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AL R TTESUE A SE BRI ) 45 2R R BT VL LA TR 100 214,
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X e bRl R EORE, HLas 5 2 3R A5 1 45 R B 176 2B A5 X B 7 0
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Abstract

Abstract

The solar activity has a significant impact on humanity and the space environ-
ment between the Sun and the Earth. The solar magnetic field, as an important physical
quantity for observing solar activity, has always been a key research direction in the
field of solar physics. In ground-based solar magnetic field measurements, sunlight
passes through the Earth’s atmosphere, the telescope system, and the filtering system in
sequence. After polarization demodulation, it is imaged on the detector and then cali-
brated to obtain the solar magnetic field. The Huairou Solar Observation Base is one
of the first bases in the world to conduct routine observations of solar vector magnetic
fields, accumulating vector magnetic field data from nearly four solar activity cycles.
The narrowband filter magnetograph at the Huairou Solar Observation Base observes
at a fixed wavelength point to obtain polarized images, and then obtains vector mag-
netic fields through linear calibration. Fixed wavelength point observations can cause
a weakening of the measurement signal of the strong magnetic field in the umbra of
sunspots (commonly known as the saturation effect). At the same time, due to the influ-
ence of mechanical errors and temperature drift, wavelength drift can also cause signal
weakening and inaccurate calibration parameters. The impact of Earth’s atmospheric
turbulence on the measurement of solar vector magnetic fields also affects the release of
high-quality data from the Huairou base, in addition to which, the Huairou Solar Obser-
vation Base lacks long-term turbulence assessment and analysis. In the era of big data
and artificial intelligence, machine learning is widely used and gradually increasing its
application in the astronomical field, including the solar domain. Machine learning is
a method to achieve artificial intelligence, suitable for nonlinear fitting of massive data
and mining of hidden variable relationships, while also supporting the construction of
neural networks embedded with physical information. This paper attempts to solve the
above problems based on the massive accumulated observation data from Huairou, im-
proving the measurement accuracy of solar vector magnetic fields at the Huairou Solar

Observation Base, and conducts research work in the following three directions:

1. Calibration of the observed wavelength points based on neural networks (MLP,

Multilayer Perceptron)
When the filter-type magnetograph observes at fixed wavelength points, the ob-

served wavelength points are affected by temperature changes, mechanical errors, and
other factors, causing deviations. The traditional wavelength point calibration method
calibrates the observed points by fitting the spectral profile, which is time-consuming
and cannot correct the observed wavelength points in real-time. To address this, an ef-

ficient calibration method for observed wavelength points based on neural networks is
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proposed. This method first analyzes the differences in image features at different wave-
length points and designs an effective data preprocessing scheme. Then, a nonlinear re-
lationship between real-time observed images and corresponding observed wavelength
points is established through neural networks under machine learning. The results of
method verification and actual testing show that this method is more than 100 times
faster than existing methods and can monitor the operating status of the equipment. Fi-
nally, a solution is proposed to overcome the need to retrain the network after frequent
repairs of the magnetograph system. This method can achieve real-time calibration of
filter positions, effectively reducing the shortening of the filter’s working life caused by
frequent motor rotation during the calibration process, and improving the efficiency and

stability of ground and space solar magnetic field observations.

2. Study on the removal of magnetic saturation effect in the longitudinal field using

convolutional neural networks

The Helioseismic and Magnetic Imager (HMI) on board the Solar Dynamics Ob-
servatory (SDO) observes at six wavelength points and obtains the solar magnetic field
through inversion, with accurate measurement results. We use the HMI magnetic field
as a label and conduct research on the removal of magnetic saturation effects in the
single-point observed magnetic field at the Huairou base using convolutional neural
networks. First, the images are preprocessed: the image sizes of the two instruments
are adjusted to the same size of 1024 x 1024, and the Huairou data and HMI data are
aligned using the SIFT (Scale Invariant Feature Transform) algorithm to establish a ma-
chine learning dataset, and mirroring, flipping, and other methods are used to augment
the alignment. Using ResNet to establish the mapping relationship between the Stokes
parameters I, V, and H obtained from SMAT and the longitudinal field B; obtained from
HMI, the loss function design in the training process strengthens the weight of the activ-
ity area. In the full-disk results, the correlation between the magnetic field obtained by
machine learning calibration and HMI is 0.859, higher than the correlation between the
linear calibration result and HMI (0.705). At the same time, from the face map of the
calibration result in the dynamic activity area, the result obtained by machine learning
clearly conforms more to the scientific law that the magnetic field in the umbra region of
sunspots is stronger than the surrounding area. This indicates that convolutional neural
networks can effectively improve the magnetic saturation effect brought by linear cal-
ibration. At the same time, this paper explains the internal mechanism of the network

through the calibration curve.
3. Estimation of historical daytime seeing at the Huairou base based on MLP

The quality of seeing is a decisive factor affecting the quality of astronomical ob-
servation images. Currently, daytime seeing data is mainly obtained through the Solar
Differential Image Motion Monitor (SDIMM) or the spectral ratio method. Due to the

v



Abstract

non-identity of SDIMM and actual observation instruments, the measured seeing cannot
reflect the actual seeing situation at the time of data acquisition, nor can it retrospec-
tively analyze the atmospheric seeing corresponding to historical observation data. The
spectral ratio method requires massive short-exposure data, and the computational cost
is huge. Based on the difficulties faced in astronomical observations, this paper pro-
poses a method for estimating daytime seeing based on neural networks. This method
first calculates the corresponding seeing r(, using the spectral ratio method for the ob-
tained short-exposure data to construct a dataset. Then, principal component analysis
is used to reduce the dimensionality of the data, and a nonlinear regression relationship
between the narrowband filter solar photospheric observation image and seeing is es-
tablished through a neural network. The results of the experiment on the training set
and test set show that this method can be used to estimate seeing. Using this method to
estimate the seeing at the Huairou Observation Base in 2020, the median value of seeing
is 2.89cm. A long-term statistical analysis of the historical observation data from 1989
to 2010 shows that the median value of the seeing corresponding to the historical data
released by the Huairou base is around 3c¢m, with more than 40% of the seeing above
3cm, and the best seeing is in September of each year, which validates the long-term
stability of the seeing at the Huairou base. This provides a reference for the release of

high-quality data at the Huairou base.

Key Words: Machine learning, high-precision magnetic field measurement, calibra-
tion of the working spectral line wavelength position, magnetic field calibration, and

estimation of seeing
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1.1 KFBRIHMZEE T
1.1.1 XKFESXK[FR#%

EFHREF, 5ANRRRZEAFHVIRER AR, KHMAAEf ek FE
BAMAELERDCMI, A APARKRA TE YIS, FE R TSR H
W Ot BILEEES, BONIERAINNERE, BRRNL, [EEML, #EXR
FEPEFAMIZE R . N RBIFR B MR E LS D, AW T =8 290, FiKm
RN E AR ) 2 A R PR s TR 2 M, R T W VR N T
HHAFE. AR LEKHIBITRAE; KFEFFRERE T 200 8 N4
KFHEARF LR, BT ek R SESE, X5 @ H 1R 2 ZRER AR A
REHER BER R R

K BEB SRR} 22 1 R fe BA oy EEME AT R . B, KPR
FON R R A B . KPH R AR i A, 12 Nt ——
ANET LA IS Sy HER (ARl IS 61D R R DL 2 A A R T A B L
ER SRR SR A A (S IT 58 4%, 2020). VEN— s R TE 2, X RBH K
FEAWTAA B T3AT 7T R E R, K2 5E 2 rR G seE R ErA
W TR E E R bhn, FRATT AT DU TR BH Bt 7t 45 e 2 RS
R P A I R A S5 ) AT R LU AL A, K RH A v i W Bl 4 s
FUEETR o] DU B A E R . B R BIAWAE. BR. P T7E. 2T = 53
BERIIEER (G 5, 2023). Hik, KHEMWE N2 REVHISEIFFRSE
BRI S EG =, RRH R AR AL R 22 i i e DLSE B B IAES . Lh ] DU
XA IR PH R IR 2 el . Bk DL mili H e i f i 7 X 28R A
T2 B AL R i U RS DR R G T REAE S5 T A A s RO BHBEIR A 9.
B ORRH B2 I 5 T IR, BT DURIFRUA T F o Re ) AR
TYIEMBE T, USSR SRt TOGIG Y. RS 2B R R RE .

KFER A BA BB A B o KN AR A G A IR F R, A
FRAAEFHRBHIEHE T H &« KIAEA—Fh o] BAERRIR, LU LR IR Wb A Bkt
AIRZAY, KIABIZARHZAME (T, 2005), H K FHBAE A gETEA
SRR, IS RS, & — MG aeds . 75 AN SER] FH R BH B [F] I
7 B A R BHYE B NS, W H S ST K PH R B 5 i 23 B 2 7
H th 23 10] 5] &k — RV ZI3RF) o 1% 56 5 T4 1 R A A K AR A R ) L B )
JUAN/INEFZ A, AR 23 (A RS R 2 P2 B o BT 25 i R 2 52 31 K BH XU
SO T P A W, FAIE TS BIRERR T S R, W0 2003 AR “ 267 KRB X T
BB ERPUE TR R R, SECE IR, R H A S S ™
sZI0 (seanp, 2019). HL ) RGTEAT A2 2 K FH B 23 shsz e AR L A&
AR AR . TN KN 1989 4E 3 H K BH R i poin & K kb e

1
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B H LR RGE LD N RERE, S 200 2 4L 71 R H PR T (Ilinsky et al.,
2022); 1859 FER A “RARM” K BHMEBE FAF 2 KBHEZ I AN Bt 21— AN E
EHM, RAREFEGFET EEREHR ML KR (Hudson, 2021). BiH Nt &AL
F R HIUHERE AT I, A BH S 30 A 2 8] R A< TR 2 22

K KSR B FHBAE—RNE REE RS, KX
FEERSS . KBH EWREBEIE B RA PSS S50 sh#-5 K BH RS 2 U1 5%
b G s 2 B ——— A s 7 [ (IR 0 2 M L 50 5 BUR A (R 40 45 4 R A XU,
TR “BREE” — R K PHIR R B E R S ZELH, MR R, £
I 55 TS ) ER R PR RO R TS e BRI R R B T3 1 Jo) i A A S B80T K PH 7 11
N A AT A A 224K (QU et al., 2007). /MR RIK I3t 5 1k7 2240
FEUIR, HEEE R mSebs b2 B TR sh, /N RORE BT A2 dn it
945 K BE )R AU ) — KT 2 Ml —— K BH G B0 JE SR . K AR A AL DL & H
B INARALHHS -5 K PH G % VIAE 5G o 244 X BH )31 1) 55 K s fe A = 22 R 3k # 5
K BERES (I R BB T 8 0%, R L b 5 ) K BH G 37 D i 38 OC B 2L

1.1.2 KFH#IAMZE N
1.12.1 XPR#EIHMNERSE

K BHHEIAAE 1908 4F H 3L [E K 22K Hale K. KBHEIA MM & 3T 1896
A 22K Zeeman B H [ Zeeman RS U1 1-1, B R 761 2k 52 B A
WIER, 2B — &G40 R LR MRS S (PRI, 2000). T 1EH 2
BN, R =GR N, n, o0, HF x FHRELMWIE, WIRTT 5035117
PR T 2105 i I 25 26 o, T o, SEAE S i3 3 B AP T N B Wk, o5l A
fig, FEA e Zn] LA RE O W G y BT D BB 23R B T R0
GF x JJ71R), TR R =414, YWhSnik. Ho o LB miR 77 7513
175 o, M o, AWIRTT W) 537 5 H

1908 4F, ZE[EF}ZF K Hale B IXFIH Zeeman RN AE BRI K S & MAF K FH
BT (Hale, 1908), 2R Hale 7774 RI&EH T &K BH 3, T 500G
CUF 553 ToRe N 71, ABENFFG) T RARME 7 00 & B 5 b5 iR BH R 37
B, HEARUTE Hale AIACH BEREEIE K . 1953 £, 5E[H Babeok 12T
HEFE, BRI 7R B — 593 W RAR A, 2R AT LN H 9574 1G
B . X B ARSI 16 O FH 7= i X N, 5 HL R IROK BHAR X AR A7 W37
(Babcock, 1953). 1962 4 Severny H (X SEIL 150 K FH R E A7 BN & (FE 2 Fi
H R Bel AR ML oy B o N TR, S HUK RS E Stepanov S8 N KB T
AT DL 0 K BH A [m) Rk 3 0 2% B 06 FREAB AR (196 B, 2014) . 124 ik, OKEH
W37 B & 3 ZIE A BT Zeeman RS, 78K BH G ERER 43 v LAHORS 5 DU &
IR 2 TR ZZ W (Samanta, 2020), H #3535 FEH S A WES
A
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Figure 1-1 Horizontal and vertical Zeeman splitting
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1.1.2.2 XPR#EIZAMNESR

F B 1-1RT 50, B3I & A S B 2 mdlR i AR IR A2 4R 4R 30 77 5 T
FERETTIRIAKE IR, & REER B R A, X TFHBEIMRE R E . Je—f
RGN, AR G, S s R IT e, B S as OGS T 4%,
He R e R el AR R B EIER. EaEfidmizsTZ2NANS4,
ARATT — A A ARG AR o] LLER DA =P 4R S 2o e B nm s, Al Ar143 )2 AR B AR
FF7IA 00 45° PEWIRIE Fiv Fy, BRIRIRE Fy, W 1287, Hb Fy 2 HA
Jo MR 1 IR F R BT % B Stokes K, TR RN E

£y F F, Iy

unpolarized 0° 45° right-handed
circular polarization

K12 BBt LimRLERRE
Figure 1-2  Natural light, linearly polarized light, and circularly polarized light

Wiz 77 b 65 K H Stokes Z kIR . TR K EM R &AM HEEHIFAF
EEEFM LR, BEIEHABERE E KD W07 H4E 7 A o i
IREIPESN, FAT DA BT AL R 0 TN AN IEAS T M AR BIA R, 0T B £
B, HIREAT LB AR (1-1)FR

{Ex = A, cos(wt — €,) (1-1)

E, =B, cos(wt — ey)

Hort o B, A B, WIRIE, e, e, AL, Stokes JR 2 B 9E E YLK
Writrer (G.G.Stokes) fE 1852 44 th HRAB IO IMIRES KU S & (S,
Si~ Sy S3) (Stenflo, 1994). Stokes ZE AL RIEMKE, BNAMMENREH
1T B RS , (HJ2 AT LA Stokes 2 BEAFE AR B S MRBAAEAH TOU A & hn .
Stokes Zx i A LRAEAR ARG #0 fwdlRGAMlIR O, il Stokes 25 7] LLitiA
TCWHPRAS, A T1EsE, HRBEA K (1-2):

S, Py + P, I
S P, — P,

s=| S|z Pr—Bv || @ (1-2)
S, Pys — P35 U
S, Py— P, v
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ok Sy BIRITAIEIRIE, S, WACE (0 bl a e (Py) 5EH (90)
AR (Py) 2%. 2 S, = 0 B, ACTL IR FbE RS T B 2% G
RAIAI RS UL, S, BER R AT R L T B R R,
R Py > Py S NG FEE, S, 45 RIRGER (P 5 135° fRiRLER
(Pi3s) 2% Sy BT AlE (Pp) 57aMe (P FRIRIGEREZ 2. Bk,
RTHB MBI, +Q TR KT g T B RS, U FoR iRl
Q He 45 FERURRME: £V FRBURIR Y 72 e skg AT HEMTREE . Stokes i 1. Q.
U. V5 A-DEgR R 1-3)F:

(1=E2+E?

— E2_ g2
4 C * Y (1-3)
U=2E,E os(e, —¢€,)

V= 2ExEysin(£x - £y)

P IR Z R IR R I 1R AT 35 SEBR B E ARG FARADRE L B IR SR BN, 2K
B ER RS BN, R — 5 MIB0E . AR T8 /N T B £ ) 98 S5
BIRDRE H AL Bl 2 dRIEAAR AL Z2 98 BON, 2 — MR ARG . W] AAE B
PEISEER 1-3R Wik &SZS 4. WLIED], Stokes ZEZ AN T R AR (1-4):

B 1-3  PEinsesk
Figure 1-3  Poncare Ball
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’=0*+U*+Vv?

tan2¢ = U/Q (1-4)
1

sin2f = VI(Q? +U? + V?)2

Forh g S ITIA BRI A, 2 RRICA A 5 KA 0 L (8, Vs T Ry
1. B <O f > 0 4 BHCE A R AU e, — MR ) &M E1 I8 oA
b, JOEHREAN 12 = 12, +07+ U+ V2, SRR )y P = (CXU )12,
Stokese Z:4 IQUV [y RLANHI N HIE, 55T P A B3 HE4T BT eI L. Bt
P AT 88 (R T P T 1 (R I A, T BAS B85 th A B HOUEAT
B, —HORI 4 4 Stokes ZHAEIF, KALEAR THsE, Hd QAU

IR WIRIE, V IR F IR -

i Stokes Z¥015 2| < EWidn IS M AW E b5, RS R TR 2 s €
PR, FRIT R TR R R A T W JLANH Be: 1956 4F Unno 7EAR 1L
W5y, wEL MR ZR DL A RO RS 1B SIS I R B 2 LE TSR A TR R ME R
1771515 —4 Stokes ZEUH T2, F3KR1F Stokes #C 5L, 1% TAE N KRR & 25 %
T HIR IR (Unno, 1956); 1958 4, Stepanov 37 37 i — % LU ™ %5 1Y Stokes
SRR TTHE, LT ZHT Y Stokes S8 5 #E, Stepanov 7 FE2 A H T HLE
BN CHEHD s 1962 4F Rachkovsky §7 i |~ Stepanov W LAE, TR R H#
PRI, R T —EEng, RN EITE; 1969 45, Beckers 7E
stokess & 2 TN H IR TR EMIY . 28 S DL 2RI R ECGE Y B2
BE IR AR, LT A PR Stokes #25E (Beckers, 1969); 1988 4, Lites LA
N Jeferies £ A X} Stokes 38 4 548 J F21EAT T E NN EIHERI AR IR (Lites et al.,
1988). H Hi%m i e F2 M Ar ie AEUE M D218 0 K G, %R RIEFE 7 Al g
PR IE N A, R RS i 24T R 256l Stokes HI4R ST T7 BT LS

N (1-5): a1

dr

c

Horpr o ARERELLIE DGR, E 2 4 x4 KIRAFERE . JRREL S, FIRIEH (1-6):

=mn+E)I,-S, (1-5)

S, =Syl + S0+ j.,p k.. (1-6)
SN R 30l R S 2 R RS, S, 808 1 IR R AL j,,, AT EUR
1 Mo Ny My
SIER RS Hrp 1 = 0 T 2RI WS PR R IR A g = To Py ~Pu
0 Ny —pPy MNj Po

0 v Pu —Po NI
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Hr B TO RS Xl (-8 .

-

ny = 0.5[n, sin? y + 0.5(n, +n,)(1 + cos? y)]

no = 0.5[n, — 0.5(n, + n,)] sin y cos 2¢

ny = 0.5[n, — 0.5(n, + n,)] sin® y sin 2¢

1 7y = 0.5, —ny)lcos @ -7
po = 0.5[p, — 0.5(p, + p,)] sin® y cos 2¢p
pu =0.5[p, — 0.5(p, + p,)] sin® y sin 2¢

L py =0.5(p, — pp)lcos @

Hobt (17), w RFEBBIS, ¢ RETOA. WE 14FR. n npe 0, F oy pye
p, MERIEF R (1-8):

rrlp = nOH(aa U)
J pp = 2’70F(a’ U) (1-8)
Ny = NoH(a, v+ vp)

lp+ b, r =2nyF(a,v+vp)

ot ng i R R BONE SEE IS R BN LE 3 Fa,v) 9 Faraday B8, oK
R RCH L (REYCREND s H(a,v) A Voigt BREL, FIRHE S WCIN. Al AT 5
FRIEAXD AN (1-9):

Mo = Ko/k,

2
o0 -y
H(a,0) =2 [13 =5 sdy (1-9)

1 oo (v=y)e?
F(a,v) = 27 /—00 (v—y)2+a? dy

Softa = oA KR RM, 0= 0, oy NIEBAE.
IR KRB TFE=ASH, B EE B, WM v, MM ¢, W

Bl 1-4f7R
MK BH R 7 00 B V46 0 A BE SR 028, R AT B3 DRy o 1 Y AR A AN i
A TR AC I o e Tl B AR AN AT T R, Bt 58 [ we by 1] FR IS Y
ASP(Advanced Stokes Polarimeter)(Elmore et al., 1992), F£4FI&¢) SOLIS(Synoptic
Optical Long-term Investigations of the Sun)(Harvey et al., 2004), % E & KF| & 1E K
THEMIS iz 5% (Mein, 2002), i 1 i) ZIMPOL(Zurich Imaging Polarimeter)(Stenflo,
2007), FEZFRILE MR Stokes Hil HHZEHE (SPT)(Qu et al., 2001), HAL)
Hinode/SP(Spectropolarimeter) %5, Y& 1% A W45 AT DASRAS 5 0 W R 1 m Bk 6 1,
M43 24 ks BE RS, BETTSRAT I R L W BT+ 5 B
R, ETHEOR PRSI =0 450, (B RERISIE GG Ok 87 I M & 15
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Figure 1-4 Description of vector magnetic field

o
o

TR ARZ &, L EUR € iTH 0 (Hagyard et al., 1982) K
REWIR S & 1 M B HAGAX (Zirin, 1985) P52 A BH A I 66 b K BH 7 B . (L
[+ %%, 1986). SOHO .2 ) MDI(Michelson Doppler Imager)(Scherrer et al.,
1995), Hinode TLJE L] NFI(Tsuneta et al., 2008), Joidt RE:KFHAK LG ASO-S
T2 ) FMG(Full-disk vector MagnetoGraph)(Deng et al., 2019). J€ 28 1% 1X
FEEHERG. BLRA. WIRSTREHN. RAagWnE1-57R. KH
KBS B RS RS, iR IR, &5 @IS € br
(BRI W7 R KM . AR E DG 2% BURAR A 2 1] ) 22 1) 32 BEAE T80
ARG, FEILT ST HIECEE, B /R A, EmBE— 2 T
Ao IEGER MAGACRS SAE T HIEBSUER, MK, WTRARTF VSR Stokes IQUV
%

PRy [ RN

€ HE)

pNLELAE]

B 1-5 IESRBEUMENARS

Figure 1-5 filter-type magnetometer system
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1.2 M EEHN S8 Z IR

A Z R BH WL 35 3 73 3 - 1984 4F, AL F A MR FK E b = — AN/ N | oK
PEigAR 64 K, BI/KKIRAAR 12 FJ5 ~ B)(E @R 55, 1977), I3 Z N B %
A 35cm KFHWIEim s A4 H ORI s . Hd 2@ iE K HEEs & AR -
HAMS K TR nE RS2 —, BB s 24 ok, BN ARTIRER
B A, EAERFH Emss . =il KR s . 4 H IR 23 A4 )
HERETE. SHM He Hixdi. £HMH Ca OGHEE . SHEEZHEE
fEeHmMREIEREMEH He Hitti. 288 K7 Eixs /4 H
T % 8 Tk 3 B2 1t % mT LA R B () 20 6T I BH 23 ol )E AT v 43 9% 256 JRy 30 3 A0 4 H T
Wi TN E . seAh, RFRIEHIEH LT AR AIMS Biis:, 2%[EH] 46.5nm
ERANKBH AR A LA & FMG 4= HTH G AX . HorR, AIMS Bz 837 ip 204N B
TR B K P 37)5 46.5nm B2 7 K FH A8 A% TAEAE 40-110nm P KFaH, TR
BRI XH; FMG /& ASO-S %% 8] 84 b s, TAFEAE 5324.19A BB, 1F
73 [A) AT 4 H T G370 £

K BERG 37 B8 e 5 AN 4 H TR 3% B i B 3 J8 T8 e A G54, KPR 22
LA BE3RAT Fel5324.19A U BLII G BRI B h 37 AL ) 8 I 30, 38 7] DLk AS
H BAS61A I B (A L BR AL [ T 7y IR e o 2 3 s, BRS B 1-1R .

F1-1 KM ETESH

Table 1-1  Solar magnetic field telescope parameters

s ZH

Wy HiE 350mm
£EJE 2800mm

T FHER Fe15324.091°A
Bk H p4861.34A
W 5 0.125A

AT UEC RS Fel I VG 5324 +0.12A
Hp WTYER 4861 +0.98A

W% +1-10G
Rk 87 +30 — 50G
HEHN +10 — 20m/s

& H R EIE T 2005 FE4ERENIBITHE, E1E Fel5324.19A 44k
T W IR 5 R3S 4 H T R B G . 3T W B FIfE3 6 e ERIE S, Re )
TESN X I RESEAL BT 9T . BEAh, 2B B I8 N 25 1A R AR T S (i 2L a4 s
4 H T i3 i 8 AR AR S5 R 1207

1.2.1 EEMEIANE IR

XA BT AL e pr AT € bn e, B AT CARIRZS T, BE & 1€ x
T E R BIPEbR, MBS E b AR

MR B B AN 4 H T 3 BRI e ) g Tt A UM R AN, DB A LR
BAI ARG 1-507R . X & BTG U8 R GUAs I 2 0T 3 A8 i g e % »
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#1-2 EHEKM#SETGESH

Table 1-2  Full solar magnetic field telescope parameters

i H S
TAEhL Fel5324.09A
N HERE 100mm
HHA 20 = 33" x 33’
CCD [Hf% 1K x 1K
e AIE T WA T 0.125A
W7 R TF 56
M) o H i F 150G

IR P AR (—4) < 30min

XU A8 i I ds TARFE R E IR T (HongQi Zhang, 2007; JRVLY, 2004), K
R RIS ZE Fel5324.19A fRES 420 —0.08A AbHEAT WM SRS MRS L, AR5
W S AR FR 3RS KB < B A (Yang Xiao, 2012; (1565, 2014). Fel5324.19A
WL S T T R 0.334A, LB RIRE R 0.1315 (O REERELL 54
ORI ELE, HREARMS, RIGER), &4 AR IR 2k (X 2%,
2010; L E#E 25, 1982; Gurtovenko E A, 1982). fEiZZe % E N, ToHAhEL T,
LR FR XY FR, Lande Bl g = 1.5, {RBUKHAIN 3.197eV 52 iR FE M/ o
S 2R3 1) 32 BERRALE

1. 502 TR BRI PRGN, k% 5efE H = 3000G B, BT zeeman
SZLENT 0.06A, TH A RIS, HIXFE I E R B T
B, g IFEUN.

2. 1R RS AR i K RO B A TEFE B 2800 0.1A BT, [FIHZA B 7 Q.
U. VEREFIMKRAIE . Qv U 7E L0 X IR B AN R 775 FOVE B AR X e s, 2
FHBE R R ads Yy, N 7 AR RS, FEHEE 2 T2REL.

3. WEGRNXT Stokes ZECGEM: X 1. V ARG, (R4 Q. U i
RK.

4. FeI5324.19A % ASRERE R, IRBUNTZEE, B2 o i 28 5 J3E 5 i A
XL/ o

HAHI R, BB AAE RS L —0.08A AbHEAT LM . 382 58 2 Rl 2
()52 M —— 5 = B N IR FE RN IR 22 CELan i B —— W3 28 & A2 A 5
B, iSRRG SIS EGE K, BB R B K H % 2 6 I & 1T
HTERSTPE . Fel5324.19A Wk & — M2k, 78S A At K o5 for B 00 i 21
PG BRFEA 22 5, ] AR X Fh o BF 22 S RN il 2R 40 B idE AT e bm o i FH A3
e b 77 FoE AT 2 DA B 70 BUUA (Sénchez, 2006; A, 1605; FHERZL 4%,
2013)0 TR MBS RUE AR 7V 77 50 AT TS 440 B, gk se Rk
PR LR KA B RO EAR. B RATIK E AR 7 2 MIE R —0.3A B 0.02A )25 KiZ
IR E T A B B H +0.03A 453k 31 TREME, ARSI E B
HUC R BE A N A AR B e 5, R o E, Wk 1-6 (L
frE A, = 0.171A) , e it WU e 55 I P o 08 't 8% 31 4 i 2 e K o B bt
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B 1-6 —HBENSBIRLLILER
Figure 1-6  The spectral line profile obtained by fitting a set of data

S
n

M Stokes ZE EIHE I RERR NG sE bR OGRS TR A T8 i
G, TCIEN I H ARGE S R R AT BRI T . ALY Stokes 2 #0453 2]
KB T ZER M 89 AR BE, R E I HAR e AR WIERS . L5 e bR
FRLR N e /N el & B SOE KR I TT A B Z M e b R B 2T 8537 B B ik
(1) Stokes ZHUAMNEEI E bR IR AR REUN T RIS FeRE TTRE (1-5) AR SRR
XFAACALEE, RSN 2 Ja n] AR 2] (1-10):

(1=1,+1_

O = (I, — I_)cos2fcos2¢
< U=, —1_)cos2psin2¢}
|V =U, — 1_)sin2p

(1-10)

H I, I_2KT 0.U.V HEREI, v LLE S wIR #2825 2], p2ihE
iﬁﬁ BREHE G, 55371 ALkinh A2 22 3 v BE N SR I ZE 23R B = i'l‘;’ <1,
Xt Voigt %L H (a, v) BT

oHy

0’H,
HizHoil)B a

1 -
ZUB ov?

(1-11)
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0H,
o’

A SRR o TS A (1-12)

o2’

. 1
FESL hy = —vg 1

h2:—

ny = ol Hy — hy(1 + cos® y)]
~ fyh, sin” y cos 2

) Mo = Hphy '4 ¢ (1-12)

Ny = nohy sin’ y sin 2¢

7, ® Nohy cos y.

W USCRE BN (1-13):

0 hycos2¢ h,sin2¢ 0
h, cos2¢ 0 0 0
/no ~ [Hy — hy(1 + cos E + sin? 2
niy =~ [Hy — hy( w)] v h, sin 2 0 0 0
0 0 0 0
0 0 0 h
+ cos 0000
v 00 0
hy 00 O

ne =g EAJng + oy g (1-14)

BAmtR(E T/ DT BERIRIE S, B sin2f ~ 1, ¥ n, ~ np+n, AN (1-12)7]

2n

0H,
Ny R Mo HoivBcosq/W ~ nyH(a,vF vgcosy) (1-15)
ne I, FHIE, R R 1.(AL) ~ I(A, F Ady cosy), AT (1-10)A] 13

{I=I++I_ ~ 21, w16

VeI, -1_~ —UBCOSI/I%
T StokesQ 1V,

Qz(I+—I_)c032ﬁcos2¢~V,/né+;7%]/nv )
Ur [, —1_)cos2fsin2¢p ~ V4 /ﬂé + 12y
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AT (1-16) 7] 15

O ~ —vgsin tpcosZ¢h2 of
(1-18)
U ~ —vpgsin 1;/s1n2<l>h2 01
. 0H, 1 2 0%H,
j‘jhl_—UB EP hz_——UB 620’ E&ﬁ:
. 2 9% Ho
~ _ [ VBSINY o2 oI
(O ( > > cosZc,baaﬂ =
vpsiny 2 az_HZOaI (1_19)
~ B 1 Jvs Of
U= ( > > s1n2qbﬂ =

av

% T 5 csk Tl 0L oty O g,

a?’  av ov

{Q ~ - <w>2cos 2q,’>— (120)

: 2
~ _ [ UBSiny
U = <—2 ) sin 2¢_au2

2% (1-16)M1 (1-20), XTIl FHHEITAAM, w3553 T 1)
FEFRIR AR

1
B, = Bcosy V< )

1/2
B, = Bsiny « (0 + UY) (62 ) (1-21)

¢ = 0.5tan"' (U/Q).
F e An 2 E0T LUK S

Bl = ClV
B, =C(Q*+UH"™ (1-22)
¢ =0.5tan" ' (U/Q)

Wi RRESs Bt, 3% Bl, FHALA ¢ KRR 530 (1-22)AH B4 0 R
= (1-23):
B, = B - cos(y)

B, = B - sin(y) (1-23)
p=9¢
BT 5L % 7€ bR i & VA G5 T RPN I € br R 8 ¢, M Co

WL FE A, R PR3 B 28 5 SR FH 17 % K BH ¥ 230 AR A O 3000 R i K00 % s
K TR AR B A IS T 3, 4 H G B B R FH 22 5 00 00 B e 0 )
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ST — OB I SR A B I ——7F [ g R 7 K. 3R
73 Stokes ZE il &K BRI 1) F ERBOP IR @ B il Bm R 40 fmdRff
R P53 BT EUE 2 BIBENTEK 0.5(1 £ Q) 0.5(I +U). 0.5(I = V), ik
Stokes I. Q. U. V EG(E 8. 5@ttt bt 7 3k 150 (Fids Bt, 9
Y B, Jififf @), SMEEFSRAAL Q22K 5. Hrb, Wik RG0SR
TE B IRAG ) UGS ST BT 5 1) Stokes ZHUKIICEE,  (mIR 2 HT 5% /2 Im PR
A RARIZ O IR M 28 3 EAFE 14 B <§>, KD*P i A 1 il 2% LA
KR AN 0° B R o, ARIRords BKOGE T AL 8 0, KD*P
e AT ) 2 FH AN BT AR A 1 P R s ], 6 ARG AT EIR (GRON 6, JeHh T A £
R 450, HEEWILE 1-7. #inhER, SAMmIRToiE ) TARRES R 1-3. (Wi

KDP P

B 1-7  eiRoHras

Figure 1-7 Polarization analyzer

I NS

£ 1-:3  KD*P 7 RHRIREF T/ERS

Table 1-3  The working state of polarization elements in KD*P modulation scheme

Stokes % 1/4 Yt 6 KD*P iR ¢ P
+0 45° —90° 0
-0 45° 90° 0
+U o 90 o
+0 o —90r o
+0 S 90 0
+0 S —90r 0
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oM as SRR G B4 I FT LA Mueller 6 R A8 (1-24):

%% 00y (1 0 0 0 1 0 0 0 I

'L g ol o cose 0 sine| |0 cos?20 lsin246 —sin?0| |0
S=|2 2 X X I .o ‘o, 5 X

0 00O 0 0 1 0 0 7 sin 40 sin“20  cos” 260 U

0 00 0) \0 sine 0 cose) \0 sin?28 —cos220 0 1%

=0.51 + 0.50(cos 6 cos” 20 — sin o sin 20) + O.5U(i cos ¢ sin” 40 + sin ¢ cos” 26)
—0.5V sin% 26 cos o
(1-24)
Hdv o N A, o N KD*P N s S A LR . TAER, ¢ B 0.1
JHFETE ii P, B oS3 S R =2 . Stokes ZHL V. U. Q I3RAF
TR
1. =8 14 AR, A2 R S+ =05 V), \[B5H0FH5H
Stokes ZHV, V =S_-S,.
2. B[ UAWARAMTANAI=0 K, S+=05+U), 7133|575
1] Stokes ZH#( U, U =S5, - S_.
3. B UVAWAHALT i 8 =45 K, S+=05 F0), a[BFHI—15
W37 K1) Stokes 8 Q, Q=5_ -8,
ESEBRUI R, SN T e EERELL, SR 2 WikE g e G S mr Jiik, Fxt
Stokes ZHUHATIH—4b, BEARTFHE =R (1-25):

I_Q _ LZI+Q_I—Q

I N&I,+1,

1 I.,—-1
JU _ LZM (1-25)
I N&I +1

Iy 1 v Liv— 1y

vl NZI+V+I_V

Hr I I R ik o i & Ja AT /s I R, 2T UL V IR
ISR FHE, it o 2349 2 0 BE LU iz EE 345 Q. U Vs S KEIE I
& 1-8.
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Figure 1-8 Images obtained after polarization analyzer and Stokes images after analysis
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1.3 ETHBRFINSHEENIZNE
1.3.1 HEREIAN £ ] i rY = 8]

4 H THT A BH R 120 5% A7 FH 140 36 sk 31 75 1% 48 304 00 U 5 25 73X o 8 K 5 s 92
BAER SRS, (AN EENBIRTT R, B, AN EnT AFHERD)
PENERE 0% 31 sk EGCRIAT e hn, XP O AT TR B, R D
TN RO AN A R . B, BUE K SUE bR TR TSR A
X AR T 28 38t KA B B0 AT 1 W R 42 1) 1) SIS PR ER R e, TR G GV SN M s A
WAL B I HERRTE. AL, SRV S EUELE Em IEG, PR
M) e S 1 o R 32 B PRI 3R

Hd3 BN R A R &, B IEI I R AR R AUE ), St —
BT EE CPREIZOUE « IR A w2 br D) (1 3 mIR EE (Stokes 1, Q, U,
vV BB, RiGEd ety (BUE) ok mik BN R R R, X
S P AR TR A NI B IR Fe A A B S R . AR RIMRESA e b OB
(15 A HE TR BHOR SR AR R R e bk 1, 2B, (HIL AT IRAF
TEA [ A R

AR UG B % B pl B ) SO ek R b, FR B3R H AR IS 2R 11 Stokes i 4e
B (2K, REETImIREN S R (EUE e, @it
/N IRIUA X — R BRR IR AR I S E . R 5 H T AN A2 B A I 3R
Wism 77, (AR A IR m R, HLARAE IR 1S = ) [|) 43 He 3 1

BT a 3R IR AN, e B AT > B M IR 6 i R 5 (e,
S AR E PR S Stokes Z UG s i g B 2 (R SE R &R, BVRESZ) .E b
KFRo HHOM R AEXARE B A AR HEAT I, 3 ol B O A A 6 7 L
H AT DASRAS i (B 20 MR s, R TIG — A B 593U, SR
E b 077 SRS I3 T8 S 3 X SBAFAERE M AN, o K B 2% B W3 N 3o il
N LK 1-9, V_H R JPRZE S 1) Stokes B4V 55, ZePEEin FA
W VS5 xRN RR, BI_HMI Jy HMIET % S0 G 515 2 1)
Wiz, WTUEH, RSN ZEIHTT, AWM V EEEATR
BEASE DL, TAE I 3R A5 HMI G R B S 230 G U FR ARG T R0 250

Qr{e] [ B 3R A5 8 vy BN D8] 23 90 BE s B I A3 02 H AT S0 RE AR PRI 1n)
H B0 4R35 5 A0 R /s Z 3R i i 3l X I RE P AR 31T T 2UE (Xu et al,
2021); Al FHMLAR 2 2] R R 8 bR P AFAE W IR R AT IR R o LU 50 4 A &
AT XS B8 K AOUL I 5 R I AR AR S AT T R, S0E T AT DU F LS 2
ST 5 e B p OO A A7 AR LA 3 S AN 2 (Jingjing Guo, 2020); #5855
N0 25 1] (1) ¥ £ AT 1 s WL 3% 8 b, W B0 Tl B 5 R A N AT T KRS
N RIREL AN RN UEFR R (Hu et al., 2022), {HIXEE TAEAHEE TR — &%, H
A R RESA WINEE « o] 5 AL 2% 27 21 1 5 V2 R W LA L 7 = H A7 A 1)
AR, MRS ERE, &2— T EEmRmm.

MRHHIZAT Z LR, LRI B FFRr S BB, R R
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Figure 1-9  Longitudinal magnetic field saturation effect

FOAEE, BT 7 VF2 BRI T RSCR o PR SROK IO s 44 30 40 42 K BRI
WL BERL, X8 H AT TS S A S RS 18] S AR BRI WL Kt 4R« 12
K R0 T B I A4 B AR SR 5 KB TE B K BH HE A MR 38 5 T R
RIS AN RO RS e A B2 P T AN 3 T SR Al 7 L M ) = A4 S D75 TR B —
KR EERHT TR . HATPARIE O A R 788 =1 2 K BH W s
SR A B A o S0 ) S I At O AR R AE S B —TE . dn T AP s
ey TP ARUE 2 105 EOPR O USRI T R ks LRl &, 2 — DRI R
TAF

BEXS LT HAEAE R )RR, A SOl AR 2 KA B AR E 1 . Wiy e brife
BAE S R S S e 0 L P 4G v o R e e e R A = ATy I EEAT I . X
AT A 1% 2R KA B b AR AE FROFEINT 5 I 7 N A 12 10 o i A e ke,
WEFE— B PR R AR LR L B e hr 7 %8 X H A € br——2 M e
BRATAE AT AN 20N S8 1) LHEAT AT T, St — b s RIS TR R 1K SE b g
Fo R TP L BAE BEATZ AT IT, PRSI AL T A R, R T kg
H 7 3 S e G 11 5 s

132 #FF I ERTTUBRINH

WLE oA 212 — Rl SN TR BE R 757, 7T DAAEGE h 22 S R & e SXOF o
AR, T P TR R IR A B U R 1) e A A O N D RER AL, HLER
X —MEE A i1 Arthur Samuel - 1959 fE32H, DX T 48 8074 3 R0,

18



B1E g

PLES 5 SIS B T oH EAUAERE i S OC R, TS 2040 -5 5 2 8] (1) R R Bk
WIORFR, T IO R AHALY ] REEAT Tl o LA I BB, S5 E VAR
“AFEEBE” gL PLES I AU E AT AE TR, s E AT
M TAEI . bt 2019 45, N TR AN e P& i N 1 e Bk E L)
KBRS EE, KA RIE T — R E], N TR Re st #Esnfs i 1 A5
HJg “HOU” —FERgi——RKBEA 2 KR,

PLAS 5 21 3 T HER AT ISR, SRS R 2 v Tl i s 28 o AR B I 2507 X
ANFE, WLEs 22 a] DLy B A o) . ol B S s b 2 o) —Fh R, IR A 2
FE A B DL RN LI FR2E JEAT 28 11 25, I8 I A B 1 B 1 SR AN T A A X 2%
()56 FOAR 25 220, 15 31 1R 22 90 BBl N RS Y, 2 ABE B0 Ve B 25 R B8 a2 A T
WMo W )RR MR NGRS, I A — A MEWRT DhRE, FLRT DLA T
TR . L FIENE SR AL EE KNNL RS AR D3, 28 PL R Rl
Fo NI IMELICRTE, HTWE %> HiR®, Bt DL 5 5 & AR I 252
Fo PRI £ RN SeBRas R g7 b, W AT E T XA 77 1R 2% (Mean
squared error, MSE). “F#)4i%} %% (Mean absolute error, MAE). #5¢ R% R % .
T o) R 5E WS B R — M2 07K, BRI CRE” M B
Y7 . G AR EAT AR EE, TEEICR T, H LR
B 25 S HIEA k-means. £ 70 #T (Principal Component Analysis, PCA) %5, 5
tk.2%>] (Reinforcement Learning, [&#% RL) ZHLEsF I —NEES Y, ©EE
WA A AR R LS, BRER Cagent) N UA) i S iCRI A R OR A BN
PR E PR TR AT R RARAL D AT N NG o oAk 2% S )2 B T AP AT,
BFEER . MLEs N BEIREH, HEERAE. B MERIP A8, IF
HBEERE S ) FHARRIRE, A IR R AR i /8 E UL B R B9 77 .

R 20 AT 90 FFARCEME I AR R AT ML 7 21 07, S J7
B ZE “itt” K, 2004 BTG, 2012 2 JE RG] . ARZ
AR, EF 2RSS BV I TAE G AR EE N T 4 A% 1 7 7%,
PG 7L R AR T KR, BAT AN AR Tk, BT R
P T ERETE SRR X BN SR BRI R, VRFE S 2118 8] TR K & . 1E
RICHIR, WIEFEZ AN KBRS, PLEs I EA—ME R TR, TR
PP LR R B B, St 17— FhmT LA A A0 B 8 B B s v 2 ) 1 mp
RETh. MLEs JE R CER TR, ZMM A, H 2014 i, RICHMIE
I TR 22 B IR BE 27 S LR 2 ST AT Hds o A AL B R S0, R . iR
i AS R OR SCE R AN F 07 [R), RSO LR 5 AR 55 2 Hh . H bR eIl
R ZEAGE IR T B R A s . ARRIEN H A 5
PR RAMTEM R g ES NS E. ERIBESE. MDLa
fhrhs BUEREIN . S RASE .t LS 2% 2 5% LMOST
e 1 LAERR 2 AT BEBEATAS I (Hu et al., 2020); Grorge 1 Huerta 15 F 7%
FE AR X 2% B FH T 51 1 I 1A] e 31 s, pRodika ) 51 71315 5 ; Pearson




FETHL A > 1 ks K BH 32 D58 A E A 7 10509 7

S N A REAELS 7 208 I SRR TG AR AR 2 I 2%, M 22 2] 2 R /M T B 1 6
FHIE . L2827 2] 7715 T R SCAUSIMAR 2 J7 I #A 1 RH, NARB &R S0
Wi PR FNIZHE A AR AR Py B PR SR AL T B 1 i pe R B RN T R

FE K SH) BRI 35 2% > B B ARG 2 HoOR i, 2010 4F Yuan 55 A f8
1996-2005 4 230 > SOHO/MDI i 5 [X 4 1 Bl SVM HI LR AHZS & (1) 77 206
K PEREBEIEAT TR (Yuan et al., 2010); [Fl4F, Henwood %A 1959-1964 gk )8
BRI E RIJEEREEE (GPR) A ANN XTI (>20d) & B FHEEHTIRA, I
SRUT (M 28R B R AT 3ERE /7 (Henwood et al., 2010); 2012 4 Byrne 5 A
f# i} SOHO/LASCO #l1 STEREO/SECCHI 14 LA K #{E 4L i) CME B R £
/N AR e, AR VL L ) )5 153047 CME AN ER 2 (Byrne et al., 2012);2015
4F Bobra 1 Counidat [ 2010-2014 £E[¥] 2071 4~ SDO/HMI 355 X FEFE, M 25 4
PG TR TG 52 e R s = 1 13 NS0T 48h Tidk (Bobra et al., 2015);
[F]4F, Boucheron % A\ f#i H 2000-2010 4[] 2125 M3 [X SDO/MDI #iE, #T
38 Mk R AE X6 8 B R T AR s TRy Ak 54T 7 RIS T (Boucheron et al., 2015);
2017 4, Zhang % \{# ] SOHO/LASCO C2 &%, 3T+ ELM 347 CME £l
I 4 23 (B RIS )3 SE 1 HERR % 4 X 38, (Zhang et al., 2017); 2017 4 Liu % A\
2010-2016 =) 845 NEFNX 1 SDO/HMI L, fEBhBENLARAR 5 1E$2 8 T 13 4
KFHTE BN X RFAE (Liu et al., 2017); 2018 4F FLorios 28 A\ f# H 2012-2016 4F-Hb 23134
A1 SDO/HMI )35 S B E % MLP. SVM. RFE =Fh /5763347 T 4R EL ¢ (Florios
et al., 2018); 2018 4F Huang %5 A Xt 1996 4F 2015 £ SOHO/MDI. SDO/HMI K]
Fad P R 558 P A% 4 . CNIN 3547 K BH B T4l (Huang et al., 2018); 2020 4 Guo %5 A
5 AL 25 ) (R 7 TR G R A5 S B A i AT T #R R (Jingjing Guo, 2020); 2024
F Grim %5 N transfomer XPEBEFEAT T 7 (Grim et al., 2024). Mastrophysics
data system_I PACHE1A] “deep learning or machine learning (solar)” #EAT SCHRIS 2%,
MG 28 S AT A4S 2060 T ML 2% = 7E R SO R BH AU SO AR 3, G
K 1-10FT7R:

20


https://qa.adsabs.harvard.edu
https://qa.adsabs.harvard.edu

M refereed non refereed _l‘v’ M refereed non refereed _l‘v’
800
700 160
140
600
120
500
100

400 80
300 60
200 I 40
100 I 20
_______ wh | i
Nooo~ & &) r\/é%:

B 1-10  HLES 3 7E RSO A B S ) L FH a3

Figure 1-10 Trends in the application of machine learning in astronomy and the solar field
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Figure 2-1 Non smooth or incorrectly fitted spectral lines
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Figure 2-2  Different scale characteristics of the solar photosphere
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Figure 2-4 3 Comparison before and after data processing(a) Original image; (b) grayscale
change image of the original image; (c) image after solar limb darkening is removed; (d)
grayscale change image after solar limb darkening is removed
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BATERE VR AT, — BN ) BT T o) sumk B R E i 85% BAE, A
NOIXEE T Ry RS S e i R A8 B X KR 015

F o kA E  H AR IR E AT T (2-10)

xi
(2-10)

14

n;

2-7THE 2-873 il Jeor 1 AE LA B ER 3 rp PCA [ 41 15 v vk 2 il i £ i)
AR AN 2 TR0 P2 J5 SR B R RS bl o ARSI FHAS [P B0 AT S5, My
20 I, TTERERIER] T 99.4%, VLM T FR4ETIEATR. Bt LA SR T PCA [ 4k
JEIF RS M (1, 201 A (KR 20 —4E%40), AR REE I 3 2
Frfib. RISt Rr DU AT PCA B&4E A 1 EMR LL 2 BT, AR I EBORR
JERFIE S e AT ) BRI 257, W] PCA [R4E0 BRARH ) -
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Figure 2-7 PCA decomposition contribution rate diagram
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Figure 2-8 Image comparison before and after 100th-order reconstruction
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Figure 2-9 Image preprocessing process

2.2 ETF BP HEMEMN TIEIELEKMNERE A
2.2.1 BP #HZMEKE N
22.1.1 HEMLE

M M4 (neural networks) 44 L, WA GHT NG H M CHI T, LA
BEIRA BN RN G, XA TR C 8l TIRKB P LBl 4w
% ERR T 0T AR M, EEFE T IFEHUN TR RS T 4 45 1)
W7 CRBSR B T XA E IR Fe, 2T A E M RIS, ML
RT240%8, SRR 238 R RN TR e, i 2  2% Hh ix
BRI A0 (neuron) FEAY . HZ W25 )R — A& o 5 HARME oG
FHE, B “ME7 I, SAMERME T REEIR, I SER X 22 I
WAL, WsRM & o A e — AN, IRt S 3es, HiRthes
JCRIEWZED . N T %%WTW%H%MQ%%ﬁQhH$%W%m1
e R AR, iZ3d 4% McCulloch %y fay Bph 4 o B AL, & 2-100h

N Bt ﬁ%m%%%ﬁn%ﬁ@ﬁ%m%ﬁﬁ%M%khﬁx,Hﬁ@
aT MrEES, XERMANGESHE A E wx;, FIEERTE®, WEE
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—= 5 | 1@ y

B 2-10 #ETHRR
Figure 2-10 The Neuron

eI i N AECRE 5 45 0 IO e JT BUELREAT PR, RO T B, W eh 2R — A
M0, MPNTIZRE, WAAEE S SRR BEE R f (o) KRBT AR

2.2.12 BP #HZMLE

BP(Backpropagation algorithm) #1450 2 J& 3 T~ Jz [a] A5 # L R p 48 I 2%, 31X
— Mt E 1986 4E 1 Rinehart 1 McClelland 2582, "B I3RS R4S — DN
2, ZABEEM— NG R (M, 1997; HaykinS, 2009), HAFERIZE R0 & 2-1157
7No BP #HZ W 45 BAT 5 K AELRME LT BE 77, REf% 2% ST 4 N\ Z50HE A H a2

Layer 3

bl =

B 2-11 BP #HEMBKLEER

Figure 2-11 BP neural network structure
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A S AR SC R, 0T VF 2 ISt i m] )4 ) e 28 S0 B 22 3@l )1 5, BP
P 0 22 T DA SR B0 I G R, 6 R I i s BT R 4F 2 Ak RE /1. BP
W 2% 540 R, AT AR 1) R 52 R 1t Be v AN R OR/NAIR EE 1) BP #g i 4,  LA
T AN [F] (R B AT 55 75 oK. B R IT I, BP SORIE B T R4
ARFIERM B E )4 R /ME, A TR SR MRE. BP MZH, #FERZ
(A BLERE, JZRNTMATTAHZ B B, —BoRE, RA—ZES R R
PR AT REAOAT AT AR 2t ek B, I HANTR A0 3 TS B EAT TR S 55 &R . BP
] DA IRy tn R i

L. IEFAERE: MAREAMNMAEH#HANYE, Z2EEZREEREmE.

2. IR R R SE bR S TR (PRAAE) BEAT LR, R LR A
RRMERE, RS, ¥RZEZR MRS BN - MHETT, RS
BN RITHIRZE

3. BUEBIE: T 2 BB IRZFAT A T BUE M BEHTIEIE. #%
IR TR0 B 5 58

4. REIE, BRSBTS R B R 22 N B SO VR IR L

CER P SIRVESu UMV

HAeIEE R YIInEE AR B R R R4 R . a2
HIERH N IE -

P =[P, P, P, ..P" (2-11)

W25 ¥ 2 80m = AT U (2-12) k0w
W =W, |, W W3, .. W gl (2-12)

BMAM BT — MWL E b, EMPIIGE LT IR Z IS5 n:

n=W, P+ W P+ W 3P+ ...+ W, gPp+b (2-13)

HAEFETE AN
n=WP+b (2-14)

THAESE S
a= f(WP+b) (2-15)

%Z JZ BP ByEH 1) m ERIHIHEAEA m + 1 ERRANE
a"t = Wl p et m=0,1,.. M =1 (2-16)

Hrh M EFIE R R
BP #2e (25 | SR REAS 5t EoR T2 — M fmidi i 5%, B A RIFK
ZACRETT, AT RAAE Dy — T — R o A AR 2 A N 5 i HE R A SR (HaykinS, 20009
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C, 2009).

2.2.2 BPEKFREMLL

HAT, X T EHE AT A &R M e R ks, I8 B ECRTG kE — 1%
EARLEVER [RIH o), RT A B BP A I 2 A5 () it K HE S 1 ADL & D e SR AT
PR AN 2Z TR B AR

A SRR A EE T BP BB IR E 282 — > 2 SR BEGINLAY [E] A R 2% (Re-
gression MLP network, Regression Multilayer Perceptron network), i AN—"[1,
20] % (FARERJE AR, FRiek)= —2k 8 J= (1000, 1000, 500, 500, 300, 300,
200, 100, FrtHoy— [1, NEERNA 1T x 1) B% KD, MR g5
2-12]17

Input layer hidden layer Output

image —| preprocessing

1y

1000, 1000, 500, 500,
300, 300, 200, 100

K 2-12 Regression MLP [M%%
Figure 2-12 Regression MLP Network

fERaK 2, 3 ReLU(Rectified Unit) 7E 905 R #L (Nair et al., 2010), il
WENXT, ZEERAECAT R RS, B (2-17):

{x, x>0
f(x) = max(0,x) = (2-17)
0, x<0

ReLLU bR HU=2 A4 7o I R ) —Fb,  WRi i prid, e 1) 2 LTI RERE tRog 1% A
ZTCAELNER S wx + b ZJEIEHE SR B WIS UL 2-1:

it FH ReLU 0 o B RAT SEAR AR 2, e RO S A MBI IR AR s, 3
SRR TT A — S s, AP AR R . XA
B Pt R, I H TR B TR AR R . eAh, AHEE T sigmoid B
tanh 55 HARBGE R ReLU £E 1RSI AMME AL RIBEBERATE (1, XA B TS bi i
R, Rl AR Z ST, w] DL A 1 X . 0 BR % ReLU BLAR
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F2-1 BUEERH

Table 2-1  Activation function
Activation function formula
ReLU ReLU(x) = max(0, x)
Sigmoid o(x) =
Tanh tanh(x) = %
Softmax Softmax(x), = ﬁ
Leaky ReLU Leaky ReLU(x) = max(ax, x)
Parametric ReLU PReLU(x) = max(ax, x)
ELU ELU(x) = { * x>0

a€e®—1) ,x0

Swish Swish(x) = x - o(fx)
Hard Sigmoid Hard Sigmoid(x) = max(0, min(1, ax + f))
Softplus Softplus(x) = In(1 + €*)

TEF T TR RN N: Xk E L — BRI &M% A R &= x,
g A max (0, w” x + b), ZEERIMENT —ZEMAETHImN, R EMNE KRG
— 2, WIVENEEA 2 5

W 28 ZHURT UG R FHBEALRI AR AL 7 20, S ST R BB, FIaG M B
SR I WON:

Ir = 0.001 (2-18)

ISR, HE Loss AW R &, BUORFE 0T 1% 218 AR. A s 56—
WINZRIC N —A epoch, 2AWEAS epoch 2 A1) Loss B /N T 1077 8 WE 20 %
KN 1077 i, 38 R T e S R

Ir* = 0.21r (2-19)

Hodp Ie* i 2E 313, RSN 10 4 epoch HHREGAE > B /N T 1077, &
1Bk, T BT bR e — B IIZR N 2, IIZR i REARIR R A 5000.
223 SKWHENR

BT RUT P EVEHIA, BP & N 2% 1 T AR 3 2o A B br g Bk S RE v]
DA -

1. FREENR AR

24 O UG HRE AT Pl b 2

3. IR

4 A5 FHNZRIF 00 DR 288 6 BEHRBEAT T, SR IR 12 BEIAGO0S R i KAR

HARGRAZ U 2-13 7 2

ARGFVE T BAR A E5EAE Windows R4 T 8 A python 3 - Scikit-learn HEZ2 45 2
SEHL. Scikit-learn & — AN, 8137 = 80 B HE 42 48 A B s o0 i TR, EEs 1
PLES 5 2 S, + o 7 RS 8 T H R g, Sk BB PR 5800 1 21 (1)
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REEG —»  EfgmLE —»  MLPHRE  —» WK KS

B 2-13  BP M&MZ0 TAERLBA A B HATIRE B IR
Figure 2-13  General process of calibration of observed wavelength points using BP neural
network

FEAE B WE 22077

®22 LWIE
Table 2-2 Experimental Environment
Hardware Environment Specifications
CPU Intel Core 19-9900KF @ 3.60GHz 8-Core
RAM 64 GB
GPU NVIDIA GeForce RTX 2070 ( 8 GB)
MainBoard ASUS TUF Z390-PLUS GAMING

fESER Tk B, BB NZAE D TRERAE. KPR SRR GRS
W =ANER Iy o JTIRIRIE B TR AR SR AT A AT IR SR PR
T, T BB IR R RGBT R G EVE RN, DR R BB SRR AT 7 4L
%o AR ARG H AR FiR] DU R 1 B 5 R ST U A 324
TEC A% A S5 R 30T 28 G A 5 1k s R PR 2 i 3 0P ) 2% 5 2 A Y ) L

2.3 SLIGLERFHE

FEZ PSR EE R, AL FUE AN 5L PR EL AR ORZR 1:1 ZokEoR, LT fxt
ZERHAT VA . DL 2-1490, BB OUSERRE, ROV, I g hlghe
AR ER I TR % o 1GIR SR E, Esiveit b, R 7 INERIE, o
LA S8 DAL S e R GE A S = AN EZER Iy o I H i) 2255
T ARG 2018-2019 FX B 0] A BEAT I UK 42, | T IR G SR U ZE 22 5
Wi R4 iR 22 1 EE R, N TR ATRERIE R G — Bk, DLIEG A S I4E 2y
T, W EEEREAT 0 HINR, X B3 O g, RRHRAT AR S . SO R
AL S T R AN B LR A AR B XT R el R T, B 2 215
RIS A5 R .

2.3.1 FiRIIE
A SCAEH 2018 FEFT 2019 4E AR BEATSL56, AT FIEE H BEALE H 70%

TENZR, 30% FEMNR. SEIe 4 R 2-14F77, BEAAAAR 43 il A2 SRR ik A AB A1
BAAL . INZREMNRERI T IRE (Eprg) K (2-20) 15

Eys = % de—e? (2-20)

i=1
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predict
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MRS T, 25 RE BIRLR A I AEME X R GUAE PRS2, D9 fRESE IR 2
HIBCEAE AN RS E B AR G0 T ISR, 2 YRS roR B 7008 5 A seie . xt

Figure 2-14  Correlation Diagram of Training Set and Test Set
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Figure 2-15  Correlation Diagram of Training Set and Test Set of the first experimental group
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125 56 2 v I 5 A0 i 2 S I T 37 R P £ B0 e I ) B 22 ] 2-
16Jf7, Hrr, Beiovsicase, ROvRZE RN SHREE 4 R AT 704, W]
PAE I Ta)_E SR ZRER A SR TN 45 SR AR 220N, W 1 AT i 2K
o I A] s 1 N R AR B AR TR ZE B I K, XM R ZE N (] 886 K I R AT A
ARG Ra s BIAAEE AL SEPRTE DL o

res train
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Figure 2-16 Residual variation graphs for training set and test set

DA — KRR —H, HEEHER ST 2%, Wi 2-19FR, %24
ST LASE LA H I A] R IR AR A AR T 45 R R ZE N, I )z
IZRER AR ER R Z2 BT K . R 1 I3k A Rk, AN SR 1A RS AL
.

FCAth S50 2H 1R R 22 A an (] 2-18FfTs o [RIAEF A 158 22 I I () 44
RIRF L, (RIS I 58 e I 1) A2 A Hh A B AN E 1SRRI L o
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Figure 2-17  Variation of mean square deviation of each day residual with time
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Figure 2-18 3 Variation of residual mean square deviation of different groups

(c)

& 2-18

39



FETHL A > 1 ks K BH 32 D58 A E A 7 10509 7

233 RAREREGIT{LILLE

T BRI S RE, 1RO TN R 22 2 B KRG AR LR i), Rk
7 AR SEES . ST SR AN AT 404, EE [-0.06, 0.06] 3 7 Vi H 1 B 31T
W%, HL 2018 FEAT 2019 SEFTLAEMBARAIE NG, 2019 4F J5 P45 AR 1
IR, SEIREE Rl 2-197R

Trainset Err:0.001 Testset Err:0.006
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Figure 2-19  Test results in the range of [-0.06, 0.06]

EIAG P RE h 2 SE B I AR, N T )3 KA . MAHORTER R, TSRS
AR AR A AR SR I AH S o MRS A SR SR B 22, AR BN, —J7 T mp
Refe TN B 2 D8 N —J71H, RGREI A &K A28 4, 8 2 w2k
HIEE o2 2] B B 1, SR SIS 5 R . IR AN AR 2 22 135 7 224y
51249 0.001 F1.0.006, A 99.73% K% % 225 B/ T 0.003A H10.018A,
PLAE 5 46 /N i VE A B BEAT DI 2RI 2%, 1T DU R0 IR R e AN A e TR

AT
2.3.4 P EEITLE

VR4 F T R AR AT RS AT, I B IR B A 0.02A,
5 THT ) J5 DR R T % 0.02A (AR 48 B T B PRS- AE 2 AN K, — LR 4414
AR I G AT s WK 2-20. iz AR EdE 1, Hh4nd 31 kB, £
L A, 9 0.171A . 0.02A T LA Ay 53 45 5 it 22 () B AEL o

M4 H R BB AGET windows REGETHENLF &, @A AR
HIHUES M BEAT I IR s e a8 (AL B A 8% 31 5KIEMR, L& R Ao LA
DAL E 2 [ 58 RAF RIS LR AR BT, MR8 TARE LR BN B (XS IR
TAERIIEOLN, XA BB 20 HEHE BT 7RI GETE, ARG iikbs e &
(IR L) 15—20min. A8 M BEAT TARE LB A B IR e, B IsATI
[T 7s, A TAEGERI 76, AERHEZD> T 100 224, I TR)XS b DL R AR SERs B 2L
SRAMPLES 5 1 TR ZEE I LU a6 2-3 o (RIS RE FEER T, 475 T e
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Figure 2-20  Spectral line scanning data magnetic map longitudinal field

I [ AR R OR B a1 AR R, AT 7E H R I b 51N — Tt S ASEA LA, SR

TR EEALI B B, DLORAIE s Jo7 2 a0 PR A i

K23 LGRS T AR DR B L

Table 2-3 Time comparison between traditional calibration method and machine calibration
learning method

(5 WaRES WL > Jr ik
EUGSRIGERT G2k A RERT  SFERT  EEOREGER KB Ainken SRR
14 ~ 19min K#j 60s 15 ~ 20min Ss 2s 7s
TG TT BRI <0.02A HLE$2: 3 T35 22 [0.015A, 0.018A]

24 KRB

JHERAERI SIS, R R Gk , BN EAE 73 BCh 70% 1ENIZREE, 30%
PERDMAREE, FPE kB a B A [-0.15, 0.15]. MSRIG LS RRE, JIZGE
AR (B A 99.73% HI%HE 2 22 6 BN T 0.009A F10.015A. 7852 Fru il
BEATRAM RN, EARRZE/NT 0.02A AT & AR R, U T % ERIA R
M.

TESERRIBR S E A, 5 RERT AR 2R, AR 2 W0 21 1) 5 i3k AT S AR K T
TR 00 B B o TR I 7 A RS U R S AR AR, DU B ) R 2R 4T &1l
gre Ak, BTREZEBRGENXANREK, EALE T, REMBIEES)E
Jeas MINUMREE M B HE DG . DRI, AT SRIRnT, AR4E RGN BRI N
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5 N SEEG AR BAT AR R S8 . SIS S T LUE t, RN T A, W
0 ) 5 3 U R P B R 22 /N, AT D A I 7R 3R o (LA L B )3 5 91
SRR AR ERR, HHIREZREIE K. XNERFEUESRAHEE
BT E A SEBRAE Lo Rk, AT AT FO0I ) R, EeF TR R, g5 RO . X
Y 8 R FRATT AT DA B 12 X 28 XA B8 I AT IR L i AT 2 B, B X6 [R) — 21 2 s 3t
AT SERR,  JA BT SO R AN b 5 A 11 5 2 R /N AR A e 3ok BT RE B AR B e e i
1T. BAh, RSCRZRE TP iR RGBT R fEZT R, T3 u oy
[-0.06A, 0.06A]. 7EiZ G H A BEAT T, #T LA A2 MR EEA 99.73% FIH 5
2T 0.018A. 4% 515t W 28 0o BT (R 32 B R GBI E N . 00T %45
R MR, vl ReE T 2O a1 e 25 5 2 B EOCR B ARG 52, A
2B RE TN

TR R0 BT, AR SCHR 2 T ML 2 ST I 5 vk AR e i 5 v 100 2
%, FTAe SR I Qmim /N TG ik, RS T e brsliR.

TEASR I N A, 1) 2 R 1%y S A6 S G A% U s VA 15 R BN — o S 4]
R, 490 T 7 P 1) 22 38 30 R 4 S s R A CUEREB X, 1986), LASZ
FrIE A B 1) E sh AL Seih s, ARAEILI A R B i . RAT IR E )y
VEIRATE S8 043 2 WUk S 6 0 0 4% TR 45 R AFAE 2 5%, M H BT HTRE, AL
55 AN [F) 2 A AE T U SRR AT AR 2 5 A AR TR 22 X, AR B AR Jif PR3 75 233 —
WRIF AT FL . XTI EE A R BRI MR 2017 A4 T GR#AT,
VR AT DA T4 H K FH 2R SRR A 2005 FEFF UG I TC I8 6 a8 15 1 58 JBR
s g e, A e 4 H I OIS A B, B T e bR R EUNRS BT R
fe 4 H TR 52 A% S 3 W 0 ESCHE (R YRR A A T S . BRAh, AR TR VR T — b
A LA 4 H R R RIS ITIRES TR
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F3F ETHERWEMZWNAR ORI R

K SR 375 72 K PR A B8 () B 00 AR 7 I B, 2 I B RGN I 43R
38, WHnEis BB, 5 —E T O B IR e bn i ik R
TR LR T RET LI, R T 353 AR AT HE . H BT MRS 2E i B s 0
(RIITVELE IR 2 Fel5324.19A IR B52k 0 —0.08A AbHEAT B SOWIl, SREWIRES
I R SRR T SRR A B . W TR Fel5324.19A T 5, 4550
o, RS RS SRS, EIARONRIEAT . X T REM RN N iR e, A
TR AR SE 0 B/ 3R DL A B VRS REVE A N 3EA T BOE (Xu et al., 2021), X Fh
JIER — AN 2 7] LT SRR AT A IF B RS R, H 2 435 8h X & H i e
If, VRS2 PR A 22l LS 52 ) R R A R0 8 AT B IE, B An 0 i
(Jingjing Guo, 2020) F1#7 381 TAE (Hu et al., 2022), {EAbATH) TAEHRZEAE R —
WA AT RISEES, FFARM 7V S bR B BB A N AR O . H AT AL
5 S AT HEB A S R, CLRUER] AL S S OTVE AT, B BRI T
[ — A& AR R TAE, R E IR 22 2T 10515 S R RN 258 R e v

HMI 7E 2% 6173A (1 6 K SR CERIZ BEAT M, $RAS 0w IRAG 5
RIS B, RSP T7 G B E7 2& B 5l & 77 U s R i — . SRR
K H U 00 5 1 7 2% 5324.19A Kb B LI 3R A3 OBk BES7 5 HMI D15 (1 4%
TERBHRSM S A — 3 ATUTAES, FRATX SDO ) HMI AR SR FH Al
St 4 H I K S S m s T RS W i 7T, 2 L 8% 2 21 B 7 kR R
IO VAL 25 b, >4 7 A0 3 0 2 ) R AR 00 ) R A T A A

3.1 BENE

e K PR32 7 s BT 50 5080 Sk 151 PR 5 TS UL 5 s 4 1 T DK BRI R B AR A
(SMAT) [ Stokes P& EH Al HMI 1 R A o SCE SR — B AN EE — F#O6 SMAT
RIFE AN, X EAFEER, XX R HMI #7428 . HMI B B
HAR KA TT, J2 R 7T K BHAR AL 5 0 W K BH A 3 45 1) A 375 20 5 G K 1)
X4, WRKHZN /122K E (SDO, Solar Dynamics Observatory) [ = MY #%
Z . HMI WLIELL 6173A (¥4 HTE, $RECECE 7T LU T 3T 72 KBS 3h i A
ERREE AR, JRAT LAXS K BHAR A A TG shde AT BT 78, 1 MK FH i) 3L
fiFH HMI 80l T DA H # i se ATt e, #E—0 A H @A KA. [
INf, 3 AT DUASE UL 280 6 B 6 K BH N &8 1K 80 ) Gk Sk i& sh AT i e, 1
W ORI, MIMHE—20 7K FATE 3. HMI E 2R AP RA MR £
T R CRPHAR TR B« LR AR B CORBAGERE I T8 B K 2R B 45O
PLROCERZE A MR EREE . HMI A 8 da 6 45s WSSt —k, KREWY
720s MK H—k, AR RTET 1.5 A1, EURE KN 4096 X 4096,
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720s i BA BRI EE 7K F (Hoeksema et al., 2014).

R P AR, SMAT BH B B s 2 E T 0.5 + 0),
0.5(I £U), 0.5(1 V), &5 H TR HSHAT e br . AR SCERUT I 8 55
M 2020 = 11 A4 21 2022 £ = A 5 HE, DL R HMI 34 . 32 209037
AR RN AT I FT . AN RCES e B £ s L3k 3-1

K31 BEEENER
Table 3-1 dataset list
[NE EE o
SMAT LV 151
HMI B, inclination 151

AR AT EHE v SRR A1 I VA5 5 W 3-1.

v 2000
0 0 00
250000 15
200 200 1000
200000
500
400 400
150000 0
600 600 500
100000
800 800 —1000
50000 1500
0 200 400 600 800 0 200 400 600 800 ~2000

Bl 3-1  HRFEHAR Stokes 1V 55
Figure 3-1 Huairou Data Stokes I V Signal

HMI #ds fR a6 8, AL ARYEHE%) B, 5141 inclination T4 H 3% B,
WA 3-2.

HMI_filed

o 2500 o HMI_inclination HMI_BI

2000

1000 A 1000 A 1000 A

125

1500
2000

1000

100

2000 + 2000 4

75

3000 A 3000 A 50 3000 -

500
25

4000 4 . . . . 4000 . . . . 0 4000 A . . . .
0 1000 2000 3000 4000 0 1000 2000 3000 4000 0 1000 2000 3000 4000

& 3-2 HMI E#E#3% B. i inclination. Y\3% B,
Figure 3-2 'HMI data magnetic field B, inclination, longitudinal field B,

—100
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32 FENAR
3.2.1 HEmALE

Hmim: BURINERECEZ, N T HRALEN TR E, AEPEEdE
i, 3R G EIE R 14T, MiiEsh XK H 2 B 8dE - AL Seie B 12800,
IR G e [R] — B 8] (1Y) HMIT 2504 -

x5 HREEIIZR AN )RS — Sk, 4 EUR R A [ R
K/ 1024 x 10240 MR HMI ZRBR 7 RS RANA—8L A7 AE HAR R 22
o BRI B T UL IEAE, 220w s, BURLE Ra K
A NEEAR, TEvE S HMI BUS LR FEXS 5% HhAh, BHimés NRmA —Ht e
FEONE LT R E R . S FEERAAHLEL, HMI ZE 0 4815 1 7 7%
BONTERE, AN B A —3, A S A EE R, X R FREA
—H T T LS BB — X R, R, 7R BT — o BT
AR, IEFEAIE I B AT B DR EC AN 55 B L, R R I 5 B R
Wi 2 5 22 ) VA ROR . BURILECEE— M RS 6 T BHGURRAE I R L BTk
AEET XGRS UL v . s UGS v 2 18 X BG4 T R A il = A 4
BUHATULHED, HoA a2 1 e BEUR i b A RS EUR P R A4 RO AL B, 7 F
iE R R, AT DGR RON AR RCR . MEME I ULEC W R 2 P F5 I
S v UL B2 o] DASRAS SE 4 R 2 SR o i i) M |l T U3 R AR Ut I 52
R s K AW AR, ok PR R ) R R PR R 5. AR Sk A A UL L B
R E AR EREAS i (scale-invariant feature transform, SIFT) Xt B4 3E47
PLECAT 5o SIFT ik — M Uk T e S i BB UL EC 7, e TR ER
FEAE AN R EUR R AN 0 AT R L —E /R R R E R e Bk &R, &
EEGH Lowe 7T 1999 E4R HH, FHAE G EEA Mg T 5E3%, £ 2004 FF3EAT 158
HEIEN KR (Lowe, 2004) . SIFT ByET 12 B FHAE EUG AL BRI, 78 R S
B TARZNH, Han 2018 Fin S8 N —T7E N H 3 1 B K R SCE MK
WL b ) R BT e o, 3RAT 1 BUFIRCR (i 45, 2018). 2019 EZ=FUIASE A
FEAFFH SIFT LR, XTEUZHEAT 7 HAbH, 3R145 T RIFMACR Jietal, 2019).
SIFT J7 6 C & B AR &, 18R H 2 REE 5 i 87738 B ] B IE B % H
HIE R R WERITEC AR BT Bk, AHALPE A2 il 20 UL O RS B I OB R 25 {6
F SIFT S0 BURBCAE 2 B, A— S R WAL EE,  m] DURORHE SR iE s
R RSTUNITE 6= SN/ C A=Y s3] UNLTH &

SIFT 5Lk B THRHMIE FORBEAT UL ECX 55 1, 8 H SIFT SLEHEAT R IC T X
F FEAR AP

R RHIE SRR o FHE AR U A, S id e s R IR 1S MR 1A
FIFCERRFAE,  [RIS)XCH BRSO B T DA S e 75 AT 1 4 fEX AN i RE
T PR EMBRE A REE, PR BAT R R0 BUR R R - B IL L & i)
RRP) B HE, X5 AT AN AR FE (M BER AT o AR5 X IR Se U AT sl 2 47, DA
= B B EERE, HISSEAGERE. mEE S FE BRI AR B
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e TREREUR IS FERRHIERC Y, IR EERRON R e, R
K, B WA T 3 AR A AT AR U AR (1) QB A, XX 2 Rk
TG, EFESIAGE . DM O R ARG XX O m AT E 7 1 5
e, vHEFE R /NI R I B OB R FE T 1) R IR, 0T i A 6 B T ) X
LR RAEL SR AN, AR o SR L i AR I B 7 1l R BT B 3145 BRSO R
MRS TAE. RE. TR=MMEE. &a, BIXE I8 m B e X85 i
4 x4 ¥, Git—ANFHGT S M IMBIEEE, M4 x4 x 8 [H—1 128
R &, A ] DO EUR AT E— PR A .

HRFERHIE STUCHC . 1220 BRI 1 X6 bl G AN DT 45 2 8] 1 5 B ke 2
7 MG 5 1 UL T A 1) S B iR o0 2R, SQ B A B VL IC U7 8 o v B8 O B m R R
PR S R AR MR R AT BE &, a0 b St ] R 125 5 ke 418 PE 8 (1) LU A SR A 37
CNTREATUEAE FULEC 5, Loew f8 FH I TAE 4 0.8). VLHCSSHH s AT LUK 55 2%
ESERG WA DR Bl AR, (HIXH TETHEEROR, bRt — ek
FH P T Ll B¢ T AT (fast library for approximate nearest neighbors, FLANN) R
INTEIE KL,

a2 BRI ES S 152 ULECRRIE 2 e, 75 ZE R MR S IR e [
KRB I ECHE, 12788 He i P ) KR L E 2 4. AR HeSE PEALFE 1 Hk DL BC R
(RITe%E 1 diT LB LA AP &, JEDUAN 248, 77 A4 i R i DL A so6
SRAFFHARAAR AR S [, SRIF EUR AR UL IC EG 2 TR AR AR ek B S 4, 4%
Ve daT b 2 g E, L4 NS4 e b, 2 AR B EDLEC SO AT
13BN EUR Z [RIFIX N OE &, (HSEPRULECH, BE 2 BORRE A B0 R 3T SE A
BRI 5. HeAk, SEBRE A% SIFT A EUREATULECR, 23R i —BUE B
(random sample consensus, RANSAC) XfULHC fSUbAT e #¢, HEi sk FE VL HCH &

M EIRFE BRI DUE Y, R AE R R ORI 2 T 8 B 1) [ 45 TR DG B e B A
R L, AR EPE T ERBBCHERS L. BAREM T FLANN A1 RANSAC
KL, RTPEERSE, (B2 SIFT FiEkRE 4%, HitE =K. Bi%& SIFT
B2 B, AR 2 gfEis S A BEIERT 1B, N RN AR TAEE
F Opencv FEdf 2% 1 SIFT AT BIME BIVLEC . BT K FHEHE AR T2 LB,
ANFEMER Z B B R Z AR R IE 5 2 7, Wda i A — 2, BURGH T RE
TEABIE . SR S fE B B KEEZE R, 4 BT A2 R AT BUR B Ay
RARKIRIT . A T IRF B VLA SR, T 2220 SIFT S H BUR AT
AEBE . NHT HMI EEAPR I EUR, 055 A T 2 3= a5 an T 2 3%

v ROTUEE: TR 8dm i BMI B3R 11 5, sRIIARTE T RSFAE,
PFHE RS RN 992 %992, HMI Hidls ST R /N 4096 x 4096 7EH 4 4
1B b, SO FEAR PG 0 FEER, TP B0 0 7 =045 A B AN )
TIE R Ry 1024 x 1024, H SO B H O E S, R HMI R R H
ARTR 77 100 FORST I 1024 X 1024 Ko 208 HMI RS AR R, & T
W= AdAE (BiCubic) W77 3, X PP I7 s A A% 3R 12K DA S K FE AR Ak 28 2%
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3 BT AU Z 2 1 A% R LR R g T

FeR e, AT LMS R P I EUR D 2, 10 FRAE B FE B o 2 IR B US4 s
B E.

2. FEREEGA B SEE: BT RREEE A HML WA B AR, SR
BAFEER R E MR %, & ER IR AR AT ) s thah, fEIE R,
A BHIRP I IE S SN, R Z0K IE 53T 5UE, BLHMI 3
P NHEREAT IE 75 2E

3. BEHMmAMNES: T HmAESE T E8ES, XT SIFT FikE—
PGS, WHREERR. X TWFREEEN S H s S8 T Ji g s,
AR H i AMIETE 07 Aok LB H Mg S . YT HMI 8RS, H
54 NAN 155, A S0H X e di FH = 5 4t

4. FEM% HMI B85 50 JR5 . PRZR I Hh A0 A0 HMIT 208 i A7 S A BR 20 P 2R B
SRR, AHGE BT 2 BRI R0, SEBR I 2 9 26 T0VE A BIAT S A R 4 %
Ko HMI s T3 2 8RR 5, Ho23 0] 2 M2 08 s T IR e Sk
YRS, RIE I ek A0 7 Sk HMI B HEAT BRI AL B, 3 ) R B
1%,

SE TR R PR S B R B 3-3 P

data_hr_v_1024 data_hr_v_1024_D

data_hr_v_1024_f
0.004 ©

0.004 O 0.004

200 £ 8 200

0.002

200

0.002 0.002

400 % 400

0.000
600

400

0.000 0.000

600 600

s00 JB -0.002, -0.002, -0.002
1000 AT R ~0.008000 ~0.008000 -0.004
0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000
B 3-3 TALE SRR EEEE
Figure 3-3  Pre processed Huairou data
RN N o —.,
SE R AR B () HMIT s in & 3-4F77m:
100 100 100
0data_HMI_BI_cacuIate_removenan o data_HMI_BI_caculate_guass o data_HMI_BI_caculate_1024
75 75 75
500
50 50 200 50
1000
25 1500 EER 25
2000 0o 2000 0 0
3 : 600
2500 {IRE S _y5 2500 s s
3000 \ o 3000
-50 -50 800 -50
3500 3500
4000 =75 4000 ~75 1000 =75
0 1000 2000 3000 4000 0 1000 2000 3000 4000 0 200 400 600 800 1000
-100 -100 -100

Bl 3-4  FALEEE ) HMI 33
Figure 3-4 Pre processed HMI data

SKhrRAE R, HMIAPRSEE (X 55, thRIDLACD BRAn T
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1. R EIRRE R X TR EAR TS, TE R MR iE & HMI 2,
TEHEGRHE EAE S EGARRKZER . 5T SIFT HIEPIRHIE s 1R 52 Xt
0 — 255 A FEE T (0 G AT WU IR, TR BB W K FE A VS LR T 0 — 255,
DRI 7 B G #5080 — 255, DISRASBRRFIE Bl 7R B R E B i F2 e,
WR B2 DG 1 B AE R AT KB R 48, WITCIE SRS A AU R BE, X BLEL
AN (1) BB W3 G AT Ak XA V 55K £0.005 1B A BB T
4, JIXTRT 0.005 B915 5423 E A 0.005 /%, /NT —0.005 115 5 i A
—0.005 1%#, R )5 ok s NA— 1 7 ok B eSS 2 0-255 YR X T
HMI 4, R 50 1E N BE T4, J7iE RSl . Rk B B 3-5 s

data_hr v_255 250 data_hmi_bl_255 250

200
200

200
200

400 150 400 150

600 600

100 100

800 800

1000 1000

0 200 400 600 800 1000 0 0 200 400 600 800 1000

Bl 3-5 $RFA HMI KIRHE K]
Figure 3-5 Feature maps of Huairou and HMI

2. FFIE SRR SUCES : FFAE S AR IR SIFT J7 i 3R A4 A 5 R R A il
WA, FEAE A UCECAE ) FLANN SRA3 V146 S50 s BT o R AIE AR A I S o
Kl 3-6FT7~, IXHEIR THT 100 NUCEC s RRAE S VR E Wi B 3-7FR

3. BB HESEE: [ RANSAC TiiE A R i HES 3L, 85 it
BEMPE. a2 PR EIL 4 ANSH

4. BEEXFE: AHILESEOS MR BRI AT 2. XEFET SN,
FAFRHE 2 B AT AR e, AT iR B A B A5 B AN IE 75 R 2 $0dE Stokes V 15
S E AT . X T HMI B8, (ERHEEE RS E, %5 NAN FIEEEE
REARE IR . X555 B EE W B 3-8

2, SEREIEER AL

3.2.2 FE-TF ResNet B\ 174 TE FNR R 21

B m T DS B IR M 20 TARG LKA B eI 7%, ML &s
FN AR, X2 BB SR . T A Stokes ZHUR1G LA KL,
MALES 52 2T A BERTE 2 — A B B B RN 5% 27, BRAR T DAAs I A 2 o) 4% SR it
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imgl--Detected SIFT keypoints 0 img2--Detected SIFT keypoints

200 200

400 400
600 600

800 800

1000 1000

0 200 400 600 800 1000 0 200 400 600 800 1000

B 3-6 HHEEFRRE

Figure 3-6  Feature point recognition map

features of imgl-img2

200

400

600

800

1000

0 250 500 750 1000 1250 1500 1750 2000
B 3-7 FFAERILER

Figure 3-7 Feature point matching map
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HR data HMI data

200 200

400 400
600 600

800 800

1000 1000

0 200 400 600 800 1000 0 200 400 600 800 1000

Bl 3-8 XIFF/EHITRRA HMI 3%
Figure 3-8  Aligned Huairou and HMI data

SEIXFPUR G A, (E2HE DULE BB B8 MU = 4R A IS S 4 g R, HL R
R AERR R M 2 T B B RS 2% 1 B R E (i e B e SO PR
B, THEARRAATAT . T4 € R R L T HERE BIRT— M4t
PR AE J2= AR s I — AT A 2 s B R R IS IR AL, ST R oo i
W, W2 M T B R E R I ORIE BN, IR BN — ATV e AR
5. MEAh, Hhe 28 LRI B OC 2 — X RIR AR, WA B RERIER
SR Z AR 9C &R . CNN BRI H] 7 B I IME s, KR 1 AR A 2
B WEEAIMERTE, CNNJE X T —4UNRS BRI, FESIRAZ, R
JERAAN S AT ERE . CNNIEH LR E RS, X R MR A T
2 BRME 5 BRI 0 R G AR ETE . AR AT DL T R E 1 AR A
P IRHOXEEEE . CNN 2 TR BRI RIS ANER, X2
FEYIZ5 YT )38 T 3R A QA B AR A% LUad R A 38 RFRESR S8 i . RV S
AL, B SRR S IR B, BT CNN R B 0 45 4 18] (1 5%
RHEEE, WEHETAETEFRCR.

3.2.2.1 ResNet &1y

AR T & MR E TR Z M 4% ResNet (Deep residual network, ResNet) K
AT IR, EEBFRZL ML (Convolutional Neural Networks, CNN) [—F, #FH
PHE 2 8 — PP LAY VR BE 2 21 R0, BR A “RUE L= (—dH & o2 A
[F I BRUED I ZRSRERE, IXFETT DUA T A I8 . 5 MLP g6 s i
ZEAA, CNN RHABEUEIERNGHEAR, HMNEERAZHBANE. BEZ. M
HEH . CNN M ZE S ERE . WLEMSERES LM RS, It
HNEF R ZEB . Inception B ARSI 4E M) . BRUZ AL Z NN TR A, &
MZEEEAEZE, Mt EAAEEBE R SR EEE SR EGETR
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MESRE, BRI B RMDGHTE N ER RN TS, HER R
AR RS BX =N kg, SRR R i B R 3-9:

max-pooling mean-polling

\ \ \ \
\\‘ ® ,\\ o \“ o = u\“ o

(1)*1+ 0%0 +1%2
+(-1)*5+ 0*4 +1*2
+(-1)*3 + 0*4+1%5 oy
=0 = output

B 3-9 B, tibdiE

Figure 3-9  Convolutional and pooling processes

ResNet /& CNN HJ—/M8Fh, ResNet s&7E 2015 F i RIEH A X— M4 H
AT 7 Bt AT A2 B 45 A\ JL R & (He et al., 2015), FE7E[A4E M) ImageNet Large
Scale Visual Recognition Challenge (ILSVRC) HHU13 T i % . fEGHMIEFAMNLS T,
BE 5 X 2 B INIR,  BEINE 2% A RF AR A SN AT DA S Y, B b R4 31 5 47 (1) 3%
Teo SRTT 28 MR AR R B 1 B T PR i) e B ) R, ek R ) DX 4% (] 5 B0ES HE 1
B BN, X n) R BE 22 R AR R 2 ) S B T HERA R R B R B AR, I
Tofs PR /R ORIV LR () 1) L, S AS-40 2K BR B — LV T R, 4 B2 I 2y SR AR
KEJAHE . ResNet [P 2818 5k 78 X 26 1 5 N5 2154, M Tk 2280, ffd 17 2
IRAGH A K43 ik ZE B (OFRAE1R B shorteut connection) UL 3-10.

E— ARz, —RRE 2 803 2, B H() ARAHENRTHE SR,
EMABEZEREENITEER F(x) 5 H(x) ZIARRRTE N G-DHER.

H(x)=F(x)+x (3-1)

REWRE SRR, &5 T AEERNED, AR E, Frel
MONIRZERES . WEEA T RE LR, AR w; FoRIR R Fr A BUE, B4
SR ZEREHLSE PR TS (0 HE 45 R K B-2) s

y=F(x,w;)+x (3-2)

Hrf Fx, wy) XFRONERZEREL, B2 23R SE TR i, AU R 1 /2%
JEHOEIN T SERER AL IR RN RN Fe VFINZRBE IR IR IR 2%, it AAN 2 H
BUBR L R IR R, IR R AR ZE A R LLEAT AR IR 5K, TR AT 1000 J= A
E. ResNet [Z5HG Bt (AL 2 A EHUESS W B 028, HAsta il 78 X &1
FORLAT A3 B S #8A H ERIR . [RIRT Resnet A AN 2 Ak, B W24 R FE 1
W, ZHEEMUTEEBEZ I, BRI ERER LS, ERARE
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X X
————————— AVl T
: | | BUEE i
i BEZ i ! |
i i E ! RelLU i
Flx) E y ReLU E o F(x) E e i x
e )Z i | ReLU |
| ? | AER |
Fix)+x

& 3-10 ResNet FREMH
Figure 3-10 ResNet residual module

IRH R ATATAFAE S SN E B XS o BEAh, AHEE THOR 2%, ResNet H Il 2575 2
5 2 IS R R0 B3

3.2.2.2 MagResNet & it A K i)l 2R 5B

MagResNet: £t A7 [ 0 HE TR BE, PRS2 A1 HMIT £ () R 3 i 8
RERERANRSE, RN N TETRE Stokes Z2E V. T, A2 AR RS
HMI P\ I7%dE B,, I AN PIEE, it o aiE . thah, BTk iR B m 247
DA G RS,  H ResNet 58— R () 94 2% 75 22 58 22 (1) I [R] INF [R) AN B0 . P
PAASCAEAR % ResNet SR IFERN b, F 2% (10 5 N\ i @ 8 B0k T8 0k, 4%
25 B DR =8, Wit T T € BR ) MagResNet 2% . MagResNet ¥
LRI SR LR 3-11

MagResNet BRI h, HAEKE T —MERE, BEGBHEZKRNDNA3IX3, X
BERMURH T4 VTR I RHE B . 82 TR KN RIFE N 3 x 3. XHEE
BRMZ KN 3 x 3 IR 2 KRRz 2l BRI IR, TR/ N2
WD A I . B AR E NS R B AL AR 2 MR, B0E R 2UE H RelU,
XA DEREA TR Z B — DN EREAE 2 MINSGSE, il BRA
PEIURFAIE SR A BOAH B RRAE B o 2 sk ZE e an ] 3-11 5 fEFhs, B — Mok
R E TN EIRZE . BERRYIERm AN H&E — N GHE, ok EG
s g b RO, AT S E O B 3-11.

IR AN -
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W {64x3x3x3)
B {64)
dilations = 1, 1

Conv_2 Conv_4

i

W {64x64x3%3) W (64x64x3x3)

kemel_shape = 3,3 15
pads =1,1,1,1
strides = 1, 1

B {(64)
dilations = 1, 1

B (64)

dilations = 1, 1
kernel_shape = 3, 3 7 kernel_shape = 3,3 19
pads=1,111
strides = 1, 1

pads=1,1,1,1
strides = 1,1

Conv_27

W (1x64x3x3)
B (1)

dilations = 1, 1
kernel_shape = 3,3 42
pads=1,1,1,1
strides = 1,1

Relu_26

K 3-11 MagResNet 514
Figure 3-11 MagResNet structure

(D B B mwEES, FHahX SRR, gk 155
PEFR S 0 o b, T R AR PR ARS8 & A AE 3 3 X
5, B, FEYIZRI SRR o] DO G B AT DI, 80 3= B0 5 nd il dg X3k,
SRIE AT ISR SR E brBin R A 558 JEFRBENLIEE 150pixel X 150pixel
R/NBIDX IR %% XA fe e i 3 5 P 3R AT RN, BB G798 2 KT 500G 80 /)
T —500G B} (Y3 IEF 25y, X BELRE KT 500G KRR &k gk
X)), BEHEA. € MBIk .

(2) BRI @EBEYLERE 0°. 90°. 180°. 270°; FEHLXT B 478515
BE AL 1E SR 5 = Fh 7 O S AT 4

(3) HIRRE: T2 A S5 1 5 3500 400 % eR IO X A ) 5 BE T 3
HAFEEA—FE, B S8 2 (] R 5 S BT B T Rk AR A T I 25
W] 24 () i H T REAE SR A3 B B BR AR IFAR &, (H R 55 3 DX I3 45 2K el A1 1
AR RECE LR/, RECRGXIBEA 70125 BRI 55 2P A 4
SN T E X R 2 R, AR PG OL T AN [F] 58 B2 G 37 2 AT A mT LA
Koot B s X3 AT 1 25

(4) NESHKE: NHEEN batch size K/NEAN 8, I IFAE A batch size K
/INEA 5 UL Adam BIERPUAGES s WIGR IS 21 %08 0.001, % 500 4> epoch 2]
HERUL 1.1,

3223 FEEMEH

K48 {E PyTorch P& E#57, T GPU Wi# 1%k, XERE S IHE
CNN H2 % WL, S HWIEER 3-207R:
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# 3-2 MagResNet LI IH
Table 3-2 Experimental Environment of MagResNet

Hardware Environment Specifications

CPU Intel Core 19-9900KF @ 3.60GHz 8-Core
RAM 64 GB

GPU NVIDIA GeForce RTX 2070 ( 8 GB)
MainBoard ASUS TUF Z390-PLUS GAMING

3.3 HRURITIE S
33.1 HIBmFEIER

A H NSRS R E 3-12. X HEE T A 2021 406 H 19 HUIZReE R
REE RN, B, hr_v Ron R4 HIREEASOW M ) Stokes S0 V 15
5, ML_BI XML 2 AR 2%, hmi &Kx HMI & 00145 24,
res NNLES 2 3] VA5 2 45 A HMI 9035 2 (R 3 77 % % . Bl HMI_Bl-hr_v &7~
HMI 175 B9\ 37 5 PR 23 0 Y Stokes 28 V 55 Z A IAH <M, HMI_BI-
Pre_Bl1 X7~ HMI A5\ I7 FIHLES 5 2] A4S B i 25 R 2 [ I AE G . 75 ZE4h
UL, fELMEERT, Stokes ZHV E5 54 Bl ZAZLMERR, Fr
PL, fEXTHESZIR S By, Xt v 55 A1 hmi P37 A <RI AT

Fulldisk 20210619_stokes_iv.fits

ML BI res

0 0

200 200 200
400 400 400
600 600 600

800 800 800

1000
0 250 500 750 1000 0
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Figure 3-12  Full day training results
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Figure 3-13  Activity Area Training Results
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Figure 3-14 Comparison of magnetic fields in activity areas
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FINL 822 2 1 AT 3T e M 3-12FF 45 R n] LU Y, fd FINL 28 54 ) vk e b
MO RES A HMIUAR SR 0.859, 7 F-Le st bisdh SLRT HMI I (0.705), 3%
W, TE R R XA, 2R e bl R AR R P ss, TEMALER2E ) e hngs
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333 HBRF IS —ErREE

Hi Stokes Z40 I, V € B, & MERMENE AR, SRR EIPRA
ATEAIEC 3330 .
By = f(I,V) (3-3)

PR I 285 2R SR IR I AE ML A B AN B, AR ORI I B85 55 . NG 22 1 #f E
SR PLA TR M N TS, 45 Stokes BT, V M B, Z A% FR. LAI. V
AR, Zi By EARHTH 3-15. M2 HPEERUT T

1. RS SR RE M RMENE A 1.V Bl AR ARG

2 HE B K /) B A S S

3. A = 4E BRI AL, HEAT = 4Rl 2

KA BRI Stokes Zx i I, HA-FRN Stokes Z i V, BRI Bl KN B,.
LVEEMIGOT, Y5 B, RS Vv MK, IEREAXFA ST BB .
MEFRHTTH T LAE H, A3 B, SEBR BN Stokes 28 1. V fEERXRERIIK R,
£V BEWTET, T UAXBARK &S5 T SLbrh g . MoE s il a] e
X B 37 B, LA Stokes & I, V 2[RI R 15 =4k i i 2cek
PRGN, G LV BME, PTERN N SRR, HLAS T )15
(RS TR R 3k AN e T 2 82 P bl T A Y, 3 e — 44l i m A O 38 sk DR 8% %
Th 37 7€ bR AR
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Figure 3-15  Calibration surface
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e T R B T AR SOOI 8 PR e MRk I [+ — Ik 1) B ) HMIT ool 2 7 a4, %
P2 2 o B R T B AR 2 M 2% ResNet BEAT S5 HAL V%, JFDLILAE
HNMZEFEAT ISR . HNH Stokes ZHL 1. V %59 HMI Y\3% B, HEAT WL LA 2508
MIff k. MEER ERFE, BRENE R EE AT LU, A AR IS B X A A Rk
A7 WIR s, BEMINLES 5 S 7 IR AR G AR RN m (AT R
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B48 HEBENREZHE

FEXS W 37y e K BE I B EAT BT T 5, A B 0] v o 2 30000 R A DL SR S B
3 S B S P2 38 R A IT . T 1984 4= PR 2 A IH W ) Sk b A2t 5 1 B
HERRFEMMET AR Gulz—, fEidX0 40 58, KHEWSEEHE —ERFR
UFREATIRES, JEERHIR A TEIERES, MR 11 4 /N KFHE30 A 10,
X2 H AT S RS ] i AR BH R R N SRk, HAER R F . Bk
TH 22 KBHIESNE (1986 4F-1996 4F), SEREFE TG 1 26 23-24 KFHIEZNA (1996
FE-2019 4E), 525 NKRMHIESIE (2020-4) KR . XL & F 5 RLE T
B, RIX SR 2R R B T R E . — B USRI R R B &
A R ITCZE ) AT T 20, A8 SO EE A 77 2UCL R SE AR a2 N b, =2
— A B EE . AT T SREARNTF, P s B N 28R R TR R,
AP SE E AL T s . BTttt 1 — Ml i Bk U7 5, ATV T
e o B ) R AT B — 8 B

T E ry XFRN Fried B30 (Fried, 1966), & HIER KA 00 K AA AR i 5 1)
B, WTEAR R TER, e R ikithEESH (0l 2,
1993), A=A A A MM T S5 06 R SCak ik DA K & o HE R il Ag # oy S, B
TEA AT IR IR, g AT FEEAT 7 KA S (Licai Deng, 2021), HHEE Y
A FHEEAL 5% (Chinese Giant Solar Telescope, CGST) i&hkit, WXFTE44 1L 7
HEAT T WS (T. F. Song, 2018; Song et al., 2021), H &M 2~ ) Shack-Hartmann
T HI A B AR PO 5 B A7 ) Bt X T 72 B (Michael C. Roggemann, 1996). [
b, T S R R o 1 D e B i et L RS EEA . B, b
BT FE LR E NS, — MR A SRR T B2 4, Hean st A K BH
E RIS H T BRI (SDIMM, Solar Differential Image Motion Monitor) X [
H W7 B A 2 (kI 4%, 2000; Liu Zhong, 2001), 875 EREE 7 & A& A F 5
FE BRSO FE M H L AT AR R AT T R s AL T B (Wu
et al., 2020). 75— MU BER AL T LA TAG 5, bE a2 B W i A
HH A T 1R A G RS PO BE s B R Al B (Mlichael C. Roggemann, 1996; A, 1973), %
TR R B A, & AR, W KOs 5 TR g r
(B 2R B e L LT B g (RS TC B 25, 1994)0 X P AH 773K 15 B MR 7 P 20408 v
i, (HAZTEA2: BT SDIMM X &8 AL bRl A 28 e R — 1, Toik e e
SR Z () S B A T BE IGO0 o 15 U iE 7R 2R 2 MR B OCER, MR RAE K.
H, X7y R IeiE i se i) A B AL T B R AT A . 1 AT 3RAS 1 sE e
LT FERAR, AR E & A RIS, E— AT EE T RN T
1E

EEXTCL B IR, ASCHEH T — PR T HLAS 5% o0 T #2090 28 R S IR ) sk
HHM T AR 7%, RATE SRS R EE O B, a5 B Gt
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1T F 4353 (PCA, principal components analysis), $#&H T —&45 20K TALFE 77
E. WwafBIL282% >~ BP(back propagation) #£5M4% (&1 £5, 2015; M, 1997;
Haykin, 2008) )58 K IEE 1401 G e 77 2 S A 00 I ORI A0 7 B2 2 T g [ )
KA ol YIZREE IR WL 52 ) TR HEAT 7T, T D e K
K BH G EROULIN S 6 3 E R T B AT TRl At v, A 3 P S K BH ) 22 b K B ()
LT FERREE

4.1 HHEFRIR

2SSO FH AR B0 R B P SR B R 3 K SRR i 28 s, T 1985 R A
I CCIEFE 55, 1982), HiIs T UK, KA 7R K FH v 2 1 @t Out i A 5 08 i) 25 4}
K TRIA B AP 3= B2 AT 2, 9 A e R BH A B R R A 7 S ot
ko [RIR, AR R 25 18] R A TR B AL FE At o) A BH 13 W 2 3
ARSI B B PR e — S T LU VR B ST I SR 48 X 4% 3 %6} 7 vk
HEAT IR B8, X34 303k B 2021 45— BRI ] P B ML SR 45 11 B8 248 DL %
X R R I e G . AT 70% TENIIZREE, 30% 1R NIREE, TEiIlgRdEd
H 15% VENIGUESE, SRR KD il = FE A e B s 48, X356
S BUE T EARE T 1989 4E-2010 FEIESE 22 FE I A AAG R AT 2020 4F A — 3K
AR PR AL R . 1989-2010 T 2020-2021 M5 42 1145 7045 3% 22 1 BA i g ' sk
8] W3R 4-1,
R 41 BEEHEEA ARG A
Table 4-1 ¥ > 2 A0 B TR e 8]
DATA
(YYYYMMDD) Pixel resolution ~ Exposure time
19890101-20010825 0.61"' x 0.43"' 30ms — 60ms
20010825-20011130  0.48"" x 0.32"' 30ms — 60ms
20011201-20101231  0.35"" x 0.35"' 30ms — 60ms

20200101-20211212  0.242"" x 0.242""  30ms — 60ms
2021 W HESARE 0.242"7 x 0.242" 10ms

42 FIEFTIAIE

R B0 P AL B A O = AN ER e A R B0 LI 2 ) B O AR AT
T, R TE rgs XD SLBUE I 70 HeR HEAT B AR s 70 (PCA,
Principal Component Analysis) J7 y:% B da 3t 47 P 4

4.2.1 ELEEIRETE R

B Ly fR I — A R R S i L S B R E LR B T Ry 1)
772, #AIH O.von der Liihe $2t (von der Luehe, 1984). & tL €, 172 LA

60



CEE RS SNt

X @-1): o
(1)

Ew= 7. 5
<|I(u)|>

Hoeh |(I,) )|} #on s m b K i sh % i, <|i(u)|2 TR B IR D <~
SRR T RIS, () FoR S BOR R [ 5, | o
BUBGE 5, T, For 18 B AR U BHR B R B, u Fom R A bi s i |(T,) )|
MR AT 2 4, Sorb AR, ([T, [") LT G R A it
WELLHHERE ro Rb et — N ORHE, L BAEWELE 2R FARBIXA A, BIATSE H ro-

(4-1)

422 HERERTHERFE

BN ry FAEAE BRI NIOC R, AR T070 P28 B 125 e 21 R A AZ P32k i ot
TR rg PEAEREIR o WU 220G BRI 2 HE 2B N G — K/ . A I 2R A
RAEBIE R ITC PR KN 0.484" % 0.484", WHRE 4-1, B EBEIRG 0
TN KN 0.484" % 0.484"

423 PCA M4

wJE, ARSONEAERAT T ERI 08 (PCA), PCA & — M & 7 =) Bk,
I PCA ¥ R s AR o — 2 A5 4 B 2R PR T oo s, AR E SR BB R 1) 32 2
RRE &, — A DUERR/ME ST, S — 0w, EJIZm Mgz EiL,
M HEY S, PCA PRYEMJEFIAESE — & h OB NE, KEAERR. INH
BLEf 7RSS R o RSO T B35 2 S5 AT 00 b, B G AR
1 YERAE (%4 RN RBE T PCA PR 4E J5 MRS (0 32 A ) e AS ST P B £
PCA [E4ER 4R 60, AFRIFIBYEO0 B sTikZe Bl 4-14 a s, BERHETET
B K 4-19 b fion:

PCA=60 Contribution: 0.999

Before PCA After PCA

0 10 20 30 40 50 60
Order

@) (b)
Bl 41 ERIMT. (a) AR PCA THRE, (b) EHIAT G EMEXT L

Figure 4-1 principal component analysis. (a)PCA contribution rates of different orders,
(b)comparison before and after image reconstruction

MTEAEH, B0y 60 N, A RUE BT IAE] T 99.9%, KR ERMET G
WIS, W] T PCA FRLERIA RME. VEAH I AL B AURE WL 4-2
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Figure 4-2 Data Preprocessing Workflow
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43 ET BP HEMEHNUTEGER XK

AR 7 B2 B 0T 298 R ARMEH — M R BCR RAE, X Fh 2 EARZMER
[ A 9¢ Z AT LA Bl BP #2828 BB A Ry FE 2R A 40L& R ok i ST AR 2. A SCHE T
FT BP BUAR T BEAL 4 15 N A — A 60 4E—4E ) & (AL 2 J5 IER)
P = —3L 8 =, M N— [1, NEEH RN 1 x 1) IEUE (ry). MIZEAT Y
J7 % (MSE,Mean Square Error) /E4 Loss B%L, 1152 (4-2):

n
1 A
MSE =% (y; =9’ (4-2)
i=1

ek = i ReLU (Recti fied linear units) YE NG R E . NS H Y]
HHCRHBENIRI GG R 7 e 2R EU T, VIR BRI 22 3T 8 Ir BEN:

Ir = 0.001 (4-3)

Nt REF, HE Loss AW MR, WZ ) RLRFEAL . Frd mEHE T —
N ZRCAE—A epoch, PN epoch Z 1811 Loss T F/NT 1077 B E 205
BKONT 1077 1, Gl R T SR,

Ir* =0.2Ir (4-4)

Horb I i 2) %0 IRELEN 10 4 epoch HHIBRAE S BUR m/NT 1077, U
Zab gk, N T BIIERE BN T %, IR RS EB 5000.

4.4 LRI

TE I 73R 5 S, {50 P TOUAEL AN S BRAE AR DS 28 101 28Rk R 2%
HIVIZREE 5, DA 45 kAT PR . LR 4-3 9451, BEEASERRME, AT
T, H HA BN EFMIRE R iR 2 . AL 3 BARE 2, 2020 4F
PAEN TR SE S, E5: 22 ST AL AL 5 = AN 24
4.4.1 FiEMK

A A i by AR i B 34T 7 . TR OB ik B 70% 1F
NNELE, 30% 1EAMREE. sEihgs RunK 4-3F1R,
YNGR AR EE A3 7R 2 K 20 4-5) i 5

m
1 A
i=1

Horr & RosbpZefl, e Ron TG . MSEIRETRKE, IIGREANRKES TR %=
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Figure 4-3  Correlation Diagram of Training Set and Test Set

SN 0.343 F10.243, UiEHA 95% LA EREHEEZ /N T 0.68cm il 0.48cm. Xt
TRAE AN SZBRAE A S i8I (4-6) Kt 5.

p e Z:lzl(xi - X)(yi -Y)
VB G = B2 [ (= T2
Hr X Y 7340 x, y BI5ME, MR RECH 0.656 A1 0.725,
255 INAEMMARE R SLL, 245 R UV R Z VG DY 0.48¢m 0.68cm i [H
W5 AT LKA T 10 0 R A 7 P HEAT A 55, A B SR HERA % 09 95%

s, MRERRZ SN TUIIZRERIRZ ST, 70 Pl A AT e DDy Sl 48
IR D

(4-6)

442 2020 FMTEEFRMEE

EFHINZRITINZ 5 2020 S OB REAT i 550, A5 545 R W& 4-4 7.

R H 4y, RO T I rg BME (CRALAE cm). A\ 2020 SRR 14 545
RETULE M, LT rg MEEDAMEERAE lem — 10em Z 16, KPFFELERTE
Ol MTREM 4 H 2 10 H AT AR B AIE L A5 & PRSOK FOUL I K 5t &
U FIRTTE O, Al DA, AT BEAEAE I 8] A AT R BRI AL, XA & RS
HISERRARALTE o A 5F AL T B HE N 2.89¢m.

443 1989-2010 EM T ESLFR{HE

A58 FH PR 22 K FH W 30 32 b AR 241 1989-2010 4F 4L 22 4F 1K FH G BR B4 H g
ST AT, HES M T, S 22 FER KA T AR
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Figure 4-4  r, forecast results in 2020
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Figure 4-5 r, Annual median change curve of seeing acuity from 1989 to 2010
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Figure 4-6 seeing change curve from January to December

P SEERIM ARG L. FIR WIGIE 72 R 9 F A B MR B it E A
oAl A ZE LS
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Figure 4-7 The partial photosphere images from January to December
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Figure 4-8 Percentage of seeing acuity value greater than 3cm from 1989 to 2010

FEIFIRF] 2010 F ) L-FRFEE A IS 20% MEFEEN T E KT 3em HEHL T
AR, wmA 59.5% KB REN TR rg > 3em B M AR 2408
VLR T PRI B I00 2 3t UL I IS TR B A, A A 224 9] AR s T 40 7 P 2 AR AR
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Figure 4-9 Proportion of seeing. (a)Proportion of different sizes of seeing, (b)Proportion
of seeing in different sections

ME ERE, 1989 H-2010 FFIES: 22 F I T FEEHE ro > 3em HIEHE & 2
40% L, IR ABA LI FE A 40% DAL I 1) EL A S A 5 R0 57 B 2% Atk

67



FETHL A > 1 ks K BH 32 D58 A E A 7 10509 7

45 AKEBING

AT O 0BG SR SR LT S0 T B ) I R A, A R
NI B G B IR N R 2%, $ i T — PR T 48 I 45 (1) K SC & B A 7 B AR
A B 7% o AR SO S Al A 25 SR E G DA KON 1 22 i g U, SRS
I LR B S G B T B s SE AR AR IR . TR B I Tl
L, KM PCA R M 7 BARAT TS dE. Ht—20, 1T —
Fh2ET BP AL FINLAR S 2 5 5. ARG X7 AT T I0AE, FEXT AN FEA
LR 22 AL T RESE AT AR, TR TR, AR

TEX DA L 38 B SR BENL 0 BE 70% 1ENIIZREE, 30% 1E il
A MWSEIREERRE, INZREE NI AR (1) Tl 45 SR AN BR 8 A 72 B A
H 95% LA HIEIE IR 2N T 0.68 F10.48. T T 0T CF BMG B 15 M 7
FEIX— M S, 1% 52 2. X 2020 £E BANME BTN A s2 g6, w]
DL HAR 7 B AE — B4 N AR AL I A S RS2 m B LI 5 ol 3 A EAR &, T
AR TTIE A R

M 1989 4EF] 2010 FFIESE 22 F M T EME L R KE, I T R
KIARREALE 3em Iodn . FEFTA VLIRS (B BE N, &/ 20% B8 TR0 7 B K
T 3em, —FHEEA 59.5% FIRERLT R rg > 3em.

AR FE T EPRR PA— 30 L2 S 1oy S L G T A
BEX N R R, FEXRSCE MK A 7 B AR AT T Al S TEARSKRI N A A, AT R
8 A% 7 100 HoAth & 1k 1) g SRR T BEEAT A B . AR B TR HA ) O v 0 v A Ut
], AT TR B FEER LTSI, X2 S EIN AR 1377 R
E s CCVIZREE/NTIIR IR B8 2 (W00 o7 LA B he) s AR I 2%, DRIt 75 B2 AE
X TN CA St o oAk, 75 E s A R A o T, R TR BRI, SR A
SDIMM X #& R e A T FE RN, L B EE 4R, BT Z TR RIRER
FERA AT o fe] SO A0 2 B A B 7 v, DA R sedt Ja 1 v - R v B
& N — B 5 N 2.
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BEE R AR, NREEBEN T N e KRR, Hlasss > LUE %
MEE 5227, AN DI 52 A M Y 57 BLAS 2% 2] DB M B B T RS04
KA E g, HEIH 7 ERINAE 77, NS 22 STHEFCK A BERL 2
e 0T A K K8 9 A IS 20 B 25 00t R R 22 s R A R R B A bR i s o
ok B R R R, RT A R FHR 2035 s v i B . H B o i S <5 5
PEA BT ER AR o R FREE — TN RNE, RATEIRSCR SR 2k AF, R REdEAT U
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BIMIDLG . B DL Kot AR A 2, A AL 7 31 5 K i Bdle Ab B e 70 ] AL
BRI . BRI A1 R, HLas o ST ATt o Bodfs 1) 73 A 2B AT i
Hi, ML R LA i K e 1k

AR SR H BT RGN AT SGEE 3Ty, AR RIS S SR B A
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EAERYE . DL HE B DL R I S B 2 N = AT TN T X ek
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