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Precision improvement method of star centroid positioning based
on multi-image super-resolution reconstruction for fine guide sensor
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Abstract: The accuracy of the fine guide sensor’s star centroid positioning determines the accuracy of the visual axis attitude calculation
of the space telescope. To improve the positioning accuracy of the star centroid of the fine guide sensor, a star image super-resolution
reconstruction method based on the deep wavelet recurrent neural network is proposed. Firstly, the micro-scanning technology is used to
obtain the sub-pixel misalignment low-resolution star image sequence, and the wavelet domain features of the low-resolution star image
are extracted by using the wavelet encoder while the noise of the low-resolution star image is constrained by the wavelet coefficients. The
registration process of the input star image sequence is integrated into the network learning. Secondly, the convolutional gate recurrent
neural unit is used to fuse the features of the extracted star image sequence. Finally, the inverse wavelet decoder is utilized to decode the
wavelet domain features output by the multi-feature fusion module. In this way, the de-noising and super-resolution reconstruction based
on low-resolution star image sequences are realized. The experimental results show that the square-weighted centroid method is used to
obtain the centroid positions of each star point in the original star image and the reconstructed star image with super-resolution. Compared
with the former, the average centroid positioning accuracy and stability of each star point in the X direction are improved by 64. 76% and
19. 15% , respectively. In the Y direction, the accuracy and stability are improved by 75.35% and 26. 14% , respectively.
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Fig. 1  Structure diagram of the proposed model
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Fig.2 Micro-scanning principle
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Fig. 3 Super-resolution reconstruction process through

micro-scanning

2.3 #HEIZEH

1) /NG it o

SCHRL 19 1 HE B T 88 Bl /N i AR # ((discrete wavele-t
transform , DW'T) 7E 42 HU R TE 15 7K 7 FUGT £ 77 1] e 4
{5 BRI, 3 B se b 205 B AV RE 1. H B ELER I
At B Y RIS T R MR R RO A ke R
S P DA 725 [ il A6 380) 0 3 3, e 460 Ay 8 80 18 53 VAT AT
43, 30 3ok 249 PR /N D AR AT A R R I e R S B

/N RS g P A $ U 5K L LA /DN IR B A SRR A, G
LA WA A, 56 1 A5 A SRR U A R R HE R
FEIEL S 5 2 At A s A R AR B R R P 51045 21 1Y
HE SR o R BT 9 R RO 25 5 308 o o
A R AR TS B R P AR R m e , R, TR R
TC o2 B 1 P 9 o o R i i A B D IR . AR S
YR 20 ] AR, TH 5 B F 8 0 (i S R LA
PGAFNE S B I B 25 L IR A T 3% 422 , 7 I 2 1 5
B T 2 2 RO e iy SR e, A SCfd
ShiftNet FU &5 73 #F 5 BER 508 43 PR 5 D 2 [ AR &R
fi#% , 3 lanczos YR A AT RGBS PR E X 55
AT ARG K TR A T v ol 2, A 745 0 28 7 D1 e A v o
T T RIME (4 4 SR Tl /0N IBl 4 i i 1) 485 4 2 B A
& 4 PR,



T T Z R PR AR T R AR ST E AR AR T ik 309

w | @

%3
@ : ;
1 A — % N
g — %2 — F
>>>>>>>>>>>>>>>>>>>>>>>>>>>> : ¢, -
e |
T | W%
)

(RN & TR
Fig. 4 Wavelet encoder

TG, XS PSR AT R IE SR I {6 B Ui
AR i A PR A B/ NSRS 2 4 4704 LL LH (HH
AHL, FH4E 4 S0 55 5 fin A5k 22 B TR R 4%, 454
H IR 4 BUZE (PReLU 5% 25 8 5% 25 S & A 45
BUZ MBI~ PReLU , 3 pRAL PReLU 41F 775

X, x, >0

PReLU(x,) = ax. %<0 (5)
i FoRAF T

W IS A BRI B FRIE A T 5 0T 3% H i A B 45 AR
P25 b 193 AG R B AL AR 53 B A MR A /Nl
FHOCHRFE . /NGBS I A FR AN P

F' =[¢,(S,),b,(median(S,))] i=1,-,k (6)

F.o=¢,(F)) i=1,-k (7)
1 s median (S;) 7 AR HER B K 75144 2 10 2%
FUG s Fl FoR5 i oKk i B K275 B 2l /N s e
FGE 22 B AR 2K 5 6 TF YRR 5 F, 2278 /MBS it 2 i 14
M @ 5K R B AR

2) ZFHERLG R

GRU( gated recurrent unit) " [0 2% J2- 1 A 5 19 7
WM 252 2 R e H 2 e A5 A
KEWSE, AR R ER S, N 1 585 R
e S5 o 23 [) AR OC M 0 A0 B O0F A T S ST A
ConvGRU™' W AT ZHRAE Rl 6 , Z2 FRAE Al & BB i A
I KN 64,47 2 D EOEZ, BB KR/ R 3x3,
ConvGRU ZEHIUNIET 5 JT7 o

ZFFE Al A A ] ConvGRU 2605 /N U 44 i 417
TR R AT R G 4 IBORE 1 v SRS A0 B R AE A L
I N BRECIR A s A AT RRAE 153 SR 1T
SEAETT AT 1R Y AR 353 22 i B AR 25 0 A 3
(B, W0 1] YA BB IR 28 AL (RN b —A B R A 5
R M TR BCIR S IS i s B, an=li(8) ~ (11)
FIrs

z, = sigmoid( W, * (F,,a,_,) +b,) (8)

r, = sigmoid( W, * (F, ,a,_,) +b,) (9)

a, =tanh(W, * (F,,r, X a,_,) +b,) (10)

Q

N
° o *>

@ (111

Ft

5 ConvGRU 45#Y
Fig.5 ConvGRU structure diagram

a,=(1-27) xXa,_, +7Z, xa, (11)
A« RBBEAE, W, W, FW, EEBL, . b, M b,
JE 225 Z A0 r, A3 RERBAR T VRSB T 5a) AT a, 4351
A AT BB A (A4 i BRUROIR 28 FLSAE

TEZFRAE Bl A AR rh | Do 2050 5 AR 4 AN Ik 3k
TERRFEINEIEETR {a,, a,, ay, a,} , RIGWEITE R
JRCIR 2 45 A 8 4 /) S 2 b 1k ( global average pooling,
GAP) 133 —A [l K/ R, B AN A58 3 GRU By
iy AT 1 LK 2 A RS TRl

@, = GAP(MF(F,,---. ,F,)) (12)
K MF RERZRIER G 0, WEREEGTELZ R
TERR-S R 4 a4 8L

3) /N AR g

07N SR D A A A R O 4 TR G /N O A
2, RN 28 B 10 6 FUZ R BRUZ LA, 1006 R 2 199
TR ECH PReLU, B S0 Al A RS 214 42 J5y 7 Y (e
A B R g 0 A2 AT FoRAE S 4 A2 T
TEAEFE R AT B 4 Do, B 4 A PR — 1)
el A B B EUINI S AR e B AR B S BER E HE
A

SR =4¢(a,, ), aec R™™ (13)
A, SR R HERE AR BRI ¢ BN RIS
2.4 KB

e 53 98 3 o A I 25 b 3 SR /N Y O R 2
(MSE) eREUVE M % 42 si B, =l (14) F1 (15)
7R

Lyticine = | SR = H || (14)
o H S BERAR A B

ENS 3 O L i VI N A N 2 U E 7 8 NS
B0 BN AR A B 40 R R TR R 4
REH EMGH T 5L, BIKCEREy, A1y 3 R 5L
v, Ayl WA RE v, Ay, IR E y, Ay,



310 %A R F¥ M

a5k

umnyU:Ai;|uq—ﬂH2 (15)
Sty Fy R 7 1) R BB S TR 5 A, R
D T R L., (v, y") R/ NBRBUR R B, 2%
SCHR[ 23], 38 2 56 8 R BT A, 7 B R P SR
iR A,

ST P 4 3 T A O 2% ) SR BRI T e

L= /‘LLu:m'ele[(y ')+ Lmum-zmuge (16)
2 SR AR 5 T B

3 ZWERSHMH

3.1 ZHHBIEERTMIER

AR SR FH I B SR AR RS 4 5 R AN S B T AR 3 S 3k
i B EI A g it 2 000 5K AL AL, 43k 400 41, AR
4 TR WAZREENR PR R EA 1 3k 3% B &, Hp 300
N YIZREE TN IE4E | 100 41 R4, Bl 48 %4>
PR R KIN ST R 128%128, EEBEK/N K 5x5, 2% BEIK-IN
5o 256x256,, S GO BIAR 37 50 T BRI 48 AR A5 1 5
STHEREE,

FEVEG A8 23 9 R 5 A 0F 5% v, 06 15 W2 L ( peak
signal to noise ratio, PSNR) 5 4 #4 #H &l 4 ( structural
similarity, SSIM) JEIEAHE /BRI G715 1 B 4845
PSNR i 3o 79 M R 1 389 AR i 22 V-l 29 R T A s
EE i 5 .

PSNR = lOlog(%) (17)
FH Max il 70 5 3 I RS 0 e KB MSE B 43 IR
H5ZHEUR 22 EI TR,

SSIM MAZJE LR FIXT LU BEE 3 A4y T Al o2 1A s (1%

AR
7(2,@\‘//,), +C)) (20{\‘), +C,) (18)

(ul +pl+C) (ol +07 +C,)
A, g, S350 S PR Y L R 2 R
FEIE ;00 o) o, MBS EREENER %A
0725 B (U7 220 R T AR UEAS SC7 i i vl Sk
SCHER A R HEOR 1Y 8 TN AR bR oA AR A5 2 1Y
100 2H 2 AR 7Y -F- 1 PSNR 1H,
3.2 RBHBERSHILE

SCH R Y SE P L T Pytorch HE 2R, S G 5 A
AMD Ryzen 5600 6-Core Zb ¥ 2% ,32 GB DDR A7, it %%
16 GB R F£ 1) NVIDIA GeForce RTX 3060 .15 i K T.
VS B4R AR A I Zhad B Adam fi 1k 25
HWATSEAL, I ZRIE AR ECH 100 4> epoch, it i K/
4 R UR2E SRR Tx 107, S ) R K I, KR

SSIM =

2, IR R 0. 97, WK BB B E A, =0.01,4, =
A=A, =10 =0.5, N T RIS AR A TIH— L AE R
Y25 B 6 32 9 2 T AT, SC e 5t 4 b i 2L IR 2
AT IH— b A B A 45
3.3 ZWHERETR

JUhf T R = 4E AL (128%128 pixels) 54
WREHEGAER (256%256 pixels) 43H UK 6(a) .
(b)Y FE 7(a) (b)) Fias, AT BuFEAS [ 2544 %5 5110 1Y
SO A SCER 9 1 5% 25 HORi e o JUT 4 455 B P RE 1Y) 52 0
W U R 22 BB 0 1 AN 2, HEReB R AR B th £k,
T AR (A R R AT i A B 25 B mT DL 0 B 1k
RUBBEEVS G A 2 gk 222 B L& A s O,
DL A SCRE R R 22 BB R 1

6
yoo40

(b) iR E =4
(b) Original 3-D star map

6 Jthf B2 R dg i = 2 R A

Fig. 6 Original star map and corresponding 3—D star map

() B A

(a) Original star map

50

) 0
(b) B PR ERE =
(b) 3D star map after super-resolution
reconstruction

(a) R E
(a) Star map after super-resolution
reconstruction

7 RSP A 4 R P RO I = G AL IR
Fig. 7 Star map and corresponding 3D star map after

super-resolution reconstruction

RIS, AR SORE HE T e R 7R 5 TR AR A 7 X AL I
SRR AT AR R PERE BT R G A A A B AR S L e
P =R R BRI R e T I LB R
PEER R 2 BT I PEREAE IR AR AT X b, an gl 1 R,

M 1 TR I A TR SR N A v, = ok
FE B BU TR T LA S FR 25 71 7 1 W 4%, 4 i 1) el itk
MISR-GRU # 43 #¥ % & 4 W 45 19 PSNR 20l #& & T
42.72% . 23.5% . 7.5% F1 5.5% , SSIM 4% 9 & T



55 3 T T Z R PR AR T R AR ST E AR AR T ik 311
F1 WNAERIEIFRSEBSBREEZHENTY A . AR TR 00 R T P8 E

PSNR/SSIM 48§
Table 1 Average PSNR/SSIM results on test set for different

Multi-image super-resolution reconstruction methods

RIS O 2R | R S MR P D 38, 2 2 W) Jis 52 T
REHE o A= bR A e e S A SR I A 45 = A+ 31
R BB R A, (B TC ik A 8 S B2 5k AL K e 47

Gadia PSNR SSIM e R, B % B 2 KPS Z W EAME R 24
X 48.610 0.999 PSR HUACRS 4 SKF R RIARL G , A % I8
IR M 46.069 0.992 I Z I REHE, LS AR 3R Z M BT SE R o AL TR
BRI 45.231 0.791 R, P B AR B8 T LA 225 (] R il B G £ 3 22 1
BEVAE S 39.371 0.510 BIEATHRE, /N 22 e 2R Bbe (3 e 22 U £ 2 2 B
SEETER 34.059 0. 404 W P PR S RIS, 25 1 2 P P 91 4 4 Sy AL g i 40 B R
i, (7 AR v I Rl A S e ] A P o e e, SE B
147.28% ,95. 8% 26.23% F11 0. 7% , VERE W fk, sk2sv  FIROEZ PR EE.

TSI Gs A ] i e v U5 IR AR 51 B R SRS it 2 P o B e = R PR 20 B i A ) S =

B IR H RS I s s s 6, RIS S e ERRINE 8 (a) ((b) R

star-1 star-2 star-3 star-4 star-5

(a) R R E R R =4

(a) 3D images of star points in the original star map

star-1 star-2 star-3
i i
200.
100 100
50 100 50
OI 0 OI 0 0
3 5 10 3

00
(b) EAPEEE IR S =R

(b) 3D images of star points after super-resolution reconstruction

P8 Jsthh A2 I rp R o i B 0 2 A AR

Fig. 8 3D images of star points in the original star map and star points after super-resolution reconstruction

AT 2 M R R R AN LA X B E IS AT BRI RIEHEOT RN A 5.5 wm , 3 LA star-1
WL 100 Mt F) Stk A2 PEURIER 73 B30 (0 R R R B2 0t A B o A LS R A& 9 () L (b) BT
105 9551
AR BRI E R E — S BER AR R E
g ~ SRS g — SR TU M B
W - AR ERT R R o ) PR RV R UL E
i 100r = osof
2 2
= o E
.E ) ‘E 945 5 N
0 20 40 60 80 00 %010 20 30 40 30 60 70 80 90 '
WUF 51 W5
(a) X77 16 SR AR T 0L B R I IS A B (b) Y77 16 SR AR T 0L B R L BCS AL B
(a) Thesolved centroid position and the true centroid (b) The solved centroid position and the true centroid
position in the X-direction position in the Y-direction
KO XI55 Y J5 mlR ARS8 S S
Fig. 9 The solved centroid position and the true centroid position in the X-direction and Y-direction
RO AT AL EAREZE IR 2 B | oK A2 Oy PR A B B 2 PR B T, R RO HLE £
E’i@fuﬁ%Ek)ﬁluuﬁﬂﬁﬁ%i’«]ﬁﬁ{ﬁﬂui 3R, iﬁ B B B B iﬁﬁkﬁﬁ@hﬁﬂ%ﬁﬁ%%d\



312 f# £ ¥

a5k

MR F T AL SUBT O E RS BE . DAAR AU K DN A i b
AR ZEAE R s 38 A 0 A0 0 7 A SR i O A Y
BTN, T HE— 25 $2 TH T B2 a5 0 o7 ARG B, 4
FET R, Wi 2 3 A M T RS R,
SR HRCE MISR-GRU #87r #8 % i g5 1) 2 R 4% 2 05T
Y0 8 VA AR SE BEAE X 10 40 T T 64. 76%
F119.15% 76 Y 153l $e Tt 1 75. 35% F1 26. 14% ,,

F2 KBHNERROLERES
Table 2 Standard deviation of centroid position
wm
B AL FRAR 7] iR RR PR E AR
X-J71n] 0.087 0. 070
star-1
Y=J71H] 0. 088 0. 062
X-J7 1] 0.121 0. 097
star-2
Y-J71H 0.052 0. 035
X-J7 [ 0. 106 0. 084
star-3
Y-J71h] 0.115 0. 069
X-J71n] 0. 340 0.271
star-4
Y-J5 11 0.382 0.307
X-J714] 0. 163 0.138
star-5
Y-J71H 0. 170 0. 155

®3 KBERRUMIESEXROLERENARE
Table 3 RMS between the solved centroid position and

the true centroid position pm
R AL FRAR 7] FiRRR PR T R R
X-J71n] 8. 266 2.743
star-1
Y-J71h] 7.973 1.902
X-T71A] 8.234 3.230
star-2
Y-Ji1n] 8.245 1.902
X-J71n] 7. 881 2. 690
star-3
Y-J51h] 8.283 1.999
X-J71n] 7.317 2.614
star-4
Y-J71n] 7. 548 2.053
X-J7 1] 7. 867 2. 668
star-5
Y-J71H 8. 443 2.109
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