye N

P T; — Te xh — T ’
)

4.1 Stage 1: Accurate Co-alignment of Full-disk Solar
Images

2010). The calibration process includes a series of coordi- -
nate corrections, such as plate scales, roll angles, selar P
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Fig. 2 Accurate co-alignment of the full-disk solar images. (a)C8BMI full-disk image used as the reference image. (b) Tignad
GONG full-disk image. (¢) SDO/HMI sub-image cut from thelfdisk SDO/HMI image. (d) GONG sub-image cut from the fuiskl
GONG image, and the intensity contour of the SDO/HMI sunspatver-plotted on the GONG sub-image showing the co-dpattia

these two images.

where, the (x.,y.) denotes the solar disk center of 18601
SDO/HMI image. The(z;,y;) is the centroid of each
sunspot in SDO/HMI image, and the,y;) is the cor-
responding centroid of sunspot in GONG image. The rota-
tion deviation is calculated to b&368° and is corrected.
The alignment accuracy is quantitatively expressed by the
root-mean-square error (RMSE), which is calculated to be 744
0.953 pixels (0.476). The results are shown in Figure 2. o
Sub-regions, with field-of-view larger than NVST observa- 372F :
tions, are cut from the full-disk images based on the mor- W s
phology of active region NOAA 11982 (see Fig. 2(c) and olm PXCIS o, .
Fig. 2(d)). 0 372 744Pixellll6 1488 1860

1488

1116

Pixel

4.2 Stage 2: Registration of Local Photospheric Fig.3 The TiO/NVST image as the reference image is super-
posed by the CCPsblue dots) and the corresponding cross-

Images - on .
9 correlation displacemenble bars) (Color version isonline).

Sep 1. Coarse alignment: Based on the fact that there may
be a large rotation and scaling relation between TiO/NVSTvery suitable for this situation. Initially, the high-rdstion

image and SDO/HMI image, the initial registration be- TIO/NVST image is down-sampled to the magnitude of
tween them is realized by FM transform method which isSDO/HMI image resolution. Thefy(x,y) and fa(z,y)



103-6 R. Wang & Z. Xu: A Coarse-to-Fine Strategy

3276 FgTTITTTT T 1860
2621} {1305t
_ 1966 - ]
2 " 930§
~ 1310} by =@ s .
655F W 195 = ® .
o BRI S 0 . . :
0 655 1310 1966 2621 3276 0 465 930 1395 1860
1860 fETT : : 1860
1395} - Jises
2 930k { 930t
A d i@y
a65F (@ + {465
0 / EESl 0
0 465 930 1395 1860 0 465 930 1395 1860
Pixel Pixel

Fig.4 The registration result between the full-disk image and/M\@ZST image. (a) A subregion taken from the SDO/HMI image
before registration processing. (b) The SDO/HMI sub-imafger fine alignment that has the same field-of-view as TiCBWT\image.
(c) The TIO/NVST image with the sunspot intensity contourthe SDO/HMI sub-image after fine alignment over-plottedto(d) The
aligned GONG sub-image superposed with the sunspot ityecmitours of the SDO/HMI sub-image after the fine alignment

local statistical information. The TiIO/NVST image and
SDO/HMI sub-image derived from step 1 are used to cal-
culate the fine RST parameters with sub-pixel-wise preci-
sion. Firstly, both images are divided intd x 11 over-
lapping subsets with a size 60 x 160 pixels. Secondly,
the cross-correlation between each pair of subsets is-calcu
lated to determine the displacement between them. Only
the displacements which are less than a specific thresh-
old will be retained. The Cross-correlation Control Points
(CCPs) pairs are obtained by using the centers of valid sub-
set pairs and the corresponding displacements. Eventually
0 372 744Pixell“6 1488 1860 121 CCPs pairs are obtained in this step. Figure 3 shows
Fio5 The GONG sub.image as the reference imade is su ethe locations of CCPs and displacements distribution. As
pogsed by the CCP&lue dots)%listribution and the correiponding e _can see, these d|splacemer_1ts pres_er?t asystematic distr
cross-correlation displacementsue bars). bution. They are very symmetrical, pointing away from the
center of the image, increasing from the center outward,

in equation (Eq. (1)) correspond to the SDO/HMI Sub_and soon. It impligs that there is still.geon?e.tric mi-salign-
image and the down-sampled TIO/NVST image, reSpeC[nent between two images d_ue to the msufﬁueqt alignment
tively. Then, the coarse RST parameters are computed kﬁﬁer FM transfo.rmatlon. US'”Q thgse CCPs pairs, we con-
FM transform method as: rotation @, scaling is 1.04, struct the coordinate relation matrix apd cglculate the fine
translation is (61,80) pixels. After that, the SDO/HMI sub- RST paramgters by least square estimation (Wang e'F al.
image is transformed according to these parameters, ar_?c?ls)' The flne.RS_T parameters arg a§ follows: rotation
another sub-region is cut which has almost the same field§_ —0.1208, s.calmg is 0.991, translation is (3'117’,5'870)
of-view as TIO/NVST image. Meanwhile, the correspond-_p'xe_ls' By using these RST parameters, a polyn0m|_al warp-
ing sub-region in GONG image is also cut. Finally, the"9!S performepl to the-SDQ/HMI and GQNG sub-lmages
coarsely aligned SDO/HMI sub-image and GONG sublo realize the fine _regls_tratlon of thes_e images. Figure 4
image are up-sampled to TIO/NVST resolution. shows the final registration result of this stage.

Sep 2: Fine alignment: In this step, we refine the After the final correction, we calculate the local cross-
alignment accuracy by the registration method based ocorrelation displacements again. These displacements are
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dramatically smaller than those before the final correctionTherefore, the final registration precisiorvis= 0.68".
We further calculate the RMSE of these non-zero displace-
ments and regard it as the final registration accuracy i@.5 Application to Solar Active Region NOAA 12673
stage 2, which is 2.79 pixels (0.11)2
Another active region NOAA 12673 were also well ob-
4.3 Stage 3: Registration of Local Chromospheric served by NVST on 2017 September 5. Compared with
Images the active region NOAA 11982 mentioned above, it har-
bors several mature sunspots. The umbra, light bridges and
Step 1: Coarse alignment: Since the large rotation and sheared penumbra are well exhibited in the TiO photo-
scaling have been corrected in stage 2, the NCC-basegpheric image of NVST, while quite different morpholo-
Template matching algorithm is used here to initially es-gies like loops and light patches present in the ¢hro-
timate the field-of-view location of the co-spatial GONG mospheric image. We apply our registration method to the
sub-image (i.e., the template) omHNVST image (i.e., multi-wavelength observations, including TIO/NVST pho-
the source image) with pixel-wise precision. As a resulttospheric image, H/NVST chromosphericimages, the ex-
the origin of the GONG sub-image is located by Templatereme ultraviolet (EUV) images and the magnetogram of
matching at (567, 535) in t/NVST image. SDO.

Sep 2: Fine alignment: At the beginning, K/NVST For the coarse registration of photospheric images, the
image co-spatial with GONG sub-image is cut out accordRST parameters are calculated by FM transform as fol-
ing to the initial location result of Step 1. Then, the reg-lows: rotation is 7.87% scaling is 0.98, translation is (32,
istration method based on local statistical information is38) pixels. At the step of fine registration of photospher-
used again to refine the registration result to a high acic images, both images are divided into 121 subsets the
curacy with sub-pixel-wise. Both images are divided intosame way as the above data set (NOAA 11982), and 121
11 x 11 overlapping subsets with a size2#0 x 230 pixels ~ CCPs pairs are obtained to calculated the fine RST param-
for each subset to calculate the local cross-correlatien di eters as: rotation is —0.0181scaling is 0.9874, transla-
placements. Figure 5 shows the displacement distributiongon is (5.3983, 12.776) pixels. Figure 7 shows the final
of the CCPs pairs between the co-spatia/NVST image  result of the stage of local photospheric images registra-
and GONG sub-image. A number of 118 CCPs pairs ar¢ion. From Figure 7(c), we can see that the sunspot contour
obtained to calculate the rotation, scaling and transiatioof SDO/HMI sub-image after fine registration has a good
parameters to be —1.01911.0427, (-48.2284, —21.827) coincidence with the sunspot of TIO/NVST image. For the
pixels, respectively. Again, a polynomial warping is per-initial position estimation of chromospheric images, and
formed to the coarse alignedoNVST image by using the origin point coordinate of GONG sub-image is locat-
these parameters, to realize the fine alignment. Figure €d at (219, 366) in H/NVST image. At the step of fine
shows the final registration result of this stage. As shownmegistration of chromospheric images, the images are di-
in Figure 6(c), in order to demonstrate the alignmentresultvided into 121 subsets equally with a size320 x 320
we over-plot the intensity contours of the Ha/NVST on thepixels for each subset, and 108 valid CCPs pairs are ob-
GONG image. We can see that contours outline the largeained to determine the fine RST parameters to be as: rota-
scale bright features in the low resolution images well. Theion is —0.3964°, scaling is 1.003, translation is (-7.3152,
final registration RMSE accuracy of stage 3 is 11.74 pixel81.733) pixels. Figure 8 shows the final result of the stage

(0.470). of local chromospheric images registration. Figure 8(c)
demonstrates the well co-space of the bright feature in
4.4 Accuracy Analysis Ha/NVST image and GONG image. Eventually, the final

registration accuracy of the active region NOAA 11982 is
In order to analyze the final registration accuracy of outcomputed as 0.97

method quantitatively, a compound RMSE is introduced.  gigyre 9 shows the registration results of the active

Considering the errors produced in the three main regisr‘egion NOAA 12673 image observed by NVST in TiO-
tration stages (i.e., the full-disk alignment RMS&: (= |54 (Fig. 9(a)) and in & wavelength (Fig. 9(d)), along
0.476"), local photosphericimage alignmentRMSE, & \yith the correspondence SDO/HMI sub-image after final
0.112"”) and local chromospheric image alignment RMSEregistration (Fig. 9(b)), the vector magnetogram of SDO
(0. = 0.470"), the compound RMSE can be calculated,(Fig_ 9(c)), and SDOJAIA sub-images in the 3843354,
according to the theory of error transfer, by the following 1314, 171 A, 211 A wavelength channels (Fig. 9(e)-(i)).
error transfer equation: The sunspot intensity of TIO/NVST image is contoured on
itself, the SDO/HMI sub-images and magnetogram images

o= 1/0? + og +02. (8)  respectively, which presents a good spatial relationsiip b
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Fig.6 The registration result between local chromospheric ima@® The H/NVST image before registration. (b) ThedtNVST

image after fine alignment. (c) The GONG image with the brigifion intensity contours of &dNVST after fine alignment over-
plotted on it.
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Fig.7 The registration result between the full-disk and TiO/NVi&iages of the active region NOAA 12673. (a) A subregion taken
from SDO/HMI image before registration processing. (b) Bi2O/HMI sub-image after fine alignment which has the same-fiel

of-view as TiIO/NVST image. (c) The TIO/NVST image with sunsmtensity contours of SDO/HMI sub-image after fine aligmh
over-plotted on it.
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Fig. 8 The registration result between local chromospheric imaj¢he active region NOAA 12673. (a) ThedNVST image before

registration. (b) The H/NVST image after fine alignment. (¢) The GONG sub-image Wit bright region intensity contours of
Ha/NVST after fine alignment over-plotted on it.

tween active phenomena and magnetic field. For exampl®, DISCUSSION AND CONCLUSIONS

we can see that the correspondence of bright bridge and the

polar inverse line from Figure 9(c). Then the brighteningln this paper, we have suggested a coarse-to-fine strategy

structure intensity of H/NVST image is also contoured to achieve precise registration of multi-wavelength solar

on itself and the EUV sub-images of SDO/AIA, which re- images. Multiple algorithms, i.e., FM transform, Template

flect a nice spatial correspondence between the high tenmatching, local statistical information based algoritlaneg,

perature brightening region in each SDO/AIA wavelengthused in our method. By using this methodyMIVST im-

channel. age and TiO/NVST image are registered with a precision
of less than 1. This strategy not only solves the registra-
tion problem of solar images observed in different wave-
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Fig.9 The registered multi-wavelength images of NVST obserwvatiand SDO observations. (a) The reference TiO/NVST image;
(b) the SDO/HMI sub-image after fine alignment. (c) The vectagnetogram of SDO after fine alignment. The sunspot iittens
contours of TIO/NVST is over-plotted on these three imagdsThe Hv/NVST image after fine alignment. (e)-(i) The EUV sub-

images of SDO/AIA in the 304, 3354, 131 A, 171 A, 211 A wavelength channels with the contours of the brightenigjan of
Ha/NVST image after fine alignment over-plotted on them.

lengths by one piece of equipment (e.g., NVST), but als@resent work, which can be easily co-aligned accurately.
can realize the co-alignment of images taken by differenf\s a result, the registration accuracy is certainly limibgd
equipments. It is very beneficial for the multi-instrumentthe resolution of the full-disk solar image. Additionallye
conjoint analysis of solar activity phenomena. number of the CCPs also plays an important role in the fine

h _ _ hould registration stage of our method. It relates to the field-of-
There are some important issues we should pay atter\'/"lew, resolution and signal-to-noise of solar images. The

tion to during the registration process. That is the multi-

: ! ) greater the number of CCPs the better the registration ac-
wavelength observations, which often present differen-

¢ hologies in diff | h curacy we can achieve. But it is needed to take care of the
th_eat_ures_ or Lnorph OOgIﬁS nd erent wave /engt S- INhalance between the accuracy and time consumption of the
this situation, the photosphericimage (e.g., TIO/NVST Im'algorithm. In case of NVST observations, we have found

age) cannot be directly aligned with the chromospheric imihat about a hundred CCPs are enough for the accuracy of
age (e.g., H/NVST image), particulary in the observation sub-arcsecond

of solar filaments, chromospheric fibers, or quiet region
spicule, etc. Therefore, a “bridge” is needed as a tramsitio  If there is no full-disk image available, a scheme of

to connect these images. We take the full-disk solar imagdense wavelength scan observation by use of the Lyot or
observed in the similar wavelength as this bridge in oufFabry-Perot filter system can be adopted. In that scheme,
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each adjacent off-band image shows many quite similaFeng, S., Deng, L., Shu, G., et al. 2012, IEEE 5th Int. Conf.
features and can be exploited as the bridge, which will on Advanced Computational Intelligence (ICACI), 626, (New
be studied in our further research. For the co-alignment york: IEEE)

of quiet atmosphere data where no sunspots or pores aranebeck, U. D. 2001, in Proceeding of Spie on Optical Ratter
observed by the high resolution local images, our method Recognition XII, 4387, 95

cannot work very well, since the weak-contrasted featuresiernandez, I. G., Durney, B. R., Komm, R., et al. 2004, Ap5, 60
(e.g., granules) cannot be recognized in the full-disk ienag 554

clearly. For this case, we prefer to use the so-called dpticaHong, J., Ding, M.-D., Li, Y., et al. 2016, ApJ, 820, L17
calibration method, which is independent of the solar feaHughes, A. L. H., & the NISP Interiors et al. 2013, Technical
tures. More details of the optical calibration method can be Report No. NSO/NISP-2013-004

found in Wang et al. (2018). Ji, K.-F., Liu, H., Jin, Z.-Y., et al. 2019, Chin Sci Bull, 62738

) (in Chinese)
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