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Abstract Space operations such as on-orbit assembly and maintenance hinges on the use of large-scale and high-precision
on-orbit measurement methods. Vision measurement holds the greatest potential in this regard. However, insufficient
assistant artificial targets necessitate the deployment of on-orbit targets to reliably and accurately calibrate the multi-camera
vision measurement system. To address this issue, this study proposes an exterior parameter calibration method using
fixed stars and scale rulers. First, we propose an imaging model of fixed stars and scale rulers based on relative exterior
parameters to solve the problem of multi-camera localization and orientation when there are insufficient artificial target
points. Then, we propose a weighted joint bundle adjustment algorithm based on prior error estimation, which fuses three
different kinds of observation data to achieve high-precision exterior parameter calibration. Real data experiments
demonstrate that this calibration method yields standard deviations of image errors of the fixed stars and the scale ruler
endpoints of 0.48 pm (1/7 pixel) and 0. 21 pm (1/16 pixel), respectively. In addition, with this calibration method, the
standard deviations of spatial coordinate measurement errors along the X, Y, and Z axes are 0.15 mm, 0.04 mm, and
0.05 mm, respectively, within the measurement range of 2. 5 m X 1.4 m. This study provides a method and reference data
for calibrating vision system parameters in on-orbit applications.
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Table 1 Parameters of camera and lens

Type Model Parameter
Resolution 4096 X 3000
Camera MV-CH120-10UM/UC Pixel size 3.45 pm X 3. 45 pm
Sensor size 14.1 mmx<10.4 mm
Focal length 25.25 mm
Camera lens 12FA2524-25MP ) )
Field-of-view (FOV) 30°
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Fig. 3 Structure of multi-camera vision experiment system
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Fig. 5 Calibration process of exterior parameters of multi-camera vision system
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Table 2 Calibration for exterior parameters of multi-camera
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Table 3 Residual errors of imaging point of stars, ruler endpoints, and spatial length

Error type Mean error /mm Maximum error /mm Standard deviation /mm
Imaging plane error of star —1.06Xx10"° 1.90x10°* 4.82x10°"
Imaging plane error of ruler 8.49X1077 8.00X107" 2.13X107"
Length error 4.07x107° 1.14x107" 4.58X107°
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Fig. 10 Histograms of residual errors of imaging point of stars, ruler endpoints, and spatial length. (a) Residual error of imaging point

of stars; (b) residual error of imaging plane of ruler endpoints; (c) residual error of spatial length
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Fig. 11 Measurement control field

S5 Bl B, TR 7RI XY L Z 23 ) Ak bR N R 22
B bR 1 22 43 590 29 75 0. 15 mm 0. 04 mm 1 0. 05 mm , #H
X I K A 1/17000, #F — 25 56 UE T Jr $2 22 2 0L
B Rl B IR A O 2280 7 6 S 80k 8 T IR R AT AT

1011003-8



F 6155 108/2024 £5 B/BAEXBEFZHE

F4 V-STARS RS0 AR 1 52 9
Table 4 Coordinate measurement error of V-STARS system

Direction Maximum error /mm RMSE /mm
X-direction 8.00X107° 6.00Xx 107"
Y-direction 4.00x10° 3.00x10°
Z-direction 4.00x10°° 3.00x10°°

F5  ZHPLE I R ST R 2
Table 5 Measurement error of multi-camera vision

measurement system

o Mean value / Maximum Standard
Direction L.
mm error /mm  deviation /mm
X-direction 3.00x10°* 0. 36 0.15
Y-direction 1.70X10* 0.15 0.04
Z-direction ~—6.00X10"’ 0.23 0.05

I3 81, UM FH A48 A E — e 220 9 4 o 2 v R
G, R T bn i 2 MIHL R GE R AR X A0 J5 L 28
IR 2% A A 5 2R o B T A A ol R A0 4%
DR Z G A RN R 6 TR .

F 6 HOSIERAE S B 2 A AL I B AR A A ) 5 2
Table 6 Measurement error of multi-camera vision measurement

system calibrated by 5-point method

o Mean value /  Maximum Standard
Direction o
mm error /mm  deviation /mm
X-direction 0.21 0. 80 0.21
Y-direction —0.13 0.38 0.07
Z-direction 0.11 0.42 0.08
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Fig. 12 Measurement error histograms of our system. (a) X-direction; (b) Y-direction; (¢) Z-direction
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