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Abstract

Abstract

The magnetic field is very important for the study of solar activity. The physical
mechanisms and dynamic processes of various activities on the surface of the sun are
closely related to the occurrence and evolution of the magnetic field. At present, the
measurement of magnetic field is mainly obtained indirectly by the Zeeman effect.
The measurement equipment is mainly divided into spectrometer-based and filter-based
magnetograph. The spectrometer-based magnetograph has a lot of spectral information
and can obtain the magnetic field more accurately through magnetic field inversion.
But it also has many problems. The time resolution is relatively low due to the need
to scan spatial information. The filter-based magnetograph has only one wavelength
information for normal observation, which can provide a magnetic field with high time
resolution. However, due to its lack of spectral information, the magnetic field cannot
be generated by the technique of spectral inversion. It can only be linearly determined
under weak-field approximation. The magnetic field generated by the linear calibration
method has a serious magnetic saturation problem in the high magnetic field region.
On the other hand, my country’ s first space magnetic imager, FMG, is expected to
be launched in 2021. It is a magnetograph that only has one wavelength position in
the normal observation mode. Magnetic field calibration not only has the problem of
magnetic saturation, but also has the problem of wavelength shift due to the influence
of the sun’s rotation and satellite orbit speed, which brings greater difficulty to the
magnetic field calibration. In this context, this article develop a feasibility study on the
application of machine learning methods in the calibration of narrow-band filter-based
magnetograph.

In this paper, the StokesIQUV loaded by the Hinode/SP satellite with rich spectral
information and high magnetic field accuracy and the magnetic field parameters gener-
ated by spectral inversion are selected as the data set. According to different research
contents, different preprocessing methods are used to generate different sample sets

from the data set, and machine learning models for different tasks are established, and
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then the training, verification and testing of the models are carried out. Mainly carried

out the following researches:

1. First use the multi-wavelength point data of the 6301.5Aspectral line to build
a multi-band magnetic field inversion model, and gradually reduce the 16 wavelength
points to 2 wavelength points, creating a total of 16-8-4-2 wavelength points machine
Learning model. The results show that these models can predict the magnetic field well,
and the more abundant wavelength information, the higher the accuracy. And found
that the machine learning method has a certain denoising function. It shows that the
actual observation data can be used for the multi-band magnetic field calibration of the
machine learning method, and further shows that the machine learning method is very

promising to be applied to the single-wavelength magnetic field calibration.

2. By selecting the Stokes IQUYV that deviates from the line center 6301.5Aposition
-0.063 Awavelength point to simulate the single wavelength observation of the filter, and
provide a sample set for the machine learning method. The simple neural network
MLP and the convolutional neural network CNN are used to carry out the research of
single-wavelength nonlinear magnetic field calibration to discuss the feasibility of the
machine learning method to solve the magnetic saturation problem. MLP uses a pixel

as a sample, and CNN uses an image as a sample.

First, the research of MLP method is carried out, and the influence of Doppler
velocity field Vel, filling factor «, different magnetic field components and other factors
are comprehensively considered, and 12 corresponding models are trained for multi-
faceted analysis. The following conclusions are drawn: (1) Adding Vel to the input
parameters will make the network model more accurate, but not significant; therefore,
considering the parameters of @ makes the relationship between the magnetic field
parameters and the Stokes parameters more complicated, and does not consider @ The
magnetic field parameter of has significantly better results. (2) The magnetic saturation
problem is effectively solved. Compared with the linear calibration result, the residual
error between the sunspot umbral region and the target value is on average more than
700 Gauss lower. (3) It is found that in the magnetic field inversion data, the dip exists

in the quiet zone There are many "bright spots" and "dark spots", and the MagMLP

VI



Abstract

method can predict them reasonably. The prediction results do not have these points,

which again shows that the machine learning method has the function of denoising.

Then use CNN, one of the deep learning methods, for research. The biggest
difference between CNN and MLP is that it no longer takes individual pixels as samples,
but considers the spatial relationship of adjacent pixels. The impact of Vel and @ on the
model is consistent with MLP, and no specific analysis is made. The model training and
analysis are mainly for the three components of B,, B; and 6 three-dimensional vector
magnetic field. The following conclusions are drawn: (1) The CNN network model
not only achieves better results in the horizontal and vertical fields, but also has better
performance in the azimuth angle than the linear calibration method. And the azimuth
angle is a periodic quantity, and a separate loss function is designed for this periodic
quantity in the model training, so that it can converge well around 0° and 180°. (2) The
data generated by the CNN network contains less noisy data than the inversion result,
indicating that CNN has a certain denoising ability. For the many "bright spots" and
"dark spots" in the inversion data that exist in the quiet zone, the inferred angles of the
horizontal and vertical fields generated by the CNN model can also be removed. (3)
The same CNN network performs well in solving the magnetic saturation problem. (4)
Compared with the MagMLP method, in the test set samples, the MagReses network
predicts the horizontal and vertical fields and the residual RMS of the inversion result is
mostly below 50G, while most MagMLPs are above 100G. From this perspective, The

MagReses network model can have better performance.

3. By selecting two wavelength points above and below the single-wavelength
simulated observation wavelength point to simulate the wavelength drift problem for
variable wavelength calibration research. The establishment of the variable wavelength
model more closely describes the actual observation situation of the spatial filter equip-
ment. Use Hinode/SP measured data at 5 wavelength points plus random interpolation
for simulation. The horizontal and vertical variable wavelength calibration model is
established. From the results alone, the final loss value is slightly higher than the re-
sult of ResNet single-wavelength calibration, but it is not much different. Compared

with the result of MLP, it is lower. Through the analysis of the prediction results of

vl
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the samples in the test set, the following conclusions are drawn: (1) It shows that the
neural network model can fuse Stokes parameters of different wavelengths for variable
wavelength magnetic field calibration. (2) Compared with the single-wavelength model,
the accuracy of the variable-wavelength model is slightly worse, but this difference is
not particularly significant, indicating that the performance of the variable-wavelength
model is not much worse than that of the single-wavelength model. (3) The predicted
result of the interpolated data is worse than the actual observed data. The interpolation
method needs to be improved. From the negative side, it shows that if all the actual
observed data are used, better results may be obtained. In short, the variable wavelength
model can better provide a reference non-linear calibration method for FMG’s magnetic

field calibration method.

Finally, the current research progress and existing deficiencies are summarized,

and the future research plan is prospected.

Keywords: Magnetic field calibration, Narrowband filter-based magnetograph, Mag-
netic saturation, Wavelength shift, Machine learning, Surface interpretation, MLP,

ResNet
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BE (S3T)(Qu %, 2001) B EEMLAR AL LA S H A ) Hinode I & % fif Z —SOT/SP,
5% [B K B 3h 77 5 W0 55 SDO(Solar Dynamics Observatory) F RIHMI(Helioseismic
and Magnetic Imager)(Schou 55, 2012)5 R E: W AZAX# JE SGs(Bai, 2014). ‘E413%
YT RS BmAR AT 28R FOG IS A i, AR KRR A SRR NS, H
HTAEWZ . WIS HER . MR/ IS 2R . SGsllid VR B il s )y i
RS LR YR 1) Stokes(del Toro Iniesta, 2003)1 Q+ U~ VItilh, RIKMFmIRD B K
WA Stokes I(1), Q(A), UL, and V()X EMARTERK). XBHBE D
T ERE VA DAt i 2k e B, H 2 8T BN R R FE AR F0.1(Borrero 25,
201 1) A Rl B A 5 o e 58 35 IR SO H A SRHEWT I, X2 H 19704-4%
WIHA LUK B A ) T B (Rees %%, 2000; Socas-Navarro %%, 2001; del Toro Iniesta
1 Ruiz Cobo, 2016; Socas-Navarro, 2001). ‘& & 7F — & B KA LA K R HL
HEE T, T B MmIRE S F R R AR ALl b, did s —RINVE A%
RE ZE3RTFStokes MG TE 4 B0 I e LA, X I TR U R LS R R RS S
XN VB2 B U S S IRIRYRE S A% 3 d L T IE 3 3119564F,
Unno (1956) DAL R 2% (1 77 2D g S22 K« Nikulin 55 (1958)M32 52 HH 17—
B PR ) e WG BB B 4 BUHE S, Rachkovsky (1962)% Hii#E4T T4 @ . Landi
Degl’Innocenti, Egidio and Landi Degl’ Innocenti, Maurizio(Landi Degl’Innocenti 1
Landi Degl’Innocenti, 1972)% k37 1 ) i 56 4% 366 75 R iEAT T 87 1241 5
BE T4 S 7% 5 R N U 48 B U7 1A AHH R V5 (Auer 5%, 1977). M-ERH
7%(Skumanich Al Lites, 1987). SIR/K{#H%(Cobo 1 Iniesta, 2012). Zurich/% i
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1%:(Solanki &%, 1992) LA K Ji H AL &5 N 1) S 35832:(Qu 45, 2006; Jin 4%, 2006).

I BROR RAT 0y (Hagyard %5, 1982). K EEWHI R S & B M B AL (Zirin,
1985 )R 252 K BH UL 0 2= b g S BA R 3 BRI 8% (A A1 Hu, 1986) 55 HUFERIZ AL, LA
K SOHO .1 I IMDI(Michelson Doppler Imager)(Hoeksema %5, 1992), Hinode T
& FHINFI(Narrowband Filter Imager) (Tsuneta 25, 2008)%% K FE i 154X 1 )& T-FGs.
X EePE G I A R M B B4 KRN S, R B R8I RGN m R 5
Prasdh s, ANEZAAETICRS, EOLRGA 2 M, BT 0T 562
(Hagyard %%, 1982; Ai 1 Hu, 1986; Tsuneta %%, 2008; Zirin, 1985), B3 T 14 5
IR T AX (Hoeksema 45, 1992), BE: T340 B — B2 F-#4X (Cavallini, 2006;
Leka %, 2012; Scharmer %, 2008). €'t &% 54 7 I 8 ¥ 4% 72 T T AR
M, AR, BT LLIRAR BT BUHR (1 StokesIQUV IR . & Giik b #s BLREAR
ASCEE S I R — AN K S i Stokesidk 55, HFBAOGIEE R, ik
HBEAT L TR G R BB R DG SO T R R A Wi . R AR AT A sE by, il
55371 AMB B (Stenflo, 1994) T [RIFE S A% 36 J7 R TS 2 ) d 7 88 B8 (B, ) R [vi)
Wi (B,), VARITNIf(p), EARARA:

B, =CV (1.1)
B, = C,(Q*+ U*»)* (1.2)
¢ = 0.5arctan(U/Q). (1.3)

HAC 2B e 2%, MC KB MEN RE. HATA RS R 5ok 3k
1R BB (Bai 55, 2013). % J7VEAE G5 ML DX AR I, 11 7E 50 3 X 38 (451
U R AR AT 2R AR R X ) AN AE FH (Bai 5%, 2014). 9 1 5 AR B4 VL A0 R
Chae 5§ (2007)KH — W 2 BiU7 i RS R IR 15 573758 BRSO, IR
5 ek FE WO o

1.2 #isErRmEIGRY e)@ S B E
12,1 ZREHRENRIES AR

T S TR BARRES AT IR Z T A2, (ERAAERZ HE. ()X
JIEARRAE — R VBB NN KR B SR, S8R s AT i e e
KLy o IX LRI A KRS AR, TCik DRAE I £ 7 AR R BE 06 3R WS 1 1

3
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SRR KRS, HARAE—, Rl I s 3 15 H AR R 37 s 1 1 R ] P 1R M
DRAE o F 8 S S 0 ik U I RCHE 1000 6 4 3 H R 1, 075 v L IE T
(2) BPASE 5 20 FR) S5 66 077 ¥ s DA U0 B30 30 sl o O D0 590 v SRASHE L, BB 2
BRF AT RIS R R B (7535, 0 D0 50 52 BR - W0 DA 388 1 25 Rtk A5 4
by, ESTCEHACRIERI A . QMBI EAE K. @OWMRAFELL LR, %
JESOEIX P IR I, — RS R AT 46 B HE BT H 4 3 6 U 35 2 1 /N i )
55 LK [ A (Carroll A1 Staude, 2001; Milic Al Gafeira, 2019). — &5 %5 IH
FEARH K, R TGV R R L2 SR AR R U S I e P 75 K

PRl -4k — A PRd RS TF SRS B BTV R B A R — HIIE R, %
T IFENE BRI, — SR M VERIBOR © 4 N TE W RS T T
HIRTG T — LR R . Rees 55 (2000) 1 26 H 32 55 731 (PCA) M Stokeste
JET i W 104 37 53 B AN A 2, Socas-Navarro2%(Socas-Navarro 2%, 2001; Socas-
Navarro, 2001) & i X AZ T VERAT 7 i . PCAJTVE R FE4ERI 7, SRk
/b IR T 5 (A A8 B AT SR 98/ D AR IS, 7598 7 B8 /s —aRIE AR E . %07
EAE— R B 7 . ZEAZ [FER, Carroll A1 Staude (2001)3% F A T
PPZ N 2% (ANN) R I ZhStokesZ B4 5 5 R B R IS HCL A RS M 46, 45 R 3%
B ANNBE S B 8 G (TR B 30 Teng (2015)2 H 1 — 3t T Mer-cert% ()
il MLk S HAR R R B . IR BT VL AR IR LA R IR
R RBEKRN, MLPHIEM TEZEIE S, H 4 &4 056 R,
R e sz [ .

201653 H , BRI E L AlphaGo— ™K FH IR & 2% 21 77 1 (Goodfellow 45, 2016)
BEATUIGRIONLER N, FT00 T A RO 2, D& . 3288 T K8
A B AR B SR AT B 4% 1) R R e, DLUR BE 5 S R ARR LA 5% 2] T i IRk
KBGEERK, FFE T AN TR =R IR 5 ) 7 IR TE i 2 (i
BRof. WA, PP oe s HORR AU 2 N, AR RSO B N H R
DR b B R R SO R RS A 0 DR AR A R T AR TR 1) R
H(Tao 45, 2020). {EMEHE. H Y BTION 81 R 55 A BH 4 B AU o 3k A7
T REM R (Liu %%, 2019). Asensio Ramos 1 Diaz Baso (2019); Liu % (2020);
Milic Fil Gafeira (2019)4#4 45 FUHH 2 [ 25 (CNN) S FH T Stokes [ i, HUS T N EE
RS AR, FEEEAANNTT ARG THBORRTE. B TONN2# T BRIRK), &

7/
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TR KR, WRRAED> 7 H T R M P 52 ME 5 B 8
Bk (Milic M1 Gafeira, 2019), {H 7 25 K H AR ZR 4GRS . Asensio Ramos
A1 Diaz Baso (2019)1 FIE A BH A = 4EMHDA L & (1 Stokes Y1, 3771
FH N E 8 2 v g A 1R BT AT 2 TR A5 8 EAT CNN I 8 A5 1 )1 25 . Milic M1 Gafeira
(2019) VI ZRI\CNNE 7 SO AR 3 N B Srokes BTE AL, IEIMAN T H0 A, I
HEWTRE 250 T 5D o RIIE TR IE H TEEA MRS NS EE2e (A
fEFe 16300, NalID, Call 8542, Mgl b% FiiAT 7illil), [FRIFEEH T Jppt
T PR 5 s R A PR B 0 i Lia 25 (2020) I 5 5 A% 3= P StokesBE BRI
EEPSEARTRELE S )2

WS 2 21 77 DAL REORT 5 R i) AR A IE T R 7, B2 IR PR B 5 51 1)
KR, AFL SR FH I 7 V240 T PR o 5 R DR 5 A0 D R D B L AR 4. 52 ) AN D B e
BRI R0 H I 2R 80 K 2ok B BUERILBUE, 5 Sel 8RR 7E — € 22
5, BAESEBRLI RAEAS R AT 7 IR IS TR AR, (A R IERE
8 )3 F T 52 Brost il e 5zt

EUERSEG BEEEE—  ERG A
\ . - \ n / n

/ /
RERSE vl mman
i

(a) (b)

1.1 () et REXPARZ B (ASO-S)ZE, (b)FMG/RIEE .
Figure 1.1 (a)Advanced Space-based Solar Observatory (ASO-S) satellite, (b)Schematic
diagram for FMG.

122 BRiiaEFRFEER IR

“HEIERIL KPR E” (Advanced Space-based Solar Observatory, {5 FRASO-
)T E (4 P11 () A2 R 2 e 2 )R 2 e s A2 2 5 2 T3 — 3t S7 30T ) T v
FIOK SH I B . ASO-S T A LWL IN K BH b 79 28 f J8I) 2 1) 48 I 3 —— R BHRE
PEAN H 2.9 5 1 55 (CME) PA S 7= AR B AN T 3 45 M 2 R = H bre. TUH
C 2018 IEUE 3, THRITESE25N RIHVE S A AT K 5. ASO-STERE | =
B, A A HERERGAFEMG)E1.1(b) 3 2 Fi /K%K BH # iz
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BE(LST)FI R BHAEX 5 2 AR A (HXT), K4 0FRFH B9« — g2 AT 0. «—
fg” RUOKPHRE:, “P2” RI4E K FHMEDEA H 2 B . ASO-ST R MR A
R A AR IR SE AR — U A R0 K FH 4 H R s e . K BHE B
e REHE S BGORT H G P Jo 4 555 3 T A A o v 22 XA S 4 B s B K R
B e B —— KBH# S K FHWEBERT H B V) Bl s =38 Z [ )58 &R, 4878 K FH
il 7 16 8 T BSUOK S W XA AR ) . P o i 555 1) AL FE P B A o 7 4 R NS AR
5B PR RN, O E RS M N SIS AR A IR A ) s TR) R PR A A 0 P B R A
FMG & T ST S G 4 B A% Gei AR AN, 32 B3 1 i ) I 2 (B 1.2 B ) £
T Zeeman RS SR UK B 4 H HDGER R BRI R . 9B ML, 3 % X #%
WIS S M R EINE, A aef3 3 By R w20 fh(—H R &
FEVE), FHE T B 30p200 0 AR A0RD: AR 3 HE R 10 i
RS S . AR T Hinodelt)StokesZHAX, B AT RN miom
ST A 3 7% AT SDOMSOHORIREG AL, ML E e, Hisn il &
REPJL .

I , EIE 5 A
HHE IhE
V \/ LRV 6r
6 v 6r A
[ Retn

{a) {b)
(a) (b)
1.2 () AHE, (b)HGRNHEIANERIE.

Figure 1.2 (a)Left-polarized and right-polarized lights, (b)Magnetic field measurement

principle of magnetograph.

FMGE N E S — &S MHEN, RARIRINE . B E s T FMG
KUARH HE, RAFHRAWPANHREE. 39500, MTRmMXEA
BRSO, AT VBB ES f Ik EAR A e & GRS I AR AT LA
B RAEF RS . B, XN T mRERWN, FEHExRK2, FIYKRH
W ZE B¥ . WA X AE B TR L A 2 sh A5 A o il B AR IS 2k, i HLiE A%
ki H AL E AR TR 2 AR DOEAFAEPUEE R, BAKIERR
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Tl B — AN 8 AR REOTIE R B2, X2 AL S8 ot 28 BRAR A1 R
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Figure 1.3 Magnetic saturation effect.

1.2.2.1 BRI

e Gt Je ' ae BUREARAXAE W F I T & TAEAEStokes e B8 1) — A i 72 e KA B
Fo EEWIANELT, BES M, 2K E R WIRE 528, =
BEE R G55 . ZeemanZEBE AR KT BUX — AT B N W IR 15 5 R M6 2259,
SRS, W3R . BRI SERR AR B, R AN R R
— A AEE RN, AMEREI R AR, S METME. U
Ko BUERINIESEAE R M 70 BERYEL AR U532, BIARYE 115 5 5 B2 56 ks H An )
I ISR A X SR 2R 1AM RR TR RIAREY), SR JE T T 5537 X SRR 141
AN 50) ELH A G SR R B C, NG, TR T AR 5 I E i 7R 56 i 2 e
RS AHZIXFP 7 B & I 50H — e B BAIIHE, XA s 24,
EAR AL G N T — B B I W e b
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1.2.2.2 KEKEBIO)E

FMG &4 H il KA, H I A — A B0E B TARBK fil. (H
THCHE ) SE PR B AR H i A R AL B _ERGRAFER,  RIFEE RS
Ao SLHEBRKERKIRRA 24 DR ZE B EAAM D7 [ B2 %
A% HAE 4 Hil ERIUNARE AN AG R, e ENE, 2) PR
X T RKMIZsmk 2 A2 XA T i 1, EEED
BAEPE LR EAFTAR. ASO-SEXKMFAHE LA, BB/ #1Z199.27)
B, PUBEBEEAMEA HARL, A AN, R A B +4km/s, 2 I )
RN A KR AT 15 40.07A . 3)KBAVE SN X 5B TR MM IZE): XANE
HAME S AT XA EAALX . FEX)E R, EAESN XA H AL E
AR HERIECABCE T LG, ABAE S P IR R ILIE G d M  h B AN )
SJ iR F(Liu 55, 2018). X4 H i R B br I, PRMERE T 75 225038 H i £ 44
225 () s DU ) S PR AR BARAL B . SR b, 3504 S (1 A B 3 58 37 00 B AR e
RS IZ — 1, BATHREAEIAE A R & T AR PRI — [ 3

123 BOHAmNERERRG Z—HEE S

LAk RE b VA T DA A SR PR TH SRR R, I HL R A v TR] 2 F R O0
(B R AE SR X S8 A7 AEB0™ B REAIL R, 53 HME 52 22 35 30l A8 1 A
P 5155 SR R 2GRS ) AL, A2 VE e An I XERE S K. AR IR TE ARG 1 BRI
BN A, FHRENR A, BRI 2 bR T AR GG AR B RE AR
AR AR HEL

AT KRB A, REEEE RS LSS 2 S RN A H . 1210
A LARNE AAT Q2R INLES 2 S VAR 2 i A il vl A TAR Z 7T, JF
WA —E MR . 5 R I B rh 2N 5 B A7 A B RE AN A A AL 1] R )
FRLRAE R, et E B TG WA A TG IR e IR A B JR IR AR R X A e . AL
ASOIT e 1 WL o7 STAE B K i3 s b P AT AT PERIE 7E - ASUIRE 6 it A% St iie
I R REAR ARG S SE AR P AFAE RO ARZNE 108, T A2 ol B st AR 88 1 sy I 1) 2 7%
RT3y B S B 22 S
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1.3 EFEMRAR

A SCEARTE B K N AT AR R MWL e bn, 3 — DI mEMGHIY % b I kG
JZ o R R B SR AR AR LT B SR B I i A e W 7 e by, I
T R 2 M A A LE TR RV R ) R, S T DSHE A TR U K T B D K L 88 2
TR E bR o BUAT RO ML 27 >0 3R AT 1 3 I T8 10 A 0 i A 8 SR FH A 400 0 4
BEATUIZRIN, A 30K F Hinode/SP T B 384 S A B4 dE AT W 978 R FH 2 0%
KRBT, UEUTR] LB B ) Sl B AT WL 2 I BRI R, AN G
S K EE R — AN S5, ORI B AIMS B B 1R A — A Pkt
(12 SRESH ERS T %o H AT B R T e/ RT3 386 7 102 R FH B
RERBEAT SR, T e 2R A BABRAR 3O — N YIRS 1 17 B O MILPASE 2
AT B ER, VTR N MR AEAT AR LML e AR . SRR I NN
BRIMLPM 2 )25 R, L =i br i, $WIMLPR] DL S A B AR &
=YEh LAY, AT AR S 2 H H AR R DU 2 R A PR RS S 1) R OC
FARL . AT B T LA S S AR R SR i 1 — B R . R TR R
IMLPIZA 5 ARG 2= L A OC R, ARSI #EI7 2 DLEHE I T R s
KK, AHAAR T Z (B L SRAFAE — 8 IR PRIk, 1 — 2 R HICNNI 7 3k 4T
B K E bR RS E E R R . HLONN T2 CAEIR 22 UG A S 4Tk B A
TIRZ R, Wilp o b kAT 1 SEERUE I nAT R AR VEAER . B
2, EEXTFMGH 2 [ G a8 MR A o8, 25 RS LB 2 51 A A U A%
)R, SR — 0 B AR B K W Stokes S8, ARG R I KAS BN BN
ZHh, BHATARPCK I E AR T .
131 ETRHE

AW LA R B LR LA E S RIT A 4

B LA RS EE RSN i, REVEA A T SR AE R
Hmie e, BEwsesriieE.

H=E MR AE I INEN R IR, LRAHORI) — 255, M
o WU R O N IHERE S vl AR ] i Bos s, s 7R
IFRISESR AR, (H AN, RAESERRILIN S o A 5 227 S B WL 00 £
Y LR FANLES 2 ST 5 iR AT 2 B B b e br, FF B> BB S, SE R
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TE/b B K A SRR E T AT 1

GG b SRR SR T, B2 ST A S I
R4 S SRR B OO LR G — AN A, AR R
B[22 S RIMLPH 7 120 7 300K 52 R 8. MLPAE LA ME 2 AR — ANl
GREARRY, AR VAEARAKIGA T, (02 + UP) RUITE I Aok
DI SRR . 4R 5 S8 i\ 4 95 Pl Cmin, max |5 10 B OO, SR TNZE .
FMLPSETF VR R, AT LUB AR S A AR s bR, R
LB 5 TR B T 24 TR B0 . 7 /B R I — /BT, SRR T
Fey T 7 DA 2 E LS S 2 P WL 5 R B

i BT RREMMLPRA % EMAE R 2 MIER, AT R
Y1 22 AR T R ORI, ARABIRIE 2 ISR A7 — S RO, it — 5%
% F8 AT 4115 2 2 19156 2 FOCNIN I 77 8 47 B3 K 5 o S 30 70 T8 e O
Y. CNNJ7 I CEIR 2 B L U0 TR R, R Sk etk 47 7
S TE BT . R MR R

FINE B, EOREMGHAT, % 8 N 3 R B KR M, DA
FAABE R, SRR SRR, skt TR . B S
WK AR A KRR, RIS BB S R, TR B
B SRR -

S-be 0 H TSI R R E R SR AT I 46, IF0 AR o Kl
HEAT ML
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$2F AT THWM RIS TR

2.1 BIERIE

Hinode/SPX FH0.16x 151 f1 F0 ¥k 5% 1% 2249 HiFe 1 630.15nmA1630.25nm i 5%
VG 2R B (2 1R 45 U2, o S Sk AR WL IR I 3% 88215 Hh A5 O 4 A VA 85 A b 1) L 4 v
P, SRIEME TR B ingia 5 sz 72 4 StokesIQUVIGTE EIG . B RIRK
M 432050 F0, REEHEAT ARBH AR W B2 Ie B A o UL . PR W
W ZA W LA B ERAR 5 1 ] DY o0 0 455 X (Tsuneta 5%, 2008), 7T LUK A} 2%
H bR BEAT RIS GO o A SC 32 R B FUOW I T i 2504 T e it 9e . 3 RO
TIAFEIRAE0.15%0. 16 AV R T 43 HE 3 T I ARAF B H0.1%, FHHE— 1~ 1605 7
T T B 5 S KNS Bh X R 8340 . A SCHUE R 1 M Sifiht tp: //csac . hao.
ucar.edu/sp_data.php, % T Level 1#Level 200445 . Level 11154 A
M 3 S R HE i 1R PT LB H ) T AR G RL 2 0 WT 1 StokesIQUV S i, Level 2104403
NI RO R SAH RS

22 BWHE|NAE

Level 1E4f 2 — 4D EHE (B K< 2 7] (DX xDY)xStokesZ ), PBAKT5 A 112
MK A AT AR AT S5 AR B A AR FE Y, StokesZ BAKIKNIQUV
L e O Lo Ty s W 10 S W 1 e s e T S AR b B 1 I LR L 22
S A TN ENTE A E SV EENE 3 PR IS

Level 2 {4 /2 K F Stokes % 8 /5 AHAO “MERLIN” AQH 1 35 43 19 A FH K
SHRSH. B ERK st XA, A SO 8424 ROE S U B
ZH. RASH, 5RO ARG £ 2E BRI AR T 1A% 58 (B)
fff0) TIhiffi(e)s EEE(VeDFIHRE T (). B« 0Flps iR R &A1
=4 E. WEY SR AA —ENE KRR, HARTEECSE BB
hICVEIRTS . Bk, ASCRETHBINEEE R EG U E NS R,
SROE I PR SR BB, R —E ML R KM, FEARZL. NS Level
QA S s AR (1 ERFPEHEAT U (DT S I8 ) Stokes e B K408 0 i 125 2%
O+-03AFTA B S, B RHNEH . Qi S/ A ML LR


http://csac.hao.ucar.edu/sp_data.php
http://csac.hao.ucar.edu/sp_data.php
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BRI KR . Q) )BEIRERIIHTEH Ta 5 WM )StokesIZENIKRN: 1 =
lag + (1= @) scarro FoH Lo RN B, Liear U EHREBER . (4)TERTT
13758 P B K 9 P IR A 95000G e (5) SRR 2l it o 57 £ 180° ANt i 11k 1)
TS A A BOYE BB D9[0 1801, 7 2 APE oA IE, MU &t e Ik .

2.3 HAREFALIE
2.3.1 BIEFBRFMREN

Hinodel/SPSERR LN 405 & A AR 2 M f it . A7 S B 0 5 B 2 (K BRI
GHE: AR AR 2 M T EIR . BRI, AR iR AR
RIEEN X IREARBEAT N E, SRER BT /AL, RS, KR 2
M. ffa, FTRBIREAREAR, HtWE1IT6 MRS . 176 AT
A LR A A KT TE X EE, W3 X EEE SN Shh, BAFEARE T
FEAN[F) (RIS T BEAT SIS, FEARZ [AAAAE — € I ZE 5. I, B X R gk AT
TEGE R AL 3 -

1IE RIS R X I ROI(Region of interest). FHEAEE R S 2GS IX 1)
SRELA XA, RBRRBHIAGHE, e T X .

2ARUEACALBE o AR StokesZ B2 A1 O Z A0 7 B X 58 B8 — SU AR, f BT
11 StokesIQUVEHEHATIRMEA AL BRI MAEZE R o StokesI (Gl otHE) i KR LA
FEARAR S THH X AR R BRI B Lyea (BSOS 5EEE300G N 1 X0 75 X
HHR), StokesQUVEHIZFRLLL I Stokes AT IH—b. AR

1 (0] U \%
Lhorm = — norm = & Unorm = =& Vaorm = —. 2.1
I med Q I 1 1 ( )

232 ZIRERIIZAR R AR BIE

2% BOIl 25 R FH 16-8-4-20% Km0k i) 77 SR 2R 8 . 23 M B A UK m )
b, BLAS AR ST AL G SRS BRSO, — 2D LU T R PR AT 1
eI R . A SO 112K SR IR SR 5 80-111, 163K mURIE 420
22-2830-36 38](WTE2. 1)), 8UEIK RUN[22 24 26 28 30 32 34 36](H1EI2.1(c) T
N)s APK N[22 26 32 36](HNER2.1(b)ATR), 23 K 55 (26 32](W 2. 1(a)FT
R)o BFI163 KA 644 4 N (1641 K R[] StokesIQUV), 8K A324 4
ANZH, AEKAFI6MANSEL, 20 KA M ASHL
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2.1 NEZ B R AR IS IR R EF

Figure 2.1 Wavelength data selection for different number of multi-waves

N E bR 2 SURT AL, ZRVEE bR N BEGRE R B BN Pipil
Jifife FHTTA AT EIS RE, AR R, [N 2 P B E 2
BN E, RIS BRI R R AT

B; = Bcos(yp) (2.2)

B; = Bsin(y) (2.3)

B = /B + B}. (2.4)

FAh, T IEIE N FBK B Stokes B 4 1 HR AU H H TR KT IX AN S 8L AT

FER AT IS TE I 1 I 1637 2 B Dt (MILP L BE. - CNINRL B AT AR I

KT 7€ b 35 R F AN 25 F&3H 78 K1 W W 4 2 80 A 25 FEIE 8 IR 1 1 S 1 47 o
JFE(B) W] T B iE I PR 2~ AR

B=aB 2.5)

HAX 2.2, 2.3 125 (REAFEa BN -

B; = Bcos(yp) (2.6)

VAR S TPAR TG 2.2 /N1 RIEAFIE(3) S AR ST i T T
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*21IEE MXEMIIEEX 2%

Table 2.1 The list for the training set validation set and test set.

DATA DATE
NO. TOTAL RATIO

SET YYYYMMDD)

20140726-20141220 98
Training

20150101-20150216 14 121 0.69
Set

20170905-20170907 9

Validate 20170822-20170904 9
18 0.10

Set 20170907-20170929 9

20110728-20111107 9
20140104-20140418 12
20141021-20141024 4 37 0.21

Test

Set
20180206-20180621 5

20190321-20190508 7

B, = Bsin(y). 2.7)

BRI FH AN S o i B AN B ARy B AR B RN SR Z AR, B FE b8 7 ) T
VRAE SE BRI A B #EAT A AR T AT VE . FENLER 7 2, — R RE AR 70 B
PRALI) =57 IZRE (train set), H6UESE (validation set) FIIl £ (test set) s HHT,
WS TR 176/ME BN X FEA BAR R 75 iRk 2.1 s

2.3.3 MLPEKERI S BIME R EE

B B 58 A K F Hinode/SP i 256301.5 A1 28 28 100-0.063 A f i Ko A3 B (4 B
22T 7R RAEAUTE G A B RAR AL . FESLBRN T 2 EE Vel 22 5] i
THLRIERS, XM BRI KA B IR A% — B0, FbE S Vel
AN FANSEH AT Vel M2, MASEGEPIMIED: —FEo
WA StokesIQUV, H—MIEStokesIQUVIIVel. T 3 Hist EASE G /) &
BRIVERE, i S 8CE RS R . i, B AL AN S5

TERP KR, BT MLPWI%% 125 2] 75008 R BB RN — A,

14



S28 T RAT YRR B

x10* Spectral sequence
15 T T T

141

13F

12

11

1k

DN value

09

081

0.7F

06

05
630.05 630.1 630.15 630.2 630.25 630.3 630.35
Wavelength(nm)

2.2 SR LAY Hinode/SPRYEHE SRARFNFE T 8 S 23 W
Figure 2.2 The schematic diagram of simulating the narrow-band observation using the

actual observed data of Hinode/SP.
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Figure 2.3 Histograms comparing the magnetic field inclination angle transverse field and
longitudinal field before and after equalization. The top row shows the total data and

the bottom row shows the equalized sample.
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B P S A

QP ETACEEE: B AR AR 1 BT B T B (2.3 ) R A
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12158, #HAREIT AX2.1T— LB EHIEIE.
Figure 2.4 The Stokes / Q U and V at -0.063 A apart from the line center of Fe / 6301 A as the
input parameters. The data was observed at 10:47 UT on 2014-09-11 in the NOAA AR
12158. These maps of Stokes parameters are normalized quantities by Equation 2.1

after data preprocessing.

2.3.4 CNNEKEZI)I G S B AREE

BB S MLP IS i R AR B B R ER A A REAR SR, AF 2 CNN LBy
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WEREA . INZRSE. MREMBAERKIFEAL] 25 2 BB R (HCNN LB
B, RS SR IRV el RN (R SE PR WL N h Ve 52 TEi5 3R A5 10, HMLPJT %
YAV e A2 A ST FE IR A s L XTI ZRE RN . B A I — 1 )5
ffIStokesZ H N EI2. 1778 o AECNNJG AR 0 7 A f it AT Ik, 3k — 2B il
W INER ATV . AR Bl i S BOIMIAB, . I B A5 AL f e (U E12.5
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Figure 2.5 The B; and B; (our main concerning parameters) without considering the « and ¢

(azimuth angle) as the target parameters.
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Figure 2.6 Variable wavelength data selection.
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R TR PR L R A R RS Y . FMG B R HUE T 4 Ny +akm, TAED
KAES324.1A, B AR 8B REHIEEET T, FMGIELIERL L AN N+0.072A.

AL = A X E (2.8)

X, ¢ R, MERLOCH B R, ARR TERK, vRRTDENIER
& o ARSCKH [ Hinode 116301 1% 28 1 Sl B4 ke b AT 127 F . L8 48 5k
KM FAE63014:02—-0.063 By, € PEEZEMEMGHA, & RS LIERLL
+0.084. HinodelSPI G0 FF50.021, LIRS A BACHERE, 2
ER RO E . T EMGHITE LR L Hinode/SPE, — RGN 21E RS 2 £k 07
B, AR SO B 6 2% R RE AR SR SOOI A E2.6) b R 2N KA E, o
PLRSET S AN B BT AR A E AR (0 181 2.6 21 C [ Pl P 7257 B 7)o
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BI3TF HBFIATREKEAERATREEMR

3.1 MEEFEIHEEN
3.1.1 HBFEINLRAEEN

PLEs 7 2 N TR Be(AD K R B — B Be i 871, ALZ H o, Hldss
SIRSEMN TR —FF B HlLass ), Wid B OSCGRZiENLEE 3 25 ) &
W AR SHE R R R M EH ShHE B SE 75, HLES AR B O 2] A1
1, REE i ANJERIR A S Bk s th L. FAE20 1 L4040 ), LB
ZXW.S.McCulloch FI¥ 1 7 X W.Pitts £ /3. BLE5 M TC I AR E RIS AT
HLER P 255l b8 S b i 22 0 1 B S AR R —— 4 28 o 2% 4 T (M cculloch A1 Pitts,
1994), FFUAMALERL 7K 4 71 E 7 BE oy 4 OIM-PERL. M-PEERL A28 % ) T
W EEHT S . 19574F, {EATEFERBATHE T IEEPR O R B, RN
IR K- % #% Frank Rosenblattfg t} | — 7 B TR BT B Z e I 25 152 Y, JF
2 NS HL(Perceptron)(Rosenblatt, 1959). T fH£8 W45 1) “ 2 1 IR
THIEMEE . BRILZ AL, FET@HRIRN “F79 B CFIR, DAl s 2] 2Rt )
AT NT IR SN I E A Ak fE .

3.1 ZIRA

Figure 3.1 Empirical model

G\ AR R 3 R AR T v T AR RIS IR, (L 5]
LT ZRAFITR. TR S . BRI IR “IREBITR2:5" g4,
2 30. VAN S S B S I e D J et B D, B 7 A TR 2 e o
HF UGS IR R, $9 Rl T S 00486 i (Zhou, 2016),
KA I LB e T i 2 51 BB bR B T IR S). BB
x5 ST SR 2 AL 5% 2% ST S SR E B 4. R R 2 K £ i (error
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BackPropagation, [##XBP)SH %M 2 ZIE AR HMF M EREE L —. ©
T 19864 AL R IR AL IR Al . B R R IW, SRR I 2% iy — Rl Se I A,
A LA ISR AR e — A o 00 =1 e P i - EH RS 7] R (Haykin, 2009). BPH & 4
T2 N I Jik e —. (Bl TR SRR Al “l4” M “F
TRZ” ke MRS R EMAE TS HER, 2 RS, AN
g5 % “BAARAL” (Caver, 1954), BFRBE TANEBIFR), EHEREZIR.
AL AR, PAR R RIENLISVM(Support Vector Machine, i #RSVM) AN
“¥%77 % (kernel methods)” AREM “Gita:2]” IRk, BOR I 1 ERHL
E I TTE

Ty, ASEHEN T KRB, B A A R RS 7RO
R, J& AR FE 2% S R ARR LA 2% 2] B Gie T N L Re it Fe i #mi o IR
JE 5 S1 R AKEE KR HAR IR S, I 2 )2 1 wh 22 N 25 S5 A6 KA1\ I 27 > 1 7 1
PREE S S BB LR AN T8 &, (R R A R e, REEAE S 40y
o, ERPAF AR, A TR PR ZNH. BA “ R
CERUZAE F T MG R 38 X380 RHIE IR 5 AR 22 0 2 (CININ) 2 R P 2 o B AR SR 11
72— CNNRH “RUSL=” (BRI —2H 40 28 S0 A0 FHAH I R A ) R )1 2 5 s
ARITE TSI, BITXEE, CNNAETHHEIM . ARG 5 A5
VA | S S

MgHF IR TIEAS, HTAETIREZHEE. GUREERN T —XK
i) BT )36 HH SRR, T AT S B e AE HAh Sk Rl 2 b I8 A ek A Ao L SR
FERRATIE RN, TR A R KB ED, ANRES, e 1772,
NI B A 3 ) B SR RS o 0 PO T 7 B B8 22 1k 7 o #48 A2 BR 830 5 11
)RR, B — AN TR R (s S g R B 2 o 250 e 3 o/ — i S SR ik ]
NS H R BRI B R e br R A . TIALAS 2 31 J7 VA 22 I 4% 1) JEL 5 A2 13
— RINE R B A A RE I XA AR F I R R, R ERAME. s
AR T HORIRF, TR NN B 2 a3 SR SRS IR A TE
SRERME,  FEFH TS iR B LA SR IE I XA R R
3.1.2 EIJAR

3.12.1 BEExEY

A 5B 2= 2] (Supervised learning) & BE % M HH 3 AR AH B 1 73 fan B 2 R i)l
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SRR b o B B ST — D D7 R B A . TR — A ) R A A A FH T B
BV, BRI AR ) R 0 A AN R A N BB AR R AR Dt AR
AN R B U A A B R, G ) U A vk A B 2 S O
2 Qs e 59 A £ RS N I 1 = BV S a2 6 5 S 7 778 = L D T
BN 32 2 N Stokes S i, i Wi S & .

W B2 ST TAR S R AT DA SR IR a0 R s 45 8 — M NN YGRS I 2
PEEE (21, y1), (X2, V2), ooy (X, Vi) > X BTN R,y 2N N B . I8
R SRR TR — AN BRI R AR X B Y R R B i g, XOUR AT, Y ok
S|, gl A Al e R T IRIGH] — Mok . BPHAM L. SVM. #7571k,
R Lotk e, AR RS, #R TA B 2 BEik

3.1.2.2 FTMEE3]

JG B 5% >) (Unsupervised Learning) & 5 W& 5% ] M 09— 2 21 77
WHEAEE FoACE EEE, iz 2R riN, REKEMEXEER
BN EAE AT 7y B B OB S M R BRI JEE A M AN 4
N

T 4343 (Principal Component Analysis, fi #RPCA)E To W E % >) e F K
RFEFEZZ—. BR—FEHNMEAE . E R ARG R 4
JEETEAZ 25 (B P A A (R A, AR5 AR A6 1 T 11 S a0 o ) A P A s B8 3 A e~ T 1)
P 0 JE 8 00 ) A B K RT3 MR CRE AR i FE X NP T R e AR R P R 43 ), i
B AAE B 2 (455 _EREAT R AR, SEBE R B P P e s 1), &
B A IR L AR A5 BAEE S R

3.1.3 HEMZE
3.1.3.1 FHEMEERLER

22 W 2% LA 28 T0(Un I3 2() T ) N 2R AR LA, 22 [ — 5 [0 /= IR Sl M T 432
ERA. — T EMAx, BEw,, WE,, BoE e E Ay o4
o 22 EFIHLMLP) 2 S0 R85 LR FEEER — M e I 28 Sk, fE B R AP
253 B S N T — 2 2 AN FGEUZ (hidden layer). BRGBUZ AL T-HINZ A HE 2
(], RS BERLZ (1 oy 38 s o Bk AT AR 2 AR . 2 RIRFINLIN 2 B &
Bl 2 P B e N R S B3.2(0) B T — AR BRGEUZE M 28 I 4% 5 44
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Ziy =y ip
HH O R OA

(1)Sigmoid ik %
1
l4+e>

sigmoid(x) =

(2)tanh BR £

tanh(x) = i

eX +e X’
(3)ReLu|Z|§&(Nair F1 Hinton, 2010)

X,
ReLU(x) = max(0,x) =

0,

(a) ME T REE

3.2 HETFHEME L REE

Figure 3.2 Structural diagrames of neuron and neural network

3.1.3.2 BPHE%

WAR

(b) FRZZ 4 8] R EE

(3.1)

3.2)

(3.3)

y TN
\\\ //

WHE

BPSLI% Hi (5 B 1 AR R AN S [ AL 3 P AN I RE . IR [ AR 3k AR A AN JZ
BENGEZ, BEH)R . R S PRI, RE ML, AR
PSR S R W S S B AR (R B A B A A 1B 22 ST A R, U
ZEWF 3] o B TR A A 2 3 T 5451 2R oA (loss R 40 10196 152 R e 1 1 B e 42 e
WA REZEERMANR, BIREESHMS SRSt BMINGEET A
TEAESHU A FHAE S loss B AR /NI “Hefl” ZHAL G, ATRSXEIY
RARBEE Mg, KEN “RIL” 21 “ER&D7, BENGIREFERS
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BAN TR/, X T LSRR “BhHH T RN, WER K (Aarts
A1 Korst, 2015), BEHLEREE FF&(SGD), #i1EH 1% (Goldberg, 1989)% .

2K R B R IR TIWE Y, 5 B ARy, Z AW ZE 1), 5 T 5103 1) 8 floss bR £X
A

(1)I1EF- 77 Z2(Mean Squared Error, {5 #MSE)

1 n
MSE:— i~ Ai 2. 34
. ;(y ¥:) (3.4)
(2)°F- 5] 48 % i % (Mean Obsolute Error, f#F#XMAE)
MAE—li| - ¥ (3.5)
- n £ yl )’z . .

3.1.3.3 FAREEILEIE

73 BE3& I 5 #(Universal approximation theorem)(Cybenko, 1989; Carroll #/
Staude, 2001)72 F5 #0225 W 28 AT LU DU 2 1 158 22 FORS BESRE I 25 38 I R 8, SR
TENRELL R, W — AL R E A 25 0] DL UAT SR I8 I axX N I 2L R 2
VF 22 B FHAE 7 1) 3 AT 55 = a0 M N 2 [R) RO RBE 236 2 AT bl BDORE AR & /A 1
PRI, IR RS IV 22 R TR B BRI A R A AL — A BR B, T L R R 4
Al L2 — RV E R R IR A . R )2 TN 1ok E AR R H A )2 5
WONTTRSEZ, 82 ) R AT PR EE, TS B AR 2 2 B i AL

3.1.34 REFZ]

B YR E RS TS REBREZ SR E R, BB kG
CEIHE AR IR A ST MG . MHEEALL . SHERINERE, HRER T
IZRRR R BARCRBE AR B, ] FH AN SRR A RIS i B 1K 1 i
T BRI o IR 2 R 48 X 2 RS 20 (R B2 25 =0 ) DAL R 25 B8 (22 il 2 ) ot o A i
fr SISy, AEHASE] 7Tz IR .

%5 R 22 [ 4% (Convolutional Neural Network, i FRCNN)(Lecun Al Bengio,
1995; Lecun %%, 1998)7& — Mt R )R B2 2 3] Sk . BRI “BOL =" (R —
AN TS P AR R AREBRUE) VI ZR SRS A 0 548 T ISR T8 . CNNSMLPAS
[Fl, MLP/Z s R4S, TICNNSR FH UG AE I GRREAR,  (HL X 25 45 #4352 H
BINZE. B2 M 24 . CNNRGEZESBRE. 2R 2E 2
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LR RGN, EHREY. Inceptionf LS P A5 . BRUZ B Z
NERMEITRA, SRETEERERY, MR AU SHERY. R
JZE S SR R EAT R ARSI, BRI D RAAGHTNERZ
iS4, I SRR MR IR RS IR =A T ke, SRS R
B33 Fras. WAL 2 T e g 1) Bodl . o> 2 80 o A i 0L 5
AR RMWACFIE AL, i B 3.3 () Frs .«

L
.2 G %i § e 3 e, max-pooling mean-polling
'17 3 : = i ] ~— ! ' ’ mputX /] Kerne W outputy  Inputx A Kemel W Output Y
0 i B _/L/,f_ ,5@1 o SN
mput 'j,;’-{'f_1 S < X " oy (] ”
D)*1 + 0%0+1%2 ; "f'_'s 130 s " gs o "
+(-1)*5 + 0%4 + 1%2 S R ] -
+(-1)*3 + 0*4 + 1*5 | Ll
=0 " output
(a) BRI (b) L2

& 3.3 EREEFHHUIIEREE

Figure 3.3 Schematic diagrames of convolution process and pooling process

3.1.4 ZERFEMNIERR

XF T HE DN SR (B (e R 5, A BRI fe s 1 A
(1) TME 5 H AR{E 2 185 22 13 75 i (Root Mean Square, i #XRMS)

RMS = VMSE, (3.6)
(2) THIHME 5 B prfE 2 [8]~F- 1544 %1 1% Z (Mean Obsolute Error, {65 #XMAE
1 n
MAE = = > |(y; - ¥ ,
H;Kyl 90| (3.7)

(3) TIME 5 H A E 2 A ZRFEF SRR FIAH R R BRI A, Cov(y;, Yi)Fow
P I 22, Var[y, |3~ HAMER T 2, Var[y]

R= Cov(yi, Vi) . (3.8)
\/VG”[)’i]Va”[)?i]
(4) B RBR?, RPRRPLETIHESMME, RPN1IEMNRE ] NS AR & TR

Hb PRI A A2
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27=1()’i - )71')2

R*=1-28 —
Zi:l(yi_y)2

3.9)

32 FEHSHERTIITES

Hinnode/SPHI A 45 /2 B 112K s I Stokes 2 #4421 [ 3145 1,
e A8 B U — /ML B . AR 1T $R6301. SATG 2R K AT I AT M0 #T,  th
R R, LORELIEELERERAZAMNEKME, FItikH161
FAE NN AT I8 5 2 D7 B i S AR e SR 38 0 el 2D e BRI 1
ML REE OR8N 24 RUEAT I SR A S M. TEAES
H232HTNA .

Input layer
Convolutional layer X
(64 3%3)
0 Convolutional layer
I (64 3%3)
ReLu
l ReLu
Residual blocks L
ao Convolutional layer
l (64 3%3)
X
Convolutional layer F (0O
(64 3*3) A
N
J, F (x) +x
Convolutional layer
(1 3%3) ReLu
Output layer

3.4 ResNett& & f 25 #91% 1

Figure 3.4 Schematic architecture of the ResNet used in this article

3.2.1 WNEFESKRE

B4 FI FICNN(Le, 1989)14 2 45 F4——F% 22 W 2% ResNet(He 2%, 2016) K F4 i f
25 . ResNet:220165F 1 K AT I % MCNNZEM 2 —, Ak
RIEM B, EREESGE S BTG &2, RHKES 7 g
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P SEZS Gy Ak, AT DI Ik KO8 I i) o0 28 2% P2 A 485 SR S 1T .- Asensio Ramos
1 Diaz Baso (2019)564E# S AE F T MR 7A R 4544 F T K PR B 450808 Ab 3
I HOR AT i v Re

R 2 A5 Y PR S A B vk e R R B OCE . IRIE 2 L, KGR ARELE
B ARG B2 45 A m DA S A 1R A O3 - ResNeth B4 1) 45 44 ¢ 1 4 1 3.4 6
~e BANERZHAEREZNNESE, I BRI B FEBURFE(Lecun 4,
1998) KL A [ IR AE . AERATIE RS, HRRE T N ERZE, B8
FOAN KNI RIE I A5, RAE VIR NS ERAE Bl I H AR 4
P GAZ R BRI KNS 330 KN T R PR RERE AR, X T
AR KIS R 2 (8 45 TG P AR IR LR, 1 A/ (R4 ) £ ik 2D 2 [ AR
Ktk B ZJG AWOE R BB AR R IERHE,  WOm s BOL FENLEE 7 2] b H
FIReLU BRI H(A ). ik NTR 72 B s i & i N S35 I 58 ZA4F1E K

G IR E S, A TR E SIS0 &R E T G S R
W 3 Ak, WEBAFTR. AHRANERZ, B5VI6GERZHE.
PN R ZE 2 1A FHReLU 2 AFE (AR 2R M st o 0 N8 3o B 22 3505 20 LA SR 19 5k
ZEF(x)o FAXINERZEF (x) 8 I ReLU 2 HEAT = 2 133 515 21 5% 22 HL i e 245
e BRERZFEARANERE, X ZARERBHTRG, 55 4 B s .
AR FE AL LAY A 4 yMagRes .

RSN : (HHTHHSEEA A F R BALMSNR, R I 7 B AL 451 K% bR £X
FONBEANSHR BEAFIAE. BT MR BB S EO BRI 563
fRIRTT S, N T ARSI, R NEA W 280 3 — AL SR
KAEAT ISR (QH2.3 2N FINGRAEILTF A 121 AR BAFEA RS % 7 B
B0, NTG— RO AR EL, & — A epoch(— I epoch i F] 4 ¥ ) Il 54k
FEARSERR — AT R, 3G — X SHO IR R, BRI 2R rE
AR HL8S* 85 1 X A A — MFEA AT AL I 25 . — M2 8 TR 2 B
A~epochsid #, KUEFEEHIIEIN TFEASE . 546, FEARRSIARGEREIIRD, K
NG A AE B MROKKTT 23 o5 I A7 5 T

B E NS HOE Ui IR A28, BIEHE IR K /N 18,
MZIERI 9T 24 H S 8. PLAdamB 7% (Kingma Al Ba, 2014) A1 1L 2%,
WIGEF I e, 451K B EUR 111 U5 W) 25 Hh i F IIMSE 7 i
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Figure 3.5 The prediction results of transverse field for different number of wavelength
models
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RMS = 45, MAE = 29 RMS = 41, MAE = 26 RMS = 38, MAE = 24 RMS = 37, MAE = 24
0.016

(a) 2K K RARBILER (b) EFKRIRBLER (© SEKRERER (@) I6GEKARBER

[ 3.6 FEIHERKEEESTNERE BirBiEr%RERE R E
Figure 3.6 Residual histogram of transverse field between prediction results and target data

for different number of wavelength models

XTI TAE & 1E LhTensorFlow 1.5.0 81155, LlKeras 2.2. 21017 B 2% > HEZR
NREAT SRR IR . O T IR GRIE L, AR T AR TR R A SRR R CNN A T2
N IGPUNNE . ASHF 70 {# F] 7 NVIDIA Quadro P2000(%2% 7€ Dell T3620 K7 T
YEu5 ) Fmatrox g200er242 K. P2000H 4 1024 CUDA N #% M15GB GDDRS5HR %,
WA o 2RI K S AT, & Pepoch -1 75 Z4)4s I R A] s 8K A
(5L 128 [T TH], 16U i 75 B2 1s 70 A3 R ]

100 10t 107 10° 104

(a) PR K RARBILER (b) PR R REBRLER (o SFKARBER (A 1 KRERER

& 3.7 RNEI#E R KIRBEIZTNE RS Bir B < E
Figure 3.7 Scatter diagrams of transverse field between prediction results and target data for

different number of wavelength models
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Figure 3.8 The prediction results of longitudinal field for different number of wavelength
models
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Figure 3.9 Residual histogram of longitudinal field between prediction results and target data

for different number of wavelength models

~3000-2000-1000 0 1000 2000 -3000-2000-1000 0 1000 2000 -3000-2000-1000 0 1000 2000 ~3000-2000-1000 0 1000 2000
Ground Truth Ground Truth Ground Truth Ground Truth

(a) 2R KARBULER (b) FRKRAEBRER (o SRKARBLER (A 1ICFKRRBEER

& 3.10 FNEHERKIRBIIHTUNEE RS BInBHEREL < E
Figure 3.10 Scatter diagrams of longitudinal field between prediction results and target data

for different number of wavelength models
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Figure 3.11 The prediction results of a simple sunspot sample under 16-wavelength point

model
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Figure 3.12 Analysis diagrams of residual errors and noises
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Figure 3.13 Comparison on results of 2-wavelength points model and linear calibration
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Table 3.1 RMS of residual error between models at different wavelength points and inversion

data on test set

Date Bt Bl

YYYYMMDD HHMMSS 2 4 8 16 2 4 8 16

20140107_212011 58 44 38 36 68 35 29 29
20140416_170510 51 42 37 36 46 27 24 24
20190411_212127 74 49 37 37 74 39 34 35
20111011_165039 53 45 40 39 32 23 18 18
20180206_132557 56 47 41 40 35 23 20 20
20190413_102649 45 42 39 38 31 20 18 17
20190508_060014 48 43 40 39 32 21 18 18
20180422_181534 47 43 39 38 33 20 18 17
20140109_160028 58 45 39 38 57 33 28 27
20190321_135709 61 51 46 45 43 27 25 25
20110730_140511 45 40 36 35 42 26 23 23
20110924 _222532 70 54 48 47 69 44 39 38
20140413_110600 44 40 37 36 30 19 17 16
20140227_233509 59 47 42 41 48 28 28 28
20110823_111502 52 43 39 38 46 27 24 23
20190412_180414 57 45 35 34 59 35 29 29
20110728_142340 51 42 38 37 44 27 25 24
20180210_050509 47 41 38 37 43 26 23 22
20140201_165409 99 79 54 51 108 54 49 51
20111107_121009 60 45 39 37 63 36 33 33
20140202_160009 105 71 52 54 107 53 47 50
20190416_112943 86 60 53 51 74 40 35 34
20140418_123410 56 46 40 39 46 28 25 25
20110804_021040 49 40 35 34 45 27 24 24
20141024_234109 78 53 45 44 88 55 47 48

20110924_104909 79 59 51 50 71 45 40 40
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Table 4.1 The list for the training set, and test set.

DATA DATE
NO. TOTAL RATIO

SET (YYYYMMDD)

20140726-20141220 98
Training
20150101-20150216 14 139 0.79

Set
20170822-20170929 27
20110728-20111107 9
Test 20140104-20140418 16
37 0.21
Set 20180206-20180621 5

20190321-20190508 7
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Best Validation Performance is 36.4528 at epoch 66
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Figure 4.2 Loss function of the inclination model in the first stage of training with 7, O, U, V,

and Vel as input parameters.

—ANBEEUE BOE BR A, SRR, R A8 2R AL 3 bR K our pur (x) =
xo MEFEL2VEHAIMSESE Nloss k. MG S RS A AN B . EBANNE,
o ) AN SR RE A 1) B G BRI 2R Mg ()R AN RIS B B, DU 9 246 BE Bk
AR A R ek ok 2
Ir = 0.3" r,, 4.1)

R E A, K, nZBT BB, Iro R WIIR S ST A (B N0.03). IR
FEA AR 658 I BOEOTI G N o BN B BB A2 42 HR K 25048 4 J7 32 B AL P il
— R AR AT IR AR5 B A LAWY BOAGK B B B R U B s
ERENR- ISR

(1)i& 2] 5 KUK # (epochs) »

i) 1 BRI T

(iii) £ BE (loss B B IA B 1 I AR 3 /IME

(iv) M RERR (K T min_grad.

(v) 1 IS u_max.

(v)BRUETERE B B m Dk, BOA P 1 R max _fail o

FERATGIN G RE T, B 4G, i) AN Gv) A 6 1 2 Bl 5 B A5 L 08 KBk
RN, DENGA S AR =AM L. FAOEINZRR T =ABr B

39



Ml > FE R S S B T mTAT PR B T

*® 4.2 TEHMagMLPREINESH5RE
Table 4.2 Main training parameters with their values according to the Bayesian

regularization.

Parameters Value  Content

epochs 1500 Maximum number of epochs to train
u 0.005  Marquardt adjustment parameter
u_dec 0.1 Decrease factor for u

p_inc 10 Increase factor for u

i_max 1 x ¢! Maximum value for u

max_fail 20 Maximum validation failures

min_grad 0.001  Minimum performance gradient
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Figure 4.3 The scatter diagram displaying the distribution relationship between the training

results and the inversion data for the B;.
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Table 4.3 The linear fitting coefficients (K) of training results with target data for 12 network

models

Output 1,0,U,V Vel 1,o,U,V

parameter Train subset Test subset Train subset Test subset

B’ 0.94396 0.90205 0.92643 0.90985
@ 0.98841 1.00090 0.98799 1.00350
B’ 0.93385 0.97219 0.92007 0.99064
By 0.98550 1.04630 0.98160 1.05370
B, 0.94478 0.98967 0.92945 1.01040
B 0.98503 1.03180 0.98286 1.04490
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Figure 4.4 The results predicted on one of the test sets by MagMLPs. The leftmost colomn is
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the target data from the magnetic field inversion. The second column displays the
results of the networks prediction. The third column shows the residual of target data
with the prediction. The rightmost column is the histogram of the errors. The upper
Jour rows show the results for B’, ¢, B;, and B; from top to bottom. The results of the

combination of B; and B/, B”, using Eq. 2.4 is shown in the bottom row.
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Figure 4.5 The training results of B, and B,. The fop row corresponds to B,, the bottom to B,.

The panels have similar information as those in Figure 4.4, from left to right.
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Figure 4.8 The results of residual errors for the transverse field. The left column shows the

residual-error outcome of MLP network models and inversion data (fop), and linear
calibration results with inversion data (bottom). The upper right panel presents the
scatter plot of MLP network models and inversion data, the lower right panel displays

the scatter plot of linear calibration results and inversion data.

4.8 f) A5 N S 7R T € o 2 P9 G AEAN X sk O SR 22 O B . LAMagMILP
FNENE E bR I 45 RO NAARR, 1T S R 45 RO AR AR SR s o B B A WS
ANEFH) AL, MagMLPHI G IRFEAR I S 3 AAEY = TR L7 TR T7, kit e
IR GY = THRmZIR K, I HAABRIEHUE.

P as RSB 4 RARRL, A R4, 7o FEER 7RI ER
25 R SO MR 2 [ )R 72, R G i th & PR ZEE A <58 M “IE”
PN X8 R F1000 G, HEBAEREAR R EilHI2000G. Al —FE B A R K

46



SEATE NP 1R ST D00 S R P I

BEMFI N . (HMagMLP4S R4 [ 1 245 SR B HARFET, e AT 2 8] 1 ik 2 18
A5 X FEATEZ00 GLAN . MagMLPTEFEA B4 1157 ZZERMSZ1 8299 G, 1 2814
SEFRIIER Z 28371 G, EEMagMLPHIBR 2 K 772G, % TMagMLP, A5 [X 15,
HIFZERMSZ) 8270 G, HEZR T @ AR IR 22 /M 042G .

4,945 I S5 7% 1 W € T 28 A9 L R X8k o ) 22 (R RR I] . LAMagMILP AT
A E R G RAPALRR, DL S5 R i As bRk 22 8. MagMLPH) 45 SR E A
DATEY = TR LR R T, MEMEERNERSY = TImZRK, TEIEMR
W il DX 3 B AR B SR P B A 23 A

Umbra Region

3000 -

Line: MLP = Inversion ‘

2000

1000 -

o oF
- . s
= o0} - Fale
. Y B
20001 03
Cod #
3000 i i
.4 Kz
) -4000 | Aged
Residual Errors M . : :
2 1000
-4000 -2000 0 2000
800 Inversion

Umbra Region

MLP

3000 -

Line: MLP = Inversion ‘

2000 -

1000 -

Linear

-1000

-2000

Linear

fient’ . -3000 r
71,1188 -800

S-umbra=1312.0388 -4000
e e

-4000 -2000 0 2000
Bl-umbra Inversion

[ 4.9 PIAFREMLE R . AFIRR T MLPRERB TN R SORRIERNRE (L), AR
EHBIBS LM ERNEE(T). A LEAMLPRERERERIER RN SE, AT
[E AL AR E LGS RN R BRI = E
Figure 4.9 The results of residual errors for the longitudinal field. The left columns shows the
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Figure 5.3 The upper left panel shows the inversion result for transverse magnetic flux
density. The testing result of is shown on the upper median panel. The upper right
panel is the residual error of the inversion result and the testing result. The lower left
panel is the histogram of the residual error. The lower right panel is the scatter diagram

with identifying the density of the inversion results with the testing results.
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Figure 5.4 The upper left panel shows the inversion result for azimuth angle. The testing
result of is shown on the upper median panel. The upper right panel is the residual
error of the inversion result and the testing result. The lower left panel is the histogram
of the residual error. The lower right panel is the scatter diagram with identifying the

density of the inversion results with the testing results.
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Figure 5.5 The results of the inversion, MagRes, and linear calibration for the B; and B,. The

top row is for the B;, the bottom row are for the B,.
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Figure 5.6 The results of the inversion, MagRes, and linear calibration for the ¢. The scatter

graph of results of ResNet and inversion method is displayed in lower left. In lower right

of the figure is the scatter graph of results of Linear calibration and inversion method.
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Table 5.1 The RMS values residual errors of target data with the testing results of networks

on 2018 and 2019 in the test set.

Date Transverse field
Active region
MagMLP MagRes MagMLP MagRes

Longitudinal field

(yyyymmdd_hhmmss)

20180206_132552 AR 12699 118 53 97 44
20180210_050505 AR 12699 99 40 99 49
20180212_081503 AR 12699 96 40 94 47
20180422_181519 AR 12703 105 36 84 39
20180621_052804 AR 12715 108 42 87 45
20190321_135705 AR 12736 125 58 100 55
20190411_212122 AR 12738 172 76 137 83
20190412_180409 AR 12738 151 61 122 68
20190413_102645 AR 12738 99 34 72 35
20190416_112936 AR 12738 175 86 172 87
20190418_072036 AR 12740 163 88 206 100
20190508_060010 AR 12740 104 36 80 38
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Figure 5.7 The upper left panel shows the inversion result for inclination angle. The testing
result of is shown on the upper median panel. The upper right panel is the residual
error of the inversion result and the testing result. The lower left panel is the histogram
of the residual error. The lower right panel is the scatter diagram with identifying the

density of the inversion results with the testing results.
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Figure 6.1 The predicted results of transverse field at 5 wavelength points
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Figure 6.4 The predicted results of longitudinal field at 5 wavelength points
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Figure 6.5 The residual errors of predicted results with inversion results of longitudinal field
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Figure 6.8 The predicted results of transverse field at the points middle of 5 wavelength points
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