a6 % T 2/ M Fx % W Vol. 46 No.7
202547 H Chinese Journal of Scientific Instrument Jul. 2025

DOLI: 10. 19650/j. cnki. ¢jsi. J2513899

BT =4 mmZ MK B AL = B AT
HMIZREMMTRNITE"

HER FCF B IR A LT
(1. RER AR MR AR TAU S A E S S KREE 300072; 2. bt TESIET ABRAR Jbat  100094)

W E TS EEPUSTEA T EAT RRR M T S R A5 (B GE Ao = A R 5 12 e LA S 0 5 o AR R B T S ) R A
WA AERR P | SO Y —Fh 36T = 2 2 45 TR AL AT AR S5 A AL SE R DN 7 0% 0T T e B AT 2R — A R &5, e
= AR 2R R LR R ARG B (A, DA B T A 244 (B AT 4R 455 P e 0 o s A D A, 0, 3o PR R A R
S A ET I B bR e 5 iR 28— B0rE A A iR 2 AR ARG e vk | #5737 21 UG R S5 R A R 2 TR A X R S 2 R 5, T =4
i 2 o 245 B 25 A AL TR B, 38 16 AR BB AR A LSS A H BR 254, WM 2R LA SR M A T b 4 IR T A B s 20 4R 1
FF =2 i 3R M BOHTAR BRI T | 45 A 4R MG ARS TR, S BAE SIS AT A R 42 | T 5 SR S o G At T 0 A
SCHGEE SRR TR AR T T SRR DR AL 58 = AR S T v, A6 2 AT AR AT A 45 vy B s Uy T EL AT B Y B A ROR
JUAIZ BN G FE RIS B 08T 0. 3 mm, T 2 76U 38 BUAAG I 5 K , BRI NIRRT SURRIE , 0 &= 242 () 25 P 1E Skl
W R P R A T EE RS

SRR BRI = R4 ; 280 AT s BBA AT 5 T S i

FE4 %S, THI64 TH7 MEFRIRES . A EXRREFRISERE; 460. 40

Visual inspection method for space on-orbit forming truss structure based
on 3D curve network graph optimization
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Abstract: Owing to the unique material properties and complex geometry of on-orbit formed space truss structures, traditional 3D visual
inspection methods often fail to achieve complete model reconstruction, thereby compromising defect detection accuracy. This paper
presents a vision-based detection method for truss structures that leverages 3D curve network graph optimization and designs a rotating
visual scanning system for 3D inspection. This system enables comprehensive structural reconstruction and precise defect localization,
addressing challenges in on-orbit manufacturing quality control. First, image curve feature recognition is combined with a curve feature
matching approach that incorporates distance criteria and curve consistency constraints to establish correspondence between weak-textured
slender objects across sequential image frames. Second, by leveraging the principle of 3D curve network graph structure optimization, the
method iteratively updates the camera pose and the target structure, thereby computing and refining the geometric topology of the truss
while estimating member diameters. Furthermore, a defect detection method based on 3D curvature analysis is introduced and
complemented with 2D image validation, enabling accurate identification of typical defects such as virtual joints and breakpoints.
Experimental results indicate that, compared to traditional point-feature-matching-based 3D reconstruction methods, the proposed
approach achieves superior reconstruction quality and efficiency for slender truss structures. Both geometric parameters and defect
detection accuracy exceed 0.3 mm, meeting the requirements for on-orbit manufacturing site inspections. Notably, this method does not

rely on external calibration or background features, providing a robust technological foundation for quality control in the on-orbit
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manufacturing of complex space structures.

Keywords : visual inspection; 3D curve; curvature analysis; defect detection; geometric parameters
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Fig. 1 Classification of truss structure members
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Fig.2 Herringbone truss structure plane diagram
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Fig.3 Spatial configuration diagram of truss
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Fig.4 Rotary visual scanning system inspection process
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Fig. 5 Image curve feature extraction
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AR (19) ~ (21) T3 Iy i r A I HT 4L H
P B R 25 MAHBIL L 5% 22 | 31 i = S A THL 34
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e, W% 1 s BB F 09 H AR M Truss_1_thick,
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Table 1 Truss reconstruction error and camera trajectory

error data (mm)

S AR AR xR
Truss_1_base 0.128 0. 089 2.858
Truss_2_base 0. 101 0.071 0.917
Truss_3_base 0. 104 0.070 1.377
Truss_1_thick 0.061 0. 063 2.843
Truss_2_thick 0.119 0.111 1.217
Truss_3_thick 0.118 0. 093 2.874
Truss_1_grad 0.117 0. 085 1.434
Truss_2_grad 0.112 0.111 1. 198
Truss_3_grad 0.112 0. 090 1.361

XN R A B AT R H AR, P E R E AT
0.13 mm LAN, e RE AR MEZE R 0. 111 mm, X FK BT
PET5 I RE ST R A5 T AL RN B oK OF HAEAN ]
SR RS SO R Rz ek, R, st
THIMLHIE R 22 B, r A7 4 XL R 22 HKF 3 mm,
2 e BB B KR 1256 mm , AL R 22 /8 T 4
KB 0.25% , 1 12 /R T Truss_2_base SEH4H (Al i1
Pk 5 B S X AR W AT A IE A TR O ik
FEARMLZ AL TE 7 T i R P

BN FRIGERY 3 AMERITR 2240 A LA i 3 R 78
AL [ (BN mm) , W 13 Fi7R, base B A A
AR ZE B0 AG T AT, R BB 1 15 25 6 1) — 0 5
T thick BEAYFN grad AR IR 2ZE P T EL, &
ML PR AR o A 15 2 — Ty T Ok [ B TR AR B (1 25 4 1R
2B —J7 T K R TR I A Y e AR 2E | I, S A
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Fig. 12 Comparison between the estimated trajectory and

the ground truth trajectory of Truss_2_base
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Fig. 13 Schematic diagram of the reconstruction error

distribution of the herringbone structure
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(a) Reconstruction results with occlusion discriminant factor
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(b) Reconstruction results without occlusion discriminant factor
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Fig. 14  Effect of occlusion discriminant factor on reconstruction
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Fig. 15 Images under the effect of camera shake
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Fig. 16 Images under the effect of segmentation noise
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Table 2 Effects of camera shake and segmentation

noise on reconstruction results (mm)
51 [l 3 P E R o bR 22
1 0.241 0. 157
2 0. 350 0. 180
AHBLEFSh
0.59%4 0. 248
4 0. 845 0. 355
1 0.115 0. 086
A 2 0.117 0.079
il
3 0. 144 0. 097
4 0. 165 0.072
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Fig. 17 Rotary visual scanning system prototype
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(a) BEHUHT AP
(a) Test truss sample Table 4 Measurement results of truss member length
(mm)
0 FY bR SR B RMSE
1 82.582 82.788 -0. 206
PXFE 2 64. 564 64. 628 -0. 064
< 3 75. 004 74.979 0. 025
0. 186
1 76. 400 76. 111 0.289
2 76.342 76. 469 -0. 127
“AESTNEE
3 71. 148 71.051 0.097
(b) COLMAPE 45 iFEes
(b) Reconstruction result of COLMAP 4 83.102 82.815 0.287
5 71.904 71. 644 0. 260
6 86. 324 86. 244 0.078

£S5 MIEFHERNELER

Table 5 Measurement results of truss member diameter

(mm)
x5 J¥E brifE(E S E wE RMSE
(¢) Gaussian Surfels & g 45 R 1 2.164 2.07m 0.093
(¢) Reconstruction result of Gaussian Surfels AT 2 2 102 1.828 0.274
3 2.168 2.048 0. 120
0. 139
1 2.262 2.123 0. 139
/ 2 2. 144 2.170 -0. 026
3 1.704 1.613 0. 091
T
4 2.026 1.941 0. 085
5 2. 060 2.226 -0. 166
———
. 6 2.360 2.475 -0. 115
(d) CHRTEERS R
(d) Our reconstruction result
Rl 18 MTZRE LS AN It HE 4 A5 AL ARG R0 & i 34 O AR R 25
Fig. 18 Comparison of results of truss reconstruction 0. 186 mm,ﬂgij(i%%y{] 0.289 mm, FrE EAR M AR 12

#ZH 0.139 mm, fr K& 2 0 0.274 mm, 3 & #l 7€

R3 HTEEESMBEEHIEITRIEILLE
i =1 £0. 3 mm BAA  BOUE T = 24k 28 0o 46 0 Ak o EL 72 A3

Table 3 Comparison of calculation platform and

reconstruction average running time J7 RAE FLAS I R B b A Rt
itk WP 34T/ min DA AT AR S o e e e A Sl S R ) i
ATk CcpPU 4.5 T3 KRS iy 0UEL W R FE PR R, AP 19 BT
COLMAP CPU+GPU 8.6 P TR 3 R S AT SR B R T 2 R R ARG, 68 110 Il f e 42

Gaussian Surfels CPU+GPU 15.4 AT R R SR B, AT DR IE ok B 7 A 0 i R P R R AR,
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(b) Virtual connection defect
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(a) Breakpoint defect
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Fig. 19 Schematic diagram of truss prefabricated defects
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Fig. 20 Reconstruction result of truss sample with

virtual connection defects

W 6 iR, L9 AN 2 9 Ab BRI (6 AbIAT
3 Ab R ) | HERE AL A5 22 A g o , LI R FT REAE T8
FEE R 2 Z R A R BE B Ry F B RS, AN 5 1 AFE
TFERMTHRZE , KB R R 22 I e 3 3 4b, R
0. 277 mm , i R HTARE ARG BEAE T £0. 3 mm AL
SRR UEIA T AT A 22 A BB RS I 1 R S

R6 MIZRERMEENLER
Table 6 Results of truss defect inspection (mm)
%Al P PrRUE(E SE W
1 18. 562 18.524 0. 038
2 8.286 8. 089 0.197
3 6. 044 6.112 -0. 068
W7 s
4 9.361 9.575 -0.214
5 8. 140 8.299 -0. 159
6 15.302 15. 143 0.159
1 18. 282 18. 086 0. 196
HEHE 2 15. 566 15. 820 -0.254
3 16. 187 15.910 0.277
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