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According to the on-orbit working state and imaging characteristics of cameras for space exploration, the lunar-
. The simulation is used to analyze the calculation precision and running speed of various
processing methods in each link, forming an optimized process of on-orbit MIT detection based on the lunar-edge method

edge method is used to detect its on-orbit modulation transfer function (MTF), combined with the commonly used test
method of MTF. This method uses the high-contrast linear edge image formed by the lunar edge and the deep space

In the link of edge spread function (ESF) processing, a modified Savitsky-Golay filter combined with double Gaussian
fitting method is used to obtain an accurate ESF while effectively suppressing the noise
fitting method

which can achieve accurate calibration of camera focal plane position and MTF

s The simulation and experimental
results show that the proposed method has an accuracy of 0.02 for images with a signal-to-noise ratio higher than 30 dB
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Fig. 1 Algorithmic process of lunar-edge method
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Fig. 2 Flow chart of lunar-edge method
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Fig. 4 Generated round-edge simulation images. (a) High-resolution simulation image;

(b) low-resolution simulation image; (c¢) theoretical MTF curve of simulation image
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Table 1 Theoretical MTF values at various spatial frequencies

Spatial frequency MTF Spatial frequency MTF Spatial frequency MTF
0 1.000000 14 0.800863 28 0.409192
1 0.998751 15 0.774989 29 0.383224
2 0.995458 16 0.748124 30 0.358026
3 0.989765 17 0.720620 31 0.333701
4 0.982020 18 0.692468 32 0.310255
5 0.972031 19 0.663928 33 0.287773
6 0.960040 20 0.635065 34 0.266251
7 0.946013 21 0.606066 35 0.245743
8 0.930090 22 0.577041 36 0.226245
9 0.912383 23 0.548127 37 0.207774
10 0.892939 24 0.519447 38 0.190336
11 0.871990 25 0.491109 39 0.173907
12 0.849512 26 0.463225 40 0.158507
13 0.825830 27 0.435892 41 0.144072
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Edge-area image
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Table 2 Theoretical edge position of each line in simulation image

Row No. Edge position Row No. Edge position Row No. Edge position
1 33.7188 11 35.4844 21 36.5000
2 33.9375 12 35.6094 22 36.5156
3 34.1406 13 35.7500 23 36.6250
4 34.3281 14 35.8750 24 36.6250
5 34.5313 15 35.9844 25 36.6406
6 34.7031 16 36.0781 26 36.7500
7 34.8750 17 36.1719 27 36.7500
8 35.0469 18 36.2500 28 36.7500
9 35.1875 19 36.3594 29 36.7500
10 35.3438 20 36.4063 30 36.7500

# 3 ERIOTEMR G R E

Table 3 Edge detection error of three methods

Edge detection error /pixel

SNR /dB Interpolation Gray moment Fitting
method method method

50 0.2205 0.0156 0.0133

40 0.2570 0.0222 0.0215

30 0.5167 0.0871 0.0422
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Table 4 Edge fitting errorof arcs with different lengths

Fitting error /pixel

SNR /dB Arc degree /() - — — - —
Straight line fitting Polynomial fitting Circle fitting

4(6 rows) 0.0052 0.0068 0.0084

8(12 rows) 0.0575 0.0254 0.0255

12(18 rows) 0.0970 0.0290 0.0288

50 16(24 rows) 0.1653 0.0259 0.0257
20(30 rows) 0.2523 0.0235 0.0234

40(60 rows) 1.0042 0.0171 0.0169

60(90 rows) 2.2933 0.0220 0.0144

4(6 rows) 0.0098 0.0100 0.1247

8(12 rows) 0.0581 0.0273 0.0267

12(18 rows) 0.0976 0.0308 0.0306

40 16(24 rows) 0.1653 0.0269 0.0262
20(30 rows) 0.2524 0.0239 0.0238

40(60 rows) 1.0042 0.0181 0.0181

60(90 rows) 2.2933 0.0235 0.0166

4(6 rows) 0.0788 0.0803 0.2666

8(12 rows) 0.0936 0.0784 0.0796

12(18 rows) 0.1024 0.0467 0.0722

30 16(24 rows) 0.1666 0.0347 0.0381
20(30 rows) 0.2532 0.0351 0.0442

40(60 rows) 1.0050 0.0432 0.0424

60(90 rows) 2.2936 0.0499 0.0461
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Fig. 6 Double Gaussian curve fitting method
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Table 5 Accuracy results of different methods

MSG+single  MSG-+double
SNR /dB Fermi
Gaussian fitting Gaussian fitting
50.0 0.0106 0.0273 0.0084
47.5 0.0107 0.0290 0.0090
45.0 0.0108 0.0308 0.0095
42.5 0.0112 0.0373 0.0103
40.0 0.0112 0.0393 0.0107
37.5 0.0131 0.0404 0.0129
35.0 0.0133 0.0573 0.0136
32.5 0.0144 0.0665 0.0140
30.0 0.0139 0.1049 0.0142
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35 dBJA . HiR Z R Wi KT Fermi B . I THIR
i R AR BRI {5 W L — e o, B B 0 MISG 4
B R AU ORS BE A v E Y R A I L
f&F 30 dB K1 BB, 7T 2% fEfd F Fermi pR%EE DL
ol /)~ M 7P R Y 1R 2

4 S5
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Fig. 7 Schematic of test system

F6 ERBSH

Table 6 Parameters of experimental devices

Experimental device Parameter

Light source Center wavelength:650 nm

Parallel light pipe Focallength: 1000 mm
Lens Relative aperture:1:12

CCD detector

AR S5 X MTFE /Y 70 fE A5, 25 Rl 8
JiR . D) ZZHbR £ KF T 0 A 5 2 58 s 2k 80Hy
B =R AR A AAR AT 11 SRR WG AR 8. B &
SUBERE R 1 AME oG, T LU i R P R AR B
X b BE A B % 25 M AR R AL MTF {A, B

(€)]

Cell size:0.012 mm

.
.

T DR S Dy RS
JKEEAE D R WG SR BUR R BEAE . 2) BB 7150 8845 .
AR K = AN AN ] 2 48 /N B (R JE 770 300 0 A Sfe A6
P ERB G, 2425 50 R 40, 30,20 mm, 15 3] 1y &
15242 K/AN4r 5k 333,250,167 47,
42 ZXWHEREHW
42,1 =L ¥ ERigR

S ECR A E A 30 R A = LR bR EAR AE
ZREWROR AL MTF {H (R 7,13 8] MTF i £
M an &l 9 iR Bz S5 RAE N S % (8, Sk H Bkl
2% )3 m RS BE

MTnyqum =

B8 PRI R AR R A R . () ZZRHEAR s (b) =& FFR R R
(o) BB G ABHR 15 (D BIE L ZEBIR 2; (o) BUEIEFF 3

Fig. 8 Acquisition images of two test targets. (a) Three-bar target; (b) three-bar target (local amplification) ;

(c¢) round-edge target 1; (d) round-edge target 2; (e) round-edge target 3
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Table 7 MTF values of three-bar target test

Defocus position /mm MTF Defocus position /mm MTF Defocus position /mm MTF
—0.75 0.00920 —0.25 0.16764 0.25 0.19157
—0.70 0.01141 —0.20 0.18051 0.30 0.14862
—0.65 0.02217 —0.15 0.19376 0.35 0.13900
—0.60 0.03439 —0.10 0.22116 0.40 0.11761
—0.55 0.04168 —0.05 0.2333 0.45 0.09270
—0.50 0.05688 0.00 0.22568 0.50 0.05384
—0.45 0.08602 0.05 0.22186 0.55 0.04535
—0.40 0.10215 0.10 0.21710 0.60 0.01680
—0.35 0.12632 0.15 0.21792 0.65 0.00032
—0.30 0.13891 0.20 0.19957 0.70 0.00012
0.251 # 8 BRI I A AR LA MTF {H
020l .’-/I.."\'. Table 8 MTF values of round-edge target test
& 015} -’/-/. \‘\.. Defocus Round-edge Round-edge Round-edge

E a0l /./' \\. position /mm target 1 target 2 target 3
oosl ‘F/ ‘__ —0.75 0.00109 0.05828 0.06555
A reedine g TR\ —0.70 0.03612 0.06823 0.07635
op & owrfasame W —0.65 0.06608 0.08410 0.08156
—8 -8 ]‘)%fozg'szpo(s’iﬁo%z/m%f 06 08 —0.60 0.03407 0.08210 0.09555
—0.55 0.07076 0.08805 0.09635
9 ZZREARIIA Y MTE A £ i 2 —0.50 0.08372 0.11530 0.13225
Fig. 9 MTF over-focus curve of three-bar target test —0.45 0.08201 0.14231 0.12667
XTECHE S AT 4 Wk 2 B A 1 B = L AR —0.40 0.10369 0.15450 0.15703
MTF ﬁ,’%ﬁhéﬁ%‘zﬁjiﬁﬁ v =0.22549+0.02673x — —0.35 0.11279 0.15477 0.16997
0.85795x%—0.08298x°% +0.82124x* , W& 9 ff 7~ 1% —0.30 0.14080 0.17789 0.19099
FINLAE G MTF L/@HHQJ%E*/\qZ(’E’E/JM%QﬁF”EH —0.25 0.16225 0.17268 0.19216
4% 7 0.01 mm {3 B &b ik 5] MTF 5 4 {0.2257 . 76 —0.20 0.18424 0.18441 0.21711
0,44 mm] 0.46 mm JEE 2 i MTF % F 0.08. —0.15 0.19507 0.20169 0.22634
129 R ik R R —0.10 0.19621 0.20218 0.23121
—0.05 0.21491 0.19751 0.21939
FIRPE =AM D J1 R s e 2 3 T H I 0.00 0.22924 0.20478 0.23830
SRR I H B e A i AR AT MTF iH58 . 15 %) 0.05 0.22083 0.20034 0.21507
fr ok 7 P i S5 0 AR 5% 3L BV ESF L LSE) B K ik 0.10 0.22078 0.21254 0.20748
FAERE 10 iR 0.15 0.21589 0.18054 0.19756
B JE 71 30 #0845 R 9 MTF B MTF 3 £ iih 0.20 0.20750 0.18907 0.18829
oroange 8 fiE 11 Fir. 0.25 0.18407 0.17510 0.17659
RIE 7] h bR 2 545 B i) MTE o £ il £k 0.30 0.14150 0.14235 0.15959
HERXHNy=0.21733—0.03907x —0.70375x% + 0.35 0.13955 0.12649 0.10052
0.007682° +0.66022" . 7E 0.025 mm i & 4b ik 7 0.40 0.10618 0.10087 0.08592
MTF £ Jff 0.2178.7F —0.55 mm %] 0.45 mm i 0.45 0.09021 0.06674 0.08080
5> i MTF fif & T 0.08,,\ ‘ﬁ:»‘%%ﬂﬁd % 0.50 0.07664 0.06061 0.06878
SRR R s, 0D e
PRl 5 = R L 9 3 1 HH%%ZWJ S o Somss ooome oot
S GTARE T, M BT 42 7 20 2 0 30 % it 5 MTF 0.70 0.00081 0.00034 0.03958

JEAATIH .
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Fig. 10 Results of lunar-edge method from laboratory images. (a) Images of three round-edge targets with different radii;

(b) positions of subpixel-edge detection; (c¢) ESF curves; (d) LSF curves; (e) MTF curves
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