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Abstract

Abstract

Solar physics is a science that depends on observation, and magnetic field is the
most important observation in current solar physics research. Scientific problems related
to solar magnetic field observation are the frontier and hot spot of current solar physics
research, and high-resolution observation of solar magnetic field can greatly promote
the research work in this field. Since the sunspot magnetic field was first measured
in 1908, the observation of the solar magnetic field has a history of more than 110
years. With the development of solar physics research, higher requirements are put
forward for observation data. In order to obtain high-resolution observation data, better
observation methods are needed. On the ground, the solar observation will be seriously
disturbed by the atmosphere. The atmospheric disturbance will reduce the temporal
and spatial resolution of the observation data, and it is impossible to observe the short-
term solar activity in the solar atmosphere and the small-scale structure in the active
area. Launching a telescope outside the atmosphere can effectively improve the solar
observation results. Therefore, the measurement of space solar magnetic field with
high spatial-temporal resolution has become an important research direction of solar

magnetic field.

Solar magnetic imager is the core instrument for observing solar magnetic field,
and image self-correction system is one of the key technologies of space solar magnetic
imager, which affects the spatial resolution of observed data. Aiming at the strict
requirements of the deep space exploration satellite system on load weight and size, this
paper designs an image self-correction observation system based. In this paper, through
the combination of theoretical analysis, system development, simulation experiment and
actual test, the design, development and trial observation of the image self-correction
observation system are completed, and the performance of the image self-correction
observation system is systematically analyzed. At the same time, we explore and study
the optimization direction of the correlation tracker. The main contents and innovative

achievements of this project are as follows:

I
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(1) Complete the design and development of image self-correction observation

system.

In order to meet the needs of real-time image self-correction observation of so-
lar magnetic imager on deep space exploration or micro-satellite platform, this paper
designs a set of image self-correction observation system based on FPGA and DSP
hardware platform. Through the design of high-precision image self-correction method
based on autocorrelation algorithm, combined with the design of hardware system and
software system such as precise polarization modulation and accurate alternate sam-
pling control, the image blur and linear deviation caused by satellite platform jitter and
pointing error can be overcome, and the observation system with real-time correlation,
correction and deep integration can be realized. At present, aiming at 1Kx 1K area array
CCD detector with 20 fps, real-time image self-correction observation within one pixel
has been realized. In the laboratory simulation experiment, the time and precision of
image correction are tested. The experimental results show that the total time consump-
tion of image self-correction is 68.9ms, and the error of image correction is [-0.5,0.5],
which achieves the set goal of the image self-correction system. After the laboratory
test, on June 18th, 2021, the actual test was carried out on the 35 cm solar magnetic field
telescope of Huairou Solar Observation Base of National Astronomical Observatory.
The data results show that the system can effectively complete the self-calibration image
self-correction observation of the solar magnetic imager, and obtain the solar magnetic
field data with higher spatial resolution. The successful development of the image self-
correction system can not only provide a lightweight and highly reliable precise image
self-correction technical scheme for the development of the deep-space solar magnetic
imager, but also provide a convenient observation system independent of the operating

system for the ground solar magnetic imager.
(2) Carry out the optimization design of related tracking algorithms.

Because of the characteristic dependence of correlation tracker technology, the
selection of windowing area for correlation tracking algorithm is very important for
the image correction accuracy of low-resolution all-day observation data, especially

in the quiet areas of the sun where the features are not obvious, the features on the
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all-day surface are even less obvious. Therefore, aiming at the basis of image correction
algorithm, the exploration and research of image correction optimization direction of
correlation tracker is carried out, that is, the selection of feature areas used for image
offset calculation is studied, and a feature area selection algorithm is designed, which
extracts a feature area in a certain period of time to calculate the offset in a certain

observation period.

In this topic, we propose a region extraction method based on Hessian matrix and
two-dimensional information entropy constraint, which is used to optimize the offset
detection performance of local correlation tracking algorithm, so as to better obtain the
linear displacement between different images. The selection scheme consists of three
steps: 1) Firstly, using Hessian matrix to extract feature points; 2) Then, using scale
space and threshold to screen out better feature points; 3) Finally, the two-dimensional
information entropy of the feature points corresponding to the feature areas is calculated,
and the feature areas are selected by using entropy constraints. The results of simulation
experiment and actual observation and test show that the region selection method in this
paper can effectively detect linear displacement and improve the quality of all-day solar
magnetic map of foundation. The local correlation tracking algorithm with selected
areas can obtain the same good image offset detection results as the global correlation
tracking, and at the same time significantly reduce the average calculation time of image

correction.

The image self-correction observation system developed in this paper is small in
size and light in weight, and can operate stably and reliably on deep space detectors
and small satellite platforms. By optimizing the observation algorithm and process, this
scheme can make up for or replace some hardware devices on the premise of ensuring the
observation accuracy, and obtain high-precision image correction observation data. It
can be used as the reliability enhancement component of image self-correction hardware
system of conventional space solar magnetic imager, realize the backup scheme of the
image correction of hardware or software, and can also provide technical scheme support

for projects such as solar polar orbit being promoted.
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I, BUACK BB 2T FE R W], ABH MR B AT H S840 S5 4 55 55 Ja 2 R B 35 3l 11
WU A2 W I AN RERE TR, X B R 2 AR R BH 6 3l 2 0 24 4 N At 2 ) i R 5 40
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T, KBHBEAG AR K B3 AT WA 78 B R AR o K FH RS 1
BIMAFAERL Y, KRR RARTT Loy s o X gy W DX Rk 2 R0 v DX Wk 7 5
KA. H1908FEHale(Hale, 1908)LiMll £ K FH & 5137y LLK I 1 A 18], BFFEN B
11— BB T B35 KR R, FRIAS 7% 2 REERHERE . JRE R
K PR RS A28 FO I FE P T B4l N+ 4EAR, 19864, HH I EAES AT
XU 55 I A B 1) ) K S 1 4 B B (3L [E 4, 1989)(Solar Magnetic Field Tele-
scope, SMFT) £ [H 5 R 3L 6 MR BRSNS
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ol . PRk, Hae i 2 o0 s s v O Ak N0 HRks B2 1) 2 1) K BH #6370
BN H TR BRGS0 TR BT ] o R SRR AR AN ER) 2 [ LIRS DA sy I 1] 2 7%
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PRGN S 4 = WIS S, B KRB B 7
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ToVE & AE 2% ()3 S AE M THOU I, 0 75 22K AR AR 7 B KIS B] BRI 7V A e
SR 0 2> W RS B o IR0 D7 vk B A 2 SR O P B iz L 4 A% o A B [ Fe
) BRERBE 7, B EEOR MR A R AR 2 Gt B 4% UG AR AL U0 5570 1) v
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AR P AH S ER R 48 (Deng 2%, 1999; MRAEA 2%, 2006b; Shen 2%, 2013) 5534 £ 7
#¥(et al., 2011; Emilio %%, 2010; #JIEHE 45, 2020)WH br BB A%, CRIEHLZ &
OGRS ARMIEE 2 RO T4 H I, 16 T Jm 5 X di 3 i Fe A 0
Iy EP S R 5 W S IR/ 5 (1% 4 RA NN =52 N o = W VA2 N R R A

2



FlE i
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1.2.1 ES=TEREGERGENARER

19954F, 3 — R 1) K FH R0 122 K B AT H BRZ R4 (Solar and Helio-
spheric Observatory, SOHO) R A4S, HIRRPHAT R JRI(ESA)FISE E 51 = (NASA)
18, H BRI v R 2 3 B UE A (Scherrer 45, 1995) (Michelson Doppler
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i % B k20 A0 0 6 W BF 9 Y Bk 7 1) K B DG 5 B iz 5t (Solar Optical Tele-
scope, SOT). WM& H % Al I X 1) 46 B T I (R A1 56 AP A% O 1% 4% (Extreme
ultraviolet Imaging Spectrometer, EIS). #Kf3 i H %55 & 11k & 4 P R ML
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scope Assembly, OTA)MI£EF[fi #H /4 (Focal Plane Package, FPP)ZH . OTAE —
ANS0cm T 5 15 PR A% B 75 F1) B2 378 55 (Gregorian telescope) T 45 RIlEE. Ak
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ks AP IR S AT A T (NFD AT SE T (BFDE G F,  LARNHE 3 i 43 ik
T (Stokes Spectropolarimeter, SP). A PBH %% Bt 45 B A A5 Fa e (1 sl 47 B0 ok 4
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AR BE ARG, 38 I AH DG R R 2% S I R R 22 45 5 R AT AR B Ab

H A, 25 18] 5% 58 3 W0 W0 040 1 =8 25k k=2 K BH 31 /3 % K 3 & (Solar Dy-
namics Observatory, SDO)_ #&#1¥] H fZ FIRE B A (W. &5, 2012)(Helioseismic and
Magnetic Imager, HMI). HMISEIR 74 H TR BH 5% S 03 (s (BB, - Refs
PRI 2 v I 25 4y FE e 1) 4 H TG EROWN R, 515 K BH A3 1K 40 7 7
AR, BAERT AR X 3 ) AR AL, ORPH R T W& 3h XSG 3h 2 &
PRI AR AL, KBRS & Zh AR Z SRV FN SR B R 25, H %0 H ERJZ A3
FRANEN I35 A B &R, BAKR T2 AR AR K BHAE B Tk . HMIAL S
eI e /R i 2 ) B A (MDD AR I BB AR AR, AR R KA H 3R R &
[fj—3B 4. HMIZkK | MDIF) 2% Gt, 28318 ok DL SO 1 B8 s 1) 25 8] 43 22 A
I R) A3, FRIRIN T 58 AR CASR HLA0 4 M ) i i &

20204F2 10 H,  H1BR A Jay 805 JF I A A R BE 48 00 45 K B 38 1 & (Mriiller
£, 2020) (Solar Orbiter, SO), AI LLE {6 T~ K BH 4% X AT /81 43 3% 22 1) il
SO_E & AL AN H 72 A% 1% (Polarimetric and Helioseismic Imager, PHI)ll & Fe
i617.3 nmi% 2 i) 28 & BN A 28 5ik% , %A H] AT 1 FULINDO3 Fabry-
Perotiff 47 7 7 A U Al HR 00 5, T s 44 R o) 00 £ P 98 T AR AR 2% (liquid
crystal variable retarders, LCVRs)5¢ &. SO/PHIZKAT 1P M Eimgidl il — A2
4 HTH ¥z s% (Full Disc Telescope, FDT), ‘B i 1 #IEFTH M B AN K FH
Hifm, M5H M REsPEEims (High Resolution Telescope, HRT), #] LL7E
Bl I H AT KBH F/h222004 458 . SO/PHITEHRTI@ IE H SE9L 7 2T
FH O PR IR A5 0 1 0& B MRS E R GE, A — > WiTA6008ps Y PR i AR BL S K BH 2
TR, IRYE RGN BEASCIRER S T W &, (E7x TR = mT AR 3
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BICHA IRAZ R 2 RIA, AHORERER AR R 21 % B S O BURHE 5
SRIGHZAE T ROE BB HIE b, Gl R PO AR AR IE K P WA, ¢ AR
etk

122 EANZERGERGHMHFER

1] PRy FR A B B 2 K b i 0 AH AT 98 0T R AT 2 0T 0 T 198648 $% N\ A8 FH 1) [
KRB PR LI 3 1 4 K B 1 7 B e e (3 [ 42, 1989)(Solar Magnetic Field
Telescope, SMFT), 4K, BEERFFHEARPARHFT, “Sedt RIERHRLE”
(Advanced Space Solar Observatory, ASO-S) T il T-20184E IEX B 5, % THE
H R e 2 (A R e SR SRR, H AT TIERE IR B 1HRI20224F %
RKht. H B4 HIm R E# G (Deng Y Y, 2019)(Full-disk MagnetoGraph,
FMG) SHMIMIPHUKEUR D, H BA SE 47 B8 7 D0 oA B2 (R 7T 53 4%, 2020) .

FMGHL & I A FE ARG AR ) R Gt 2l i DY R BR 3 AR 2R R IR B 48,
2020)%F A BH N SRS 22 14T 00 5 0, 3 a2 R R 4 ok L R A R
WA LR ERR AT , FRmE R, R K PR 22 15 2
PBE NI RS, 8 R R R A

MR [ A A2 (BRI B B AL, R I e, R Rg %
KA A B AME RS, B SR 28 A0 IR PAAT 2R M e, — R
428 5 S5 R A1 T 46 42 S NP AU H 1) O A B R AT O B A o S FR I A B R
SR H R BHEN S GBI AS 5, IR NIRRT 2845, 385 o 5 L A R A
RS HEES, WERIEET NG e A7 semt wh . B RTifag R4
NP —FORARHE DY SRR AR BT R E R G, 5 — SR AR A G R R
FOEAR BT R RAIM

[ 5% RS PR 2 K BH UL 256 1 T~ 19984 5 — YR FH s A BT Ay 77 3 S BL T A
REREREE, SR R B A7 f BB A b, LI5S S PR HEAT A O, BB AL
BINFEALHE . 20065 BT 1 iZ A2 GMAEAR 55, 2006a,b), XK T FFTH
IEANIPLIEMGAL B eR B2, SRR MR 1) 43 F 3 KR B e, BN RRARCER S vk ) PR
MALEE, Gt 2 T E, F2012528 7 — A3 T GPU A BH 3% S2 e A 5%
PRER MR AL FE R S0 (Shen 25, 2013), FFAEMR UL EE H A2 23817

DAPR R 0 S Hh Rt R Ge N BEat, AR U REUE ) 1) K BH RGAR 3 2% 1|) B A IE Fa
BN R Gt & —F GG B RS0, DIFPGAS iy MIDSPt: fr RS fily, 3@
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REBR AT S R A B 1 B R B BEAT AR BN ER 2>, SRS e #5258 5% 4] I R AT 23
PERORRE, 8N T B AR &, o 7 AERIS AT I R SR

13 RENEEAR

HAr, BEZRIE M FR PN 2 se 5 FGPU K PCHLIK E 1 IE A2 1%
I O e BRI SR . Rk, B KB AR A AL R B R —— B
RAERBOI T 52 T 2T B rl gm R T TR 51 (FPGA) FIELT15E 5 AL B 4%
(DSP) FRIARAF AL BB 1) B RS AR AR 7 28 -

(1) BRIEFGIIN RS HZ O NFAR SRR A B, A PRS- DSPIts
FrRCUH IR BAHSGIE B EE, R R AL B A% S B IE, 58 CE AR IE
BOAFy i s, H SR R FE /N T0.1ms, AT DL 2 421 0fps A B 45 b P 5
JZ:

(2) WItIFsE i RS0, W FFPGAS H LU F Bk 1255, 58
FAHHLAIKD*P e s P i b . Edlm et J@id i1 [R — S 4RAE 57 A2 A ik
V145 5 R 145 5 58 BOK B D 41 B ahs 58 B R, I S I 280408 110 2 A A £
e

(3) Wit IR B R4, @i AE AL SDSPEs f g ar i ik,
SEIN % 32 F R A7 HDSP A& W 8E, I HIE S SR i se Bl — B R BOKR A
eIt IS IR BR324 e 23 0L

(4) TF J S50 25 ) TSI 56 R b T B2 370 B AL 3% S bl 6, 368 3ok 51 5 2 ) B S
R EIE A B, HAEMF I 1 35em K PH B iz 4% B 3RA5 58 i 5 )
vag s E P INIE e

AT J7 G 7 U A ()R BEOWLIN 22 4t oot AR AR R 48 (AN Tip/tilt Mir-
ror) MR, D7 A] R BA W47 LIS A BT AR BR 2, BE A% KAt B 1 o B A1
WA, PRACEU I E R IIFE, FEARRAR BT R A 52 2% FE A SE ARy, I
RIPHAEBAT I FEME . 207 RO 2R AR I B &R R — M &
o EATEE BRI B AR TS R, R TN AR A5, T H oK
BB W ISR AL R A T 44 R R R 4

FAh, PR T BEME X FIE R TAE. TFRE A T A G BRER S
PR DX SR 36 S0 ORI 9, 0 T2 1) 3 0 e 4 T W00 S5 AR A 265 20 1) O B A
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PREUE, Bt 7 MR XSRS, AR BN ] AR B NRFAE X, B
WEORFEAT — e WL I Ta) BP9 ) (A% Bt 5

14 BXHEHRH

R NFEBAT A . B — BRI R E . BN IR, 2R
R FE AT T RN H . B R ORI 0 I R B A B AR IE AR
BRGEWIEHE, N T BABIED BT EBEM . B=mN 9 T BRIER
B 2 Ge AR BT S A R 7 . SBIUEANH T ET AR IER
& R GEIEAT B SL 06 = A FL SR I AN T B 4 A SR BRIt 0 B s a6 5 Rt
TR T, BHENE TR TREARGIA— B SR IR X I £ 5%
MR, RdEAT SR 25 R B G M M. BRONTERAS T ATt e AR, M
BT ARG AR TP BRI R .
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F2E FEBRERGUWMNGENEER S
2.1 KPR#EIAN =

H AT, P9 A0 0 K R 3 DN 2 A3 8% 25 A 10 i 2k T 15 4 11 2 2 A% (Zeeman
effect). 18964, i 2¥FH2AKIES (Zeeman) &P 430 A6 A6 IR CE 78
SR SRR PR, B AT R AEAR A, — SR 2R B 2 0 N L % AR
HIELE, IS FR N ZE BN . 19084F, 36 [E K5 #E/K (Hale) I
JH 2 22808 56 il T K PH PR DX SR a7 i B R I . b 1 S R — o
(R &, — MO (R Bk Y Stokes 2 e # U7 #2 1T LA s KPHIES . TEARTH
LK BH Y TE 28 ) Zeeman S M. (FE 4R K, 1992; #2508, 1979) Rl Y Stokes S 4L
P
2.1.1 KPEAIELZLIZeemani KL

(1) 4R 52 Zeeman &

WRAE RIS EE, X TAIES S PR, BB =0R, HE TR
WA E T RYEZeeman N, —%IEL4H EFRESH RN 21+
THRES, HTHRSNBETEMAR. T2 ERSHHESTRES TS
FIFEAS 7 BE A 2 18] I BRAT 72 26 % 2k Zeeman 3 24 T 2% o A B R 37 M0 00308 5 75 LA
=0 2054, RUKBHOGIR A M oy RN =0k T Horh—Sfn AR K
A, FANF o FLIIB KT EA R . X PRI IG = 73 24F) N IE H Zeeman =
SE(FEZOL, 2003) . ZE SRR 1) E LR

Al =4.67+10"%g2’B (2.1)

AP NHERIA 7 BRI, BALNE N ADyB=0 ) Lt K,
AR

= RAR I, BRAZ N 7L WMk, WIRTT F 5 #7 T
A7 T T 58 a0 ZL 3 ) 9 21 oo, Mo, U2 5 1 3 2 T 1R 1D A PO L i 9
PSR T2 AR BN R B e T [ AR S o i 2. 1) o, 210 3 77 [ 34T
AL, RO, o, N ERE, o NATTEs GnE 2.1(b)Fos, = INAL I 5



K PR BB AR 8] R IE AR U 2 S i E 7T

Wisp T E R, RIRE RIS, =2 FLRBINEMIR, T ZRIMRIRTT 7 7305
VAT, Migko TERIRIRTT -5 #E3ATE EL(E 2206, 2003).

A NA TN B

I e A i
~
Oy Oy
Oy ® Oy ——
137 137
(a) (b)

2.1 #i% 512%R0Zeemani R : (a) PAENGN, (b) HEEILM .
Figure 2.1 The Zeeman effect of pure emission line: (a) longitudinal observation, (b) transverse

observation.

(2) A4 Zeeman BN

2 E OGS R AL TG R SCSARIS,  TRE  UA TR I RE R A L
AR et R I Zeeman 7y 2, XA I R AR NS Zeeman RN o b T Ly =
IPERWIEIE, PEZRRCT L, e, afllo,, RS EE T B N A-AAs
AMIA+AL s I E TS J7 R BEAT LIS CERGA R D, o, NAIE, o TR,
WE 2287, WAL R 5 W% EE RIRE DI, =14 o 14
I 41R 7 1) 5 3 T B 2R A%, 9 S o3 2R B IR U7 0] 5 432 P AT IO BT 0 2
i, A 2.2(b)Fras(E 4Ok, 2003).
2.12  RIREHSE R

—fH), FTRME BOF), BARERSNI0T) L& mROCF , BAREIRS45°
3 ) 2 i 9% 56 Fo A1 1 4l 9 0't s K 348 (i % Ot (Stenflo, 1995), % Z KR & K40
B 2307

TERRIT R TR T, 18 R I Stokes Z HUR AT IR G IR . StokesZ 4k
HI1,0,U.V YA Z 085 Jy vl I 4 o s 2 B0, DL DU S 2 500 AT DL 7 O
o BE A RN AS . F AR (), FH SR ' ) F O B R Ok B8 e AH 1L 3 FL
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i i T Jie
VooV oY
ay oy
Oy oy n
[
1439 1439
(a) (b)

2.2 ZERU LRI Zeeman3 R : (a) PAENGN, (b) HEEIM .
Figure 2.2 The Zeeman effect of pure absorption line: (a) longitudinal observation, (b) trans-

verse observation.

unpolarized 0° 45° nght-handed
circular polarization
2.3 BN, &Rk, ERiRLETERE.
Figure 2.3 Schematic diagram of natural light, linearly polarized light and circularly polarized

light.
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1, I HAFEE T E RO 5, BRI mT DU ] H R B R BEAT D Bt IR (E 4O,
2003). WAL TT R (b)) AR SO6 AR AT A i -

E, = A cos(wt —&y)
.. (22)
E, = By cos(wt — &)

K, w NSRS, AMIB, RIE, & Mle, NARAL.
Stokes 47T B 5E X

I=(A)+(B,)
0=(A) ~(B)

U=2(ABycos(e, —¢€,))

.. (2.3)

V= 2< A\ By sin(ey — gy)>
o, AR5 2o LIS [B] R~ 2, B SEBRBLIN 21 2 2 &
fldR 6 1 Stokes 3R L B A -

[=(1,0,U W) (2.4)

—BAEOLT . KER BRI RO, HAR IR E SO

Q*+U*+V?
P= — (2.5)

FER AR 238 I AR o Hr 4 9 1 1) 2 e 5 5 A4 e {5 5 05, ZREEI Y 4> Stokes
S IR O B L

22 BEREFHENREL T

KU R AR K P REAR A W e mir oy, R B R 0 2, A SR8l 7 KB G
(T HER RS A Re SEILIE ) RS BN & . TE K FHRESA IS A2 R, O T 32 i
WG SRR, TOVE & 75 25 (R A2 7E Hu i SR, 0 7 % K I TR g e el
% WL Y 2 0 ) 7 VA A RESRAS i 70 W 3 88, e SDO/HMILIE i 455 5L
BRI T P G B ' ST A I W I, T DA S8 DA IO UL 00 2 s £ s i BE 58 BESMIFT
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S2E A B ARERG I T VA I R B S B

SMATULL X H 51 IE £E W il FIFMGHE /2 18 12 2 il 5 B ' 2 0 i) 75 =0k 3R B s 40 7%
W R 32 B

e RAETFESLIM EEIe A WMIRTAS] . R s A B b 45
22.1 1RIRAH

(I 53 BT 2% 0V 2 43 B9 50 52 O BH R A 2 (1 D 1l 7y, 2 FH SR K B
HisAH I BRI B S 38 o ImARIRM I — PR D 1) B AR R F B R, 5
LG 6 AR IR BEAR AR, AR AR BOAR AL GBS 15 21 B A 57 )G B AS
B, T H AR IR IR A B R S IR S, SR B AR A
B, EREH. e PRGSO IR RIS H R BRI SE T T
R AR S (R 1 45, 2015).

AR HiStokes A & (1, Q, U, V)R R iR 73 AR 2k (i HR QAU LA K 15 fii
PRV LM IE 52510 . Stokes Qv UFIV B4t o FE I AR 4k, & 11 4%
ET/A. TIAMT2EEES] . 55 RKREQSE SURIMAIANZ22.55 G T fr
(R AR ) o 38 Ik 4 A5 R A S I i 2568 S8 T DY AN 3748 5 R3S 1) DY AN A7 A
BRIRBL. Q. URIVHIEIE,

3 N IR B AR 2R Gt I T A Ao i 8 (i 9 550 22 42 8 ) S I Stokes Z (T, Q,
U) 1l & Rl 45, 2013) . I A HOG80R SE B R Y s i, s G TR R4
HHCA R F RN, RIS BRTEAMIN I B R, A i 3R R AR A,
LOGPCE A BN, AR RV 2 B S T O

PRI % R o A A D0 O A 2 I B G 2 B A S I 3 BRI PR A% O
AREAE, TR R S A ) T AR O R A e U 1 O 1 R
A, WH, WEEEREA OEK. el . FEEEEER. L
K LA ARG S SR ZE S P A 3 A HL Ry T — AXOK H B2 2 B i 3 R B R 1)
AR PR (R IE 55, 2021).

KD*P L 18 ] 3% A2 38 50 A48 1 R S B 24 i i B O R 1l 85 1 . KD*PR
V1) R TG R B AR B RE R (208 LT Hz~kHz),  H201H 40804
RIFEERE 2 A, B T Ho e W Bk A A i B Bk d,  H T 2 4 i
B AR A A R AR %7 %, B T SMFTMISMAT(Zhang 55, 2007)(Solar
Magnetism and Activity Telescope) i 85I 7E .  FHKD*PHLE & AR 1 A\ 1
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PR 3 A MR B E I 245778 A8 1657 0L M 45 1148 )
IAS 6T 75 07 1 94S°e T KD*P I St A« 165l 77 B A D90 iR o
AT ER, T EAAKD*PHOG A FInEm KRS S, @i A
A s e 5] EEKD*PHEG At AR AR AL AR AL, W I &l A2 s ik oA TARRAS @
2.1,
1 R G ER20 sl RS, KD*PEEF % 5 950Hz, H 755 15
FABLEE I [R]0 AL B, SEIOK PR AR IR 1) 1R R 56

M4 KD*P P

2.4 iR TR A F AR EE

Figure 2.4 Schematic diagram of optical structure of polarization analyzer.

% 2.1 KD*PiEH) 75 REVRIR T4 TAERTS

Table 2.1 Working States of Polarizing Elements in KD * P Modulation Scheme.

1/43% B KD*P P

+Q 45 -90° 0
-Q 45 90° 0
+U 0 90° 0
U 0 -90° 0
+V - 90° 0
A% - 90° 0
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222 FHEITH

L 94 O BA 1 2 O — A P IR AL A e R R 284, 2 ), AR
T NP R HLT RN JC 1 (Charge-coupled Device, CCD) P4 A% 8 &5 F1 B 4h 4
J& ALY 2E 4K (Complementary Metal Oxide Semiconductor, CMOS) &I 15 4% %% .
AT R F 1) 150 S CCD G A% T8 85 AR HE (7 B35 2 v I 25 20 IR 2R, T4k, B
% CMOS FIMG AL B8 B R J A a] L[R]3 2 K THT R A6 vy S i 431 1) 75 R
CMOS K G AL A3 FF 46 B TR FERESA O . H AT, S ERER E R KA 0T
KIS 0L 00 6 s B ] ) ASOS/EMG i faf £ FH 1 CMOS B8 A% Jdk 2 4 Dy il R 2
aefl, TR RN 4K *4K

TERHAT R EEAR WM, EZEHIAENSECE . BIent . disi. HdE
WA E S HRIROR SR 73 1A] RS IR RGO I 38 45 22 3R (19 20fps 1 RS,
FEALEHE R HI AR N 9 50Hz,  H 75 225 KD*Pray 2 1l [R5 b 2, SRR
ARG I IR — M, AT DR A il R B Uk AT IR e il i, 7 (%45
PRI G S R AL B

223 HIEEF

KOt R 1) 2R G S A LU H AR 22 4015 5 EAT @M, 38 id Camera Link
(bR vEERE O P SUET 50 s SR X Camera Link 3 LU H FOBE HEAT 8], — A
P B BB TR B AT PR, SRR BRI & MR R S R
B ATHR BABESH, AE R rEGESE, R&ERFEINAF L

Camera Links2 % "] B S0AG L Boals A S A T b o B0 A% i
BREIN2. 38 Gbps. IZARERLE T HE O, NG S, i E . BB
MO R TIE LSRR s S . R X R bR eSS, 15
AR A B2 Vi B B @ M . R T BRSO SR TR 2E 4
{55 (Low Voltage Differential Signaling, LVDS){AR, %3 AR F KR I & ik %
EfEimEeE, PORRAR S T BEE A R S, T o AR IR RS, K
S SE 7N (12T DS 27 N

23 RGHENRER S

R ] A A (8] R BB B Wt e, AEBA W e, REBERSEE



K PR BB AR 8] R IE AR U 2 S i E 7T

KADCHL R R G B m AL (5 BT RR, EEOPIRE. B MmN &
GRS NSOGB S AT IR A, ARSI RGUR BRI S, e il
Ao e A ) P i 42 85 S5 AR e e X A% R EAT AME . b, B EARI R S T
R I A I A B GO B AL B A F R AT . HHT, R E P B 1
PRSI 7 120 B T DY R PR RN &5 1) B AR A A% Bl L ik 3 AN 5 1) P A A
MBI\ 3 T a2 ) PR AR i 2 R AL U0 AT 3 T A S R B B2 ) PRI (i % B A
.

(1) BT DU PRARI & 1) B8 i 4% A

FET DU G PRI 5 1) P 5 A 7 oA I 075 32 A& 3 i DY A 4 R PR RE AR D' L — AR
BRI, ZJF YA GER 16 H A8 i et R, A B
FEFET O R TARE PR . YRR SR & 2,587, 1. 11 11
IV Y S RN 25 R DY /Sl i, et e b e v A et AR 5

I \

2.5 TR BRERM R EHI R EE

Figure 2.5 Schematic diagram of four-quadrant detector structure.

B b, KEACHEHY R IR s 00m QKB GBE A 5t AL+ D0 SR IR
RO G A E, DA e BB R ' HL A e B I%— 2 NSO R AR A2
IR BH G PEAE DY G BRI 5 b 1A B AH N B Bl %, DY 0 B T AR
-6 ;3 £ PR w R Y 4= 1 B Y VA G R B U E b s S S
AR e &, Wi R A .

_ (Lh+13) — (11 +14)
AX - k * 11+12+I3-:-I4 (2 6)
Ay =k % (L +D) = (I3+14)

I +12+I3+I4
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H, AR ERREE, AyRREG A EmE R, ChHER
B, Liv Ly Ly Loys8 T 10 T IV IYASSBOE ) F e i

R DU R BRI &5 AOAS I S B, 5 BB PRI 2 diA il 21, (HRAE R
FHAR EAFAE RN S8 7 RS K PR sl X R OK BB iR A A2 4, 25 Y
RIS AR AERVE, = FBURGBN RER AR, B Ma R, 5o,
VY G BIR PR 25 D6 B80T /It 2 32 R PR A i RN 11 24

(2) FE TR A5 7 5 i 7% B AR

B ZARM A5 1K) TAR B DU R BRI R RA, 38 I R BR324 4 [X 45k
BEAT AR, AT DU SR IRERIN &, LSRN &5 A i BOA B SR A R 2
JERAR, RN IES 1 R KB s S R HE S PR 5o, R, BT 2R
25 (RIS 22 0 S AAE [ B 2 18] R FHOWLIN B % A5 2032 R, 4l iiMDIL
HMI. FMG #5150 G 5RM a5 1 w2 I SR .

LA G B AL TR0 &5 o O B G REAN AL T PRI AR 1L G 6 R R A
Jil,  TAGIRIN & i B4 08 F AR AL B AR, AR T AU R ELPEREAE R
LGARD T 5 7m = B B 2.6 GRIEBE 25, 2020), I8 A7 - BRI &% L (1
TCHERE NS E PR AR S DX S L SC VR A BH S B (14320 % [X Sk N\ S 28 1R 000 4%
£, BTG X AR ERBOLRE S, IR BRI RS .

2.6 INEIRMB[EHREE.

Figure 2.6 Structure diagram of edge detector.

EEA. B C. DA XD G H —HE REBI NSRBI NP A~ Pp-
Pc. Pp, b, mAL BAASDXEORE K5 A ERIBURME 2, ©C. DA
DX 3R s % L5 1) B AR TR 22 -
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P1-P2
P1+P2

X =
27

_ P3-P4
Y = P3rra

(3) FETHH SR ER S I UG R R
FEE AL, BT AR OCERER SR AR H R LE 20 tH 2080 AR A & TF 4 B F O
KHAWF 9T, H 19874 Edwards®: A\ (Edwards %5, 1987)%AH 3¢ FREFH AR 5\ 3
KBRS gt EIF Sl EHR AR I D BE S, 7 T'NSO/SP (National Solar Observa-
tory at Sacramento Peak)fJVTT (Vacuum Tower Telescope (luehe %, 1989). IAC

(the Solar Correlation Tracker prototype built by the Instituto de Astrof isica de Ca-
narias)(Ballesteros %%, 1996). THEMIS(G.Molodij, 1996). BBSO (Big Bear Solar
Observatory)ffi FH [1165cm ¥ 75 B3 5% (Didkovsky %%, 2003) L & SVST (Swedish Vac-
uum Solar Telescope)(Shand 5%, 1999)55 4 £ b R I AHREREZAS R FR . 7275 [H]
B b, Hinode 351 4% 18] K BH B2 28 45 2K F 58 T AH DG BRI 38 IR B AR 77 58 SE L A
BRGE. 20084F, HEFHEREE KR CEMBERKREN, X2 8RB B 56 (%
K4, 2008) (Space Solar Telescope, SST) ()3 T M KRB B IR R A AT T
5T

BT M e R 10 B R i 2% R F CCDEl % CMOSTE R G I 88, SRedk
K BEYEHE BRSO . X RO VR ARSI R, B S R — 5K OK PR G BE R A A
HHEEUGR, SRIGTEZ )5 (0 — BU [A] NES R AR PP 51 MR, J8 I St st e 5 41 ]
4 A — WO S B R BRI = 5, T ECORBROGBE R SE ) mAs B. (WAS &
(TSR BT A S BR BT

FOGIRER S, RISRSHEE 5 EN G ARG R E . X145 8 K/
HNM « NIJEG R (x, y) Mg (x, y), P &R RO R ) 5 SCanss .

M-1N-1 M-1N-1
Rpg (mom)= > > h(x,y)g(x=my=-n)= > > g(x,y)h(x+m,y+n)
=0 j= i=0 j=0 (28)
FH1 5 AT LLE A

F{Ryg(m,n)} = F {h(x,y)} X F*{g(x,y)} = H (u,v) X G" (u,v) = R(u,v) (2.9)
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X, H(u,v)2h(x, y) E BB E A, G (u,v) &g (x, y) B8 B iH45
FIFLHEA . SR JE, B B AR BREOTH F 45 TR (u, v) BUE B i A8, AR
(i NAB T 2R AT AR I A B B2 P IR BEME AR SC M ism IA E, TH R G IR &= .

24 BRIERGHENEERSH

A VR ) B AL I AR AR 48 SRR LA 22 18] A BH A 21 48 ok i R &R
Gt (WwIBESEaE %) AR, I I PR 17 e ok i AR 1 PR AR S v S ok
TS 2% BB SN R TR e 5 R 1) R A A% B, D 22 8] K FH
T WL SR EHT I BORBR 28

R RN FAE B L RPN a5 At Y i P e 1| 108 A1/ N 1411
SR U B H AR R BT R BCHELE TE LS R SR R AL PR
MBS BRI T2 M. BOYBLA G MR L, IR 45
P G R AR M SRR ALK AT 2 BB B HE B B UM, R BT HE T VA B AE AN I Y
e . €58k, EENIMIEGAEBEPT SR O 2 7S 2 KRR
FCHERT S LAF, $RH T A BB ECHE TS 7

P A5 T 1 3k M s LB RS A s ) DA 93 DR 28 1 K A SRR AT 2 T ARR A 7
Horpr, T IRIEAR BE— AT B R HEAT B s i i I 5, i A K
A By FAT 1) BRH ) B R AEBEAT IOV, B2 M OGS EE 055 7 [A) 45
WKIEAE B BCHE . A4 A TRALIE B HE s 3%, — MR Zm i — e 1 3 Bk
HURFALE DX IO 2B HARFAE, AR5 R 5K Bl 2 sk BURP AL B AT e X, DRI B AR
B, PASE MR RO

Forr, A SRERIEON T 4 F i AN R S T R B AR 38 AT BASRAS BB A 1 4R i
M REMENR, HATCLf i R 5 SR B A I R e 2 D B R I 8
wiE AT . T H IS, ORI A LR R A
E AR LAt 2 B KB AR R AR B2 55

(1) e HEOiE R A2 A

HOE, EETESANEGEOAE, KR SRR G W R, R
AAHBIEIN N PR T4 E RN AM«NBJEUR f (x,y), B9, BCEBETY
B AT —E A A FE
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0 Pl‘j<T
Jij = (2.10)

RIG, THEIKEE A Coh(x0, yo)s g(x0, y0):

2?;11 Z;'V:l Xi fij
M 2N fi (2.11)

BJa, WS EGK RO B EEG R E.

(20 T aSokor 0 1 A 7% S22 A6 U

i RAE R R MO A, B E R BRI T B T R
5 R, a0 BG5S T7 ek BE AR AR R AR s s 0 St 2 b it 38 AR KA A
NG RS HHTE PR A SR % 3 G Moravec i) UK (Moravec,
1977)~ Harrisff SR I B2 e B0k 59%:(Qiao 2%, 2013; /SR %%, 2017; Wang 4%,
2017). SUSAN A skl S e oot 57 (Smith, 1997; He %%, 2013). FASTHi mif
MR (L= #HE 55, 2016; Miroslay %5, 1998)%% ., JLrf, Moravec ] i A&l F SR A%
I X35 1 5t /N TR P A A8 AR PR B3 KA, Harris £ 5 4G S0 P SKAR: 00 =5 348 [X 30 i B
KAE, FAST A sUR DU HE A F SR A i B b 3 s 4RI A i 2 AR R — S L
RGBS AR — R R R A SR AT AL B, P R B AR I )
8%, WLOEN S Xk RS EASSG, ld R RAE AU T X
B E .

(3) FETHH G RER (1 B A

TR A, 56T M SR IR BRI R 15 R GorE201H 1L 804E ARk L 28 1 4 I FH -4 K
WL, Hutc&aMH T 23 RIHEE S b FEEA, PR3 K B
T 199855 — R H 5 A B 77 S 1 AHORERERSEIE,  JETT AR HEAT K IUIAIT 58 AN
Zkegit, HAT, PRI PHWLIN I 2 2 5B T 3T GPURE A ) SRR AH 9% PR i
FUEAL B RS, 2 RG] DAEAT SE AR OG- R A7 -2 IR AR 7 W . 1% R 4t
ANTERE Gy B B A R G rp BT AT SR A, 3 WL 24 s Ak £y PR Ak 35 025 £
PACHN S SEIL T o HEREA I . Z RS I BOR NG SG, K AR PR
MR RIF 2%

X0 =
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Gty LR MR FRAE S A A 40 i 5 A b, AR R RIBUR M SR S04 R
BARG T E B WS RN E %, el 25 RS 75 B 8 R i 52
R, S R 3 R (R K B R O H A o

2.5 Ihgs

FEARRE N, Erd TR KRB, RSl 1K B A
KBRS R A v S5 R 51 H R SRS WL e 5 2 ) & A AES s SR XA R &
LB AR S R AN TR 20 AT, N2 JE I R G SOE ARt ARG v el
T ARIERG ARG KA IR 7 i R RGN BB R R G e,
HI#H £ T B8R RETTIER e, R EENH T IARE ARG UL
o R RR LT IR

RAEXT DA HIRRE RGN G RIR RS S5, S 1A AT SCER iR
RGO, BAUEEE MERESER BRI E, R
BTV ELR, SRR RN 2 B 1R R R AR B AT BT SE
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BIE BRERGUNRSEHH

FE b, S OR BRI ) JR B AT T TR, HOORE R AT K FH R 3 WL
M BRI R G R BT 1 o0, AR IX — FERE R DA IR BN gt AT &
SLIAT R, AR R A BRI, SE Al EASE IO F B
/\é}ﬁo

3.1 BRIERGINRE S

[ 5% RS £ PR 2 K BH UL 255 1 T~ 199841 5 — YR i J A BT A 77 5 S B T A
FIRERSVE, A2 It gGE, T201252 8 T — AN T GPURY A B R ) Sz it
FGIRER R AL R G0 GPUS Fr 2 — Pl KB K & Bt DL SR
RAA BT B AR, I HAH DL 00 AT M A0S 500 e 2 S 1, 5 T R AL 1
BB HAT A F T T 2 A R . xR, PR T Mg R EiTEiE
Hee ) AR, LLH AT B 2 FIFPGAMDSPE f 9 fi, FPGAR: i i
R B, ARSI TGPUEM, BARMNAEERFRMR G, HRZ ST
REIHLSS, — oS R DSPIE 28 55 T I A K T-GPU; DSPith
) ESRAS T 5GPU, BRI RIS H AR IS H A IR, (AR T
TFERAT HATIZ S, HAZ A TR R T GPU. [Htk, Wi 7Eis 5 6k
SZ IR FRUGGE Fr SR B s B AR BE 2 B R IEAR GO R 8 B AR BT (%
O i

b 5 5015 5 AL 38 3 (DSP) R B3 v] 4w A2 1] B 471 33 1 (FPGA) I K &, K H
FPGAFIDSPI U FMEfF RS0 IE Bon e et . ok sz ST EAL . |
FIDSPR AR 5 2 i g A% P LASZ H B2 (77 dn 2 b 2, H O & Re il 2 5%
EHIAEE R . BREEE R, FH77 X REAEE R RS R, HRAE
SiDSPII LS M AR B2 B AT I, X TR A BeE &R, AEEE E, HE2
I8 B S5 AR LR 8T B SR RS S A BB SR U, A AT E, XA
JEFPGAREFI SR IT. K FHDSP+FPGA £ i 11 R 48 1E4F 10 I 1R mi 45 5 3
ke, M E AR EE, BRI TIREE S MER, UL T EEE
SHRFAE R . DSP+FPGA RSt KR 24 RiE, AHRGRIGERME. &6
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BT RN R FEE, Ras T4y R, FibRembE s AT
TSLHHE 5 R 5.

TE S8 S FRFA R & I LR b, AR P P B 6 A 24 BT A
PEREIKT FPGA & 7 F1C6678 DSP:ts i 1E A RS VLR IHEG fr, fEFPGARS
FIDSPts Fr B SEB T L TAH G ER R 1 BB A% 2 1 S BRI . A 1E R IR AR 45
PR F S A4, SE R T R BB AN B RS IE AR AU 25 0 R A2 B 1) 14
THAIEEE, SRBL T TFPGA+DSP AR CERER AR/ Hk, dlid KRG
e, SEBUERHME R RS NI KT R W20 /s R ARAL5E 4R T BLIN I AS SE A
JE SR ARG, S UL 4 Fd e W A g 2 EATHLRAE IR R . B R
B 3.1FR, RS T/ERBEWE 320758,

31 RMELEFA.

Figure 3.1 Experimental platform for image stabilization.

Tl RGN TAERARL R

(1) HIFPGA f# k15 5 A& R A0 BT (5 5 A HR 1 )45

(2) FPGAFWHNIE R, BHATHIRMRE . 47, 1850 — MR IR 7S
5DSPIEH, KEHHEHAE S

(3) DSPHEHE KI%E(5S, JBidPing-Pang| T84 12 B4 A [F1 2 591 (1 B 2>
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T ORAT B A R ML b, FFIERIA A Coox A% AL 3 ;

(4) Co6xTTh AL BEFPGARE A7 I UG HU,  RUGEHAT AR (FHIR) SIRAN
BRIy (BN 85, S8R Iis 5 I8 R AR

(5) DSPai=iZi iz HZ @GR, MRINWEurirE, ey
EATHLZ TR E R, AR .

K*DP

CMOS

l . Control

TL288A

A 4
-k

& 3.2 g RGETIERIEE.

Figure 3.2 Flow chart of image stabilization system.

AR VRAR B ) B AR IERAR LI 22 Gt 75 2 S 0 G B 1) SR B AN LR iR 1)
S B IERMGAL R, 34, O 7 AT SEBRINRTS:, Bevt VIR, SR
& LRI EE EIR . BRIERG R Gl BALEFPGAS Fr E I AHHLATKD*P s
FEA I . R R AR A S 3 1 4 ) A B 22 B KR, S8 Jd i [E A ZEDSP
O B B AR AR RSB0 WL A5 A7 B A 2 S IR IE AR AR v 5. ALt
TN EUE RS . s e mdR il . USSR 3 B A0E RIS T RE,
SR BAZE A I IR AR KRB L AL B ANORAT

TE R BHREAZA ) TAE I AR A, R &R G 1) TAE SR A BAR T A AL R 4 4
2, DMRUESEE ) Semt b B 5540, IRIRIR SR DR Rg o #ifm E . R
B 2T SR, 7B R R & AR PUISAT I AT AR E . LA,
FEFPGAMNIDSP:: 1y b4 5 v P e B S50 AT DAAT RS IS A G B RV fY) S g
RGN . Forh, FEFPGAR v b SEIU A % 14 1) A8 22 B ke, fEDSPA v L
SHOT U I G AT B Al S R IE R AR 73 1 B
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3.2 RGBT

AR IEFRGIIN R SRR EE O SR BBREIRRER. FPGAL f
HMDSPES Fr, AR R G it £ 2 EISSFPGAS v FIDSPAE v @ IT, il &5 4>
BEUPATp R AREE, SEBL B SRR OS5 BIRE T AR S, . XK
B, VR IEE EEBEERIA IS, BUE. B SIS B .

321 RGHEHLAR

RS IE A AR A 2R 48 LAFPGA: Ji FIDSPEs F N B AR mb b AT 8E1t, &
I SR A B AU 2 B S L H S ot R G AT MR H AR SRR R OE, B
KPR AR EEMIFESTE R, HTEFMGE & el R R
G BT, R TR SRR KA B LR A, IR R A ImAE
GRS, T E AR IERBOUIN R S R DI I gD 251 40 A 5 A A T
TR, ERAIF.

3.2.1.1 FPGA

FPGA & — U SR LB O fr, T X4 “Dl ] dmf2 1 AR ] RE 517,
HEAR— N E B SUR n AR e, RInT USSR 7 9 34 e FPGASK S
e —REE B LB . AR B B WTH R FHFPGAI iy VR N hil A B8, 72
HATH R g B TE TAES, FPGAVE y— AR 52 1 B~ 2 % FH AR B R % N FH T
2, CeMHTEWR. JE. DI AEF0, i Verilog HDLIE & % 5127
A, & H &M TERERIME S AL FE RS, Wi AN B M 1 RVE R E T R .
34k, FPGARS Py oA ok s I i 3T i 4%, AT ARG E I AR TR R
KIUH, A AR 85T TR B4R S AT R S S5 RN o

FPGATERERSE, A FIFPGARS Fr F 9 r B W Th B9 T 244, AT RAKOK ks>
BTt AR PAAAE B R, A A B A P ABEAT AR B Bt RORb 1
Bt W, WA T Rt Re A St wT AEAT IRAT I, A
F A AT 8], FE A& PR s R AT OL T, JFAT A DA R 10003 S I [) )
W, SERCER TR

FPGAR N LA : FIfic B2 45 (Configurable Logic Block, CLB), %
N H #.J6 (Input/Output Blocks, IOB), A A2 B HJH (Programmable Inter-
connect), frfifi#s, DSP, H[8hi PEMEEL (Clock Management Unit, CMT), GTP
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(Gigabit Transceiver with Low Power) W& #%. .

(1) CLBZFPGAW I EEAIZH .70, FPGAR) & Fh DRSS & tHCLB# it
B ARSI

(2) IOBEFPGAW B HIME BACH o0, FEW & AL O B2, FPGAH!
P15 5 B N i 3 EE 2 I TOB I AR B, LA v Mk R ) T 4 P52 X 50 28 1 42
W, W RABCE AR B R s A, BB AN F B KB SR A, SRR AR
PSR

(3) WgmFE BB IR ] LEFPGAS: A ik iT RIS Ak, 7ECLBSIOB
ZHAEIEES

(4) FPGAWH#NE T Block RAMBENLAAAi HE TG, NFPGAfRHE 14K H A
HHIRAMZE (8], HIJBEA MR L, 2 MEG a1 AT DB A L = A7
Hida

(5) HAl, —MIIFPGAR: 2N EDSPIF ST A B8, UIDSPIel#s %%,
FIKARALFPGA T 5P AE ;

(6) CMT/2FPGA A &5 (IR i 87 81 7T, 3l 5 B MCMTHR T i B 1 —
MMMCM (Mixed-mode Clock Manager) #1—“>PLL (Phase-locked loop) . HH1,
MMCM#£ i1 _E—4RHDCMIH e #ARIM A%, PLLZ & TMMCM &L iscit. 7271
(1) 2% S FF e 224 NCMT, MMCMAIPLLA] LARIESR & plias, F T 28k sh il
D s

(7) FPGAHIGTPYU K %, [FIRT 454 1 RS S A s D Re,  HLXUm]
HARMSL, JTH ) A 2R B T & ARIETE R, S 2 N %
(e FH A i Ty e

(8) BRUL RBIME BN s n 2 Ab, I HoAth b A B B B B L,
WG FH 476 2 1 ) SR B (MCB), A Fh 4% il BE R B2 14N 538 1 1R 17 it 2%
(DRAM, #lUIDDR28KDDR3, a& At KR 77558 )

F R IEFR RN 3 G ik F 5 52 i 4 e & 1k e #3019 IV 4 11 TL6678F-Easy
EVMIF R AR 5E &1t o E#3 T Xilinx Kintex-7 FPGA AR #Z 0y, 5
Fr RS Re S B3R 30K . 8 I F 1538 1 5 Verilog HDLZSFE FF AT LA
KRR TE BT R G, 8T G PR O R TS R LR . R R G AR
FEFPGAS L OUAH L6 K*DPmy AR 42 61l Zd . (55 5 R &)
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< 3.1 FPGAMRES H

Table 3.1 The performance parameters of FPGA.

FPGA Xilinx Kintex-7 XC7K325T-2FFG6761
Logic Cells 326080

DSP Slice 840

GTX 8

10 251

an)>
(aYay

HEATFPGARE - it 1 i s 5 R 1815 =, A Verilog HDLFIVHDL,
H rFVerilog HDLELEH AR BER A Verilog HDLHEAT 211, S8 I FPGA 13
TIFRIRFEN:

(1) #FEAY: 7EFPGATH AT, FEMRIE REIREE AR,
AR ANTR] 14 5 SR BEAH B (1 B84 AL

(2) B gmik:, FTERMAMFEREE, WIBARMIIRM AT R, HIitA
[FIREHRAR T, 4 5 AH BT RE AR

(3) DhRefiE: ERBA g S, ARSI 5, RIfEdt
AT HL B G VF TR AT BEAT DU RESRAE, 7T LU FH 4 5 Xilinx VivadoR {4 P #0191/ B
AT

(4) ZRAMRAL: ZRE A Bm G B2 IR IR 5 O BAR 2 IR R R
PEACIEARYE T B AR FIAE S ZESRALAG 25 & B A1 2 108 480 3:, B R4
B THEEAL 9~ T (R 1 vt

(5) GEfEUIH: BTHE G AN T RIERSE L 486 5 BT 45
REGHEAM G H bR 3

(6) I G RAMLE: Wik T 2K O 5 B 2 5 i 21 H bR s 1 -,
AT BRAEAT R, [RIINDRE 250 N e D BEATOE LR, AR UM S

(7) B PR TE5E AN R AT R JG HEAT,  E 2R FIRI TR A g B AR 7 12
H AR EH I PG R s
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(8) HRME LU0 YRG0 5 e b, DL JOH FUMIACY
BTSRRI 17 T AT

(9) 5 PR ATRIA: AE AT OB SO TSy b A7
FFF A,

3.2.1.2 DSP

DSP, HI#7(5 S A0, 2 H) B 807 Ab FE R AT & Fh &AL 1015 5 A FE A,
— R HCIE S AT P BT, BRI RSG5 F Mg & M fE R I TMS 320
C6678 DSP:ts F i Ab B 43 FP R A 1% 0>, DSPm A4 14 B 2 B 3% 3.2

7N

% 3.2 DSPHHEES#

Table 3.2 The performance parameters of DSP.

DSP TMS320C6678, 8 C66x
Frequency 1.0GHz /C66x

Fixed-Point 40 GMAC /C66x
Floating-Point 20 GFLOP /C66x

Peripherals Four Lanes of SRIO 2.1, 5 Gbit/s Per Lane

TMS320C6678 72 T T-KeyStone ¥ 25 4% 25 4 1) [ & FI7F s 80 715 5 A B4,
DSPH {8 /1MC66x 1% 0r, HEF%Z 0 F4511.0G/1.25GHz, i 7] LLiA$]10 GHz. #
12 5 8¢ 11 7] '51540GMACSAI20GFLOPS; it I+ &« £:4%1232KB L1P.
32KBLID. 512KBL2, 4MBZ 3L NAE, 819240 % F@tE{BA %1, X+ FDMA
&5, EREFE: FFPCle. SRIO. HyperLink16%5 2 Fhimidf 1, [N sZ
FFI2C. SPI. UARTZH WL JFRBERIS4: B Mubft 735 T k5l
FE, AT, 3228 FCCS(Code Composer Studio) v5ELv7, ffFHCIE S %
B, IR AR SRR EYERE IS SACBEN A, WER . Gl BURALE
Hzhft. C6678F & /& mf % T, C66x CorePac DSPAE 58 4= 1] J& HEZ¥ Ft
A BLAT IC6000 5 51 5E s FNTF s DSP. TMS320C6678 %51 ) ThAEHE - an 1 3.3 7
o fHHCCS 7.4.08HT A Mg EFIR, HCE S WS ETFE.
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Figure 1-1 Functional Block Diagram
————————————— .u"
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[&] 3.3 TMS320C667822 {4 HITHBEAEE] .

Figure 3.3 Functional block diagram of TMS320C6678 device.
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322 SERREENZT

KD#*PHL 1 il 45 2 A BH 3 O 00 ik 7% rh b B2 — P 36 2 28 4, il
T NAE AR LR S 2 fa B R ), KD*PHL S IR 2% 1) AR IR B 4n2.2. 1715 T
we HET, B RCE MWL FHKD*Prs i # R G (A 55, 2013),
Z ARG SE AL E] T R G KD*Pi I A R G0 R A8 bR: 4 w5 ko
FEHIEFI1000VES,  EF-IATEARRI R R SZ /N T2 us, HURBEGN /N T2V,
i % AT R IEAR GO, B8 (KD*P ey & U il I 8] 5 AR AL ' T[]
(ITRI R 2ms iz KT E VR B yE FEIT IR], BT LAWT DS I T A0 AS T i 5030 1
KA

AR R B REAR A AR 8, B2 Se IR 7 ) & 75 B ORAIE 72 i e A A Tié e 43
BIEATRY, SRIEAREE A U R KB « U FERES W FE . KD*PJR
B AL C E LIRS, A8 %ﬂﬁmﬁ%%%ﬁﬁﬁﬁ%mxﬁﬁu.
[E4E 55, 1981; FZR0k, 2003; A 55, 2013). fTEA RS H, @I EFPGAL:
Fr BB R AN RRE S, KD PS5 SARNIE S S e R S,
KD*PHEHIME 5 & — AN A20H M 75 A5 5, B P B T (R RS2 )
A50ms, NORUEAANLAT LAMERG R &, WAME 5 2 (8 BE2ms 1E I, AHBLAEK*DP
SRR JE AT IR, SE UK PR IR R R . AHHLS KD*P4a ] F % I FPGA 45
& R K 3.5, AN (S 5 SKD*PIEHIE 5 I A Bl 3.6/

3.2.3 REFERIEHNLIT

FERPHBEB A AR AR, B R 5 A B R Ge i) AR SR AN RIS T AH
PURSEANZR,  DUCRUEEE (ST b 540, ARIE IR S BRI T2 R Govd #fi &

ROFIR#I 8 I ER, REE SRR A RS T T R E . &
oM, fEFPGARIDSPAS F 4 5 ey P REFRAF Sv2mT LA 0SBl 2k 1 4 G R
I SER ARG AN . Hrh, FEFPGA: F b STHIL i 415 R sl A As < Rk

H HTPR 2 KB AL B i SMFT | f¥135em K BH B2 328 45 2% ) /2 IPX-1M48-L CCD,
W 3.407R. YERESEWNE 3.3/,

FAALA T FT CAAE BRGNS 8] PORS Bf K B2 R PR mAIR AR, 75 ZEORAIE iR R ) 2544
S5 RML k& 25 A FE, A RS HFPGA L A —R3R(S 5 KX BRI T, AHML
L KD*PH% | HL % FIFPGAZE & FL S N | 3.5, (5 5 I WKl 3.6F7R, H
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%= 3.3 CCDHRESH

Table 3.3 The performance parameters of CCD.

Item parameter

Resolution 1000 x 1000 pixels

Active image area 8.90 mm x 8.20 mm (0.350” x0.320” )
Pixel size 7.4 pm

Video output Digital, 8/10/12 bit, one or two outputs
Data clock 40.000 MHz

Nominal frame rate 48 fps

Binning 1x1,2x2

3.4 IPX-1M48-L CCD:24& .

Figure 3.4 Physical drawing of IPX-1M48-L CCD.
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FHCHUN AT BAE 5, o A mIRERIBIY; CHZONR IS T, RN
WL G ACTE, WERME 5 W E A 2ms BN, FEMmIRAH T 6] e B, ik g
G, FERURIRER RS IR

uuuuuuu

Kdp_camera

3.5 FPGAZAHIKE: HILSKD*PITH,

Figure 3.5 The integrated circuit diagram of FPGA: camera and KD*P control.

Fi#1:100.0ms #12:10.00Hz

" it
A R W o

3.6 Bl 455 (CH2) 5K*DP#E#IES (CHL).

Figure 3.6 The camera trigger signal (CH2) and K*DP control signal (CH1).

FPGAE I B 4 iR 1 5 Verilog HDLYm 27,  HI8F H i FI25SME 8 &
TR S, FRAR AN SR . AL A IR X — A B Ak R R A fid i 7 o
A bR AT, I E AL R G T A, AR LR A il R RS
T, NSRRI, AM ORI AN AE S, b i R, an
3.61CH2 (BkiE5) B, RUONBRGfl (G5, Btk (5 58 TL288A
GREER R EBIRNLEAT IRl , B IR B R 5. B R IERAGILI &
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SiHORF H b SEILIRP20MI A RS AR I, K] s B SR AR AR D120, B ik
ME S A WINS0HZ, &EMIES 44200 u sEBEIEETPES, HANEETE
To AAh, MNEREIKME S5, #EAITEEOL, kAT A BTt
WA BABCE N R R

AUV R IERMER R G FPGA 5 AHHL 8] His 1952 H.24 i 1d Cameralink
S, Bl AR S S BUREE(E 55, Cameralink$% M PR INEE 3.4

7N o

2% 3.4 Cameralink$3 O 18

Table 3.4 The interface protocol of Cameralink.

Pin No. 1/0 Name Note

1,26 I VCC 12V

13,14 I GND

6(-),19(+) (0] TxOUT3 Cameralink data
4(-),17(+) (0] TxOUT2 Cameralink data
3(-),16(+) (0] TxOUTI Cameralink data
2(-),15(+) (0] TxOUTO Cameralink data
5(-),18(+) o TxCLK Clock
7(-),20(+) 1 RXD Serial Com
8(-),21(+) (6] TXD Serial Com
9(-),22(+) I Trigger CCI1 Ext. Trigger in
10(-),23(+) 1 Reserve CC2 Reserve
11(-),24(+) 1 Reset CC3 Reset foe Camera
12(-),25(+) 1 Reserve CC4 Reserve

FHFPGA SR IRAE 5 7= AL IR Gl A5 5 T i “CC1 Ext. Trigger in” KiXZAH
B, RRBROGCTTAR, A H B2 Bl A A 2. 2 el bt oms 1 N — Mk R A5 5 i
LSOV NS S GRE RN UE LY 2 TR RS L Yo% TN RSN Uy 1Y Tl L R
i 3707, RS AT DEERICN — MRS T

FANLER B R 5 5, RO T T 826, BN ETTIRE,
B AR AR TR 117 N E o PRI T2 AHMLE SRAz IO A g G I TR R B LAA
v REEOBE AN S St N I PR VW o 1 B i A 1RSSR ot 1 ) o8 = e e 1 T
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AN —

LY & h L

[ 3.7 iR WA ESFENmMLMEES.

Figure 3.7 Trigger input signal and single frame trigger output signal.
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Figure 4.5 The line chart of magnetic field intensity.
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Table 4.1 Sub-pixel accuracy results of parabola fitting.

g Mean X error (pixel) Mean Y error (pixel)
HMI 0.0435+0.0004 0.0298+0.0003
SMFT 0.1333+0.0012 0.0900+0.0010
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Figure 4.7 The magnetic field: (a) directly accumulated, (b) correlation.
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Figure 4.8 The feature region of the magnetic field: (a) directly accumulated, (b) correlation.
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1 Bl 4% 4k B 57 Harris(Papageorgiou 45, 2000; Viola 45, 2005)5.7%. SUSANZHL
VRAE, BT ISR BB AL B DT A Robert i - SobelH 1 MILOGH. 1 %%
A8 ) AR SR I 2 R AN AR IR A2 6 (Lowe, 2004) (Scale-Invariant Fea-
ture Transform, SIFT). & f@FF{iE(Bay 45, 2006) (Speeded Up Robust Features,
SURF) A AE B I A RHESR U7 A R %, 2L BUF LRI st 5
4h, ORB(Rublee %, 2011) (Oriented FAST and Rotated BRIEF) i /& H i e tht
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SRR RFE SRS AT IR, B AT R AE SR B SRR BUEUIR

5.3.1 SIFT$HESIRIE L

SIFTHHE, BIRFEEASRHAEAS S, RTINS Rk B A i R SRR %
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m(Lowe, 2004).
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(2) RBERUENL: A58 R 2 B AR AS I ), 58 A K T SRS AU 5
A R RO K FE R B, SR H AR ARG A, BB B, TR SR B R S B AR
AR ZERIN A ORI Ao

5.3.2 SURF43E = IRINE X

SURF, HPANisAR gL, & —Fhafd i BRI MR 5. & =2SIFTH
VERIAR M, 5 SIFT—FF A 72 S2 UG I ROBEAN AR RFAE, {2 L2 0= A 8 1)
75 G SIFTH AT AN Al . SURFA# I Hesseian i B4 (147 31 20AE VR 45 A 5546 30 - F 7
43 BN 5.(Bay %, 2006). Hessianf [ 2 M-

(5.1)

. (Dxx (X.0) D, (X, (r))

Dy (X,0) Dy, (X,0)

(1) & S8 AN R R A DB e o o MR HEAT IR, AN TR ZHL 18] R R
~JAR B

(2) HEAE SR :  SURFAE I Hessian®E FE SR A TRFAE 55, % 5 fEx, yJ7
A (K B S HOERE, AT E A R B B A R, AT AR B R S
A, ARl /5 BT S B AR . D5 B e A, a0 IS 19T - B
ARSIFT AR ¥ g s, A IR 73 B K i veis S 2

5.1 SURF NG R ELN-MEHRS: ZEAyAE, GEAxyHE.
Figure 5.1 Second-order Gaussian partial derivative in different directions of SURF: the left

picture shows the Y direction, and the right picture shows the xy direction.
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5.2 FASTH =&,

Figure 5.2 FAST corner detection.
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Figure 5.3 The feature points distribution in the frequency domain enhanced solar full-disk

photospheric filtergram calculated by different methoods. The left column shows the
result of our method, the middle column shows the result of ORB, the right column shows

the result of SIFT.
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Figure 5.4 The feature points distribution in the solar full-disk photospheric filtergram calcu-
lated by different methoods. The left column shows the result of our method, the middle

column shows the result of ORB, the right column shows the result of SIFT.

% 5.1 XFRmIRG PHHER IR E

Table 5.1 The number of characteristic points of the solar photospheric filtergram.

Algorithm Average Num Maximum Num Minimum Num
ORB 6.05+0.61 14 2

SIFT 3.35+0.27 6 1

SURF 170.15+6.79 227 113
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SIS R AT, AER R AR IR B R B s AL BE R, SIFTATORB S o
BRI 2% 2 HRHE A, HAFE S 2 0 A0 T W BOA G i B, AT 5K
B, A AT A BH I G ) XS AT AR DR BRER TSR, ROR B, X nT e
TRAB AR 2R 2 H I SAR S5 108, 11T SURFRE #5822 (52 B R H i
o B AR R AE AR, XA R T REAT DX e

5.5 SHFXIEEFEEE

258 R AE R BB BUR . DURFAE 5 (0, yo) A 0o B N256%256 1) T B Vi
il [xo — 128 : xo + 128, y0 — 128 : yo + 128], 7EiZ X k4T —4E45 BRI H .
1% (Entropy) HHRudolf Clausius$ th, R IR 2 FIRELFEE (Renyi, 1961; &3
4%, 2011; Mahmoudi %%, 2012; Wernecke %%, 1977).

FE A2 — A BRI it e e T BRFHEEE. BEARK
— e RN UG TR LA B IR AIE, AP BB A — O IR A W] LRE SO

P
_fzﬂhﬂ (5.2)

Horh P R BB IR BEAB i B R BT S I EE ], POy R TP A7 AE 1 B KR
. BIRE)—YER AT LAZRR BB KB 73 A B SRR ARFAE, K0 ANBE S ik G K 2
SIATI SRR . O 1 RAEIX P (B RHAE, 51N B B AR FE 53 A 725 (B RFAIE 1)
RPAIE B R A T PR ) — 44

EFEER (M, N) TR 5 0 SRR B AR N IR E o AT B AR IE R, 5
PR BRI A R E — e, NG, ), HPERmBRNKEE, jRR
SWIAR A, WG RO B K FEAE 5 BR300 2K 23 A I 456 R ALE
YEIE V)

p(i,j)=f(i,j)/(M=*N) (5.3)

Fordr £ (i, ) NRAE e LG, j) BB IREL  p (i, j) NHFIE e G, j) I

W, PRAAER R KB ERE, BHEIR Z4e05E SON:

P P
H==>p@)hp,)) (5.4)

i=0 j=0
R IE 1 R — 4R M m] LA B BT B & 1S BB AT T, R &
Il P A 45 2 B PR A PR A SR MM 3R SR 3 N AR B AT B 457 5
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Ax = |X1 —xo| (5.5)

Ay = |y1 = Yol

Ay R A G IR B AR 2 WA o yose T-BNALFE I
B, Ax. Ay SRR E. EHB3NTEXE (. (b)), (). (d) MaREIE
G A AR G IR R S SR R e &, e BRLIINR Z IR 520K, 534h,
5 P BAU 5 TR B AT AR TR BE (R 2, LA IRk 5.3 07K .

I B S A, R A A R R AT R G BRI T A5 3 1) e B A U
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e 8 B IX 3 (D [RIRE T AR ECER I % 22 N0 B i R, i A X 380s 5
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Figure 5.5 The regions selected for local correlation tracking. We select three regions for local
CT: (a) Edge region; (a) Center region;(c) Region with low 2D information entropy; (d)

Region with highest 2D information entropy.
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#* 5.2 NEIXExMy & T m%E T80 N%

Table 5.2 The mean detected pixel displacement error in x and y directions.

Region Average time (ms) Mean x error (pixels) Mean y error (pixels)
Region (a) 8.02+0.14 1.5246+0.0144 1.5246+0.0144
Region (b) 8.01+0.14 0.2459+0.0024 0.2459+0.0024
Region (c) 8.01+0.14 0.3109+0.0038 1.5246+0.0144
Region (d) 8.01+0.14 0.2459+0.0024 0.2459+0.0024
Global image 212.10+0.45 0.2459+0.0024 0.2459+0.0024

Table 5.3 The mean detected subpixel displacement error in x and y directions.

% 5.3 TEIXEixMy I 1% T mis 8 P8R E

Region Average time (ms) Mean x error (pixels) Mean y error (pixels)
Region (a) 8.22+0.14 1.4928+0.0142 1.5019+0.0143
Region (b) 8.21+0.14 0.0513+0.0005 0.0490+0.0005
Region (c) 8.21+0.14 0.2968+0.0044 1.4458+0.0143
Region (d) 8.21+0.14 0.0632+0.0007 0.0467+0.0005
Global image 212.30+0.45 0.0407+0.0003 0.0425+0.0004
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Figure 5.6 The magnetic field image calculated by local CT based on the feature region. The
left column shows the left circular polarized, the middle column shows the right circular

polarized, the right column shows the magnetic field image.
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Figure 5.7 The linear displacement calculated by local CT based on the feature region. The
left and right columns show the linear displacement of X and the linear displacement of

Y.
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Figure 5.8 An example of line-of-sight magnetograms before and after frame alignment. The
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first one is the fulldisk image calculated by local CT based on feature region; the second
one is directly accumulated image; the third one is the feature local correlation tracking;

the fourth one is the global correlation tracking.
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Figure 5.9 The gray level profiles of directly accumulated, the global correlation tracking and

the feature local correlation tracking.
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Figure 5.10 The ratio of the equivalent width of global CT and local CT relative to the direct

accumulations.
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Figure 5.11 The image energy values increased of global CT and local CT relative to the direct

accumulations.
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