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Fig. 1 Converging binocular stereo vision measurement model
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Fig. 2 Result images of the candidate ellipse of arc segment combination. (a) Arc-support segment method; (b) improved method
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Table 1 Analysis of the results of two ellipse detection methods

Method Number of candidate ellipses Verification time /s Ellipse extraction time /s
Arc-support segment 32 0.6120 0. 9530
Improved 12 0.0720 0.2430
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Fig. 3 Result image of the outer docking ring of

non—cooperatlve target
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Fig. 4 Result images of heat shield reticles detection. (a) Proposed method; (b) Hough transform
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Fig. 5 Schematic diagram of the coordinate system. (a) Measurement coordinate system and camera coordinate system;

(b) target coordinate system
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Fig. 6 Schematic diagram of position and attitude measurement process
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Fig. 7 Absolute and relative position and attitude during the approach. (a) Absolute position; (b) absolute angle;

(c) relative position; (d) relative angle
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Table 2 Position and attitude measurement results when the satellite model rotates around the X axis
No. x /cm y /em z /cm 0, /() 0, /() 0, /()
1 402. 467 —7.666 9.317 —42.079 —4. 387 —0.002
2 402. 557 —7.711 9.329 —44,189 —4,439 0. 245
3 402.539 —7.757 9.357 —46. 181 —4.429 0. 600
4 402. 506 —7.796 9. 386 —48.096 —4. 443 0. 904
B 402. 655 —7.859 9.423 —50. 116 —4.457 1. 204
6 402. 560 —7.890 9.450 —52. 261 —4.427 1.463
7 402. 634 —7.940 9.493 —54. 289 —4.415 1.737
8 402. 828 —8.002 9.515 —56.374 —4. 343 1. 989
9 402. 852 —38.039 9.618 —58. 292 —4. 244 2,228
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Table 3 Position and attitude measurement results when the satellite model rotates around the Z axis

No. x /cm y /cm z /cm 0, /() 0, /() 0, /()
1 400. 005 —6.842 10. 015 —167. 647 4.373 —1.906
2 399. 276 —6.844 10. 066 —167. 819 4.105 —0.429
3 398. 506 —6.787 10. 062 —167.629 3. 357 0. 876
4 398. 086 —6.761 10. 088 —167. 366 3.143 2.160
5 398. 025 —6. 818 10. 089 —166. 720 2.883 3.436
6 397.737 —6.796 10. 125 —166. 404 2.667 4.599
7 397.432 —6.787 10. 141 —166. 109 2.451 5. 747
8 397. 081 —6.756 10. 181 —165. 754 2.254 6. 898
9 396. 699 —6.697 10. 226 —166. 100 2.054 7.929
10 396. 249 —6. 647 10. 282 —166. 175 1.917 9. 047
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Table 4 Position and attitude measurement results when the satellite model rotates around the Y axis

No. x /cm y /cm z /em 0, /(™ 6, /() 0. /(™
1 399. 424 —6.891 10. 124 —167.779 3.292 —2.318
2 399.672 —6.838 10. 169 —167. 469 2.026 —2.475
3 399. 834 —6.821 10. 223 —167. 283 0. 956 —2.602
4 399. 855 —6.826 10. 282 —167.521 —0. 366 —2.532
5 399. 868 —6.833 10. 349 —167.407 —1.521 —2.515
6 399. 811 —6.843 10. 424 —167. 648 —2.515 —2.399
7 399. 769 —6.858 10. 508 —167. 335 —3.795 —2.249
8 399. 705 —6.876 10. 589 —167.637 —5.048 —2.181
9 399. 647 —6. 886 10. 675 —167.512 —6.221 —1.903
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Abstract

Objective

Due to the intensive space launches, the operation of spacecrafts on orbit has been seriously threatened. The

on-orbit service has gradually become a hot spot in the field of space research and major aerospace countries have an

increasing demand for on-orbit services at present. On-orbit services include tasks such as rendezvous and docking,

equipment maintenance and refueling. Non-cooperative spacecrafts refer to the kind of artificial satellites without the

design of supporting services in the space environment.

In order to tackle the technical difficulties,
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continuously obtain the relative position and attitude of the spacecraft so as to complete the tracking and acquisition of non-
cooperative target. While the target cannot provide any measurement information, optical measurement can obtain the
relative position and attitude information without contacting the target, so that it is the main method of non-cooperative
spacecraft measurement. Aiming at the technical difficulties such as poor real-time performance in space non-cooperative
target measurement, this paper proposes a binocular position and attitude measurement method for key features of non-
cooperative target.

Methods This paper proposes a binocular position and attitude measurement method for key features of non-cooperative
spacecraft. Firstly, two visible light cameras are used to obtain high-resolution target images. The satellite and rocket
docking ring on the target surface is extracted based on the improved arc-support line segment method. Optical flow
assisted tracking in collaboration with dual thresholds is used to determine whether the docking ring ellipse is detected
incorrectly. Secondly, a line detection method based on short line feature is proposed to extract reticles of the heat shield.
Finally, the target coordinate system is established by using the related features of the docking ring and reticles. The
relative position and attitude are calculated in the coordinate system yielded. In order to ensure the consistency of target
coordinate system during tracking spacecrafts, a method of switching straight line and docking ring intersection is
proposed. The ultimate goal of this paper is to realize the measurement of non-cooperative spacecraft on the embedded
hardware platform.

Results and Discussions The ground verification system in this paper mainly includes: binocular vision camera,
binocular vision processing platform, space robot controller, non-cooperative target satellite model and solar simulation
light source, etc. It can be seen from the result images of the candidate ellipse of arc segment combination that the
number of candidate ellipses generated by the improved satellite and rocket docking ring method is significantly reduced
(Fig. 2), which shortens the time of the ellipse verification step and increases the calculation speed by 74.5% (Table 1).
The method of extracting reticles of the heat shield improves the calculation speed by 42% compared with the Hough
transform, shortening the running time from 0.558 s to 0.3237 s. Due to the limited shared memory between DSP6678
cores, a complete memory management and allocation mechanism is established in the process of binocular vision
algorithm transplantation. For 2048 pixelsX 2048 pixels input images, the algorithm data update rate can reach 1 Hz. The
approaching experiment of the binocular camera system in ultra-close range and the rotation experiment of the non-
cooperative spacecraft model are conducted in the darkroom environment. The standard deviation of the three-axis
relative position and attitude between the neighbouring image frames is 36 = (0.058 ¢m,0.015 ¢cm, 0.017 ¢cm), and the
standard deviation of the three-axis relative attitude is 3¢ = (0. 680°, 0. 116", 0. 101°) in the approaching experiment
(Fig. 7). The average value of the measured moving distance is 2. 003 ¢m, which is only 0.03 mm away from the control
distance of the robotic arm (Fig. 7). The precision of position is better than 0.7 cm and attitude better than 0.9° in the
experiment of rotating the target model around the X, Y, and Z axes (Tables 2—4). The changing rates of position and
angle of the three axes are consistent with the actual motion speed, which meets the requirements of space missions.

Conclusions Focusing on the complicated problem of the position and attitude measurement of unstable non-cooperative
spacecraft, this paper proposes a binocular vision position and attitude measurement method for key features of non-
cooperative spacecraft. According to the characteristics of the non-cooperative spacecraft, the improved arc-support line
segment method is used to extract the ellipse of the satellite and rocket docking ring. The reticles feature extraction of the
heat shield is completed by statistical analysis of the main direction and similarity. This method has the advantages of high
measurement accuracy and good real-time performance. In the approaching experiment of the binocular camera system,
the relative error of the three axes is less than 0.6 mm and the relative angle error is less than 0.7°. In the target model
rotation experiment, the relative error of the three axes is less than 6.2 mm and the relative angle error is less than 0.9°.
The experimental results demonstrate that this method can output the position and attitude of the target spacecraft in real
time during the service in ultra-close range. It is necessary to further optimize the binocular vision algorithm, carry out
comprehensive ground verification work and improve the adaptability and stability of the system.

Key words measurement; binocular vision; non-cooperative spacecraft; ellipse detection; straight line detection;
position and attitude measurement
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