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Abstract: Due to its high measurement accuracy, rapid acquisition speed, large measurable range, and
non-contact characteristics, the multi-camera vision measurement system has been widely applied to high-
precision spatial positioning of dynamic targets in aerospace, automotive, and related fields. However, ex-

isting multi-camera vision measurement systems based on bundle adjustment cannot simultaneously satisfy
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the stringent requirements of high accuracy and high speed in three-dimensional reconstruction of dynamic
target positions. In this study, a reconstruction algorithm for multi-camera vision measurement systems
based on stepwise bundle adjustment is proposed. System parameters with different orders of magnitude
are optimized sequentially, and the rapid execution of the reconstruction algorithm is implemented on an
field-programmable gate array (FPGA) platform. Experimental results demonstrate that the proposed
stepwise bundle adjustment reconstruction algorithm achieves an average spatial reprojection error of less
than 68 pm, outperforming both the direct linear transformation reconstruction algorithm and the conven-
tional bundle adjustment reconstruction algorithm. The designed FPGA hardware architecture attains a
processing speed of approximately 40 frame/s for four channels of high-definition image data (2 048X
2 048X 8 bit) simultaneously, thereby meeting the real-time, high-precision measurement requirements
for the spatial positioning of dynamic targets.
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Fig.1 3D scanning measuring robot
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Tab.7 Spatial reprojection error of landmark points (be-

fore optimization ) (mm)
PRl 150l 254N 3SAENL CPXME
1 3. 288 2.516 3. 055 2.953
2 8. 537 9.799 8. 341 8.893
3 1. 888 2.109 2.198 2.065
4 2.713 2.357 2.793 2.621
5 9.295 10. 094 9.717 9.702
6 1. 956 1.987 1.767 1.903
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Tab.8 Spatial reprojection error of landmark points after

optimization (mm)
FRaal  1SAHAL 25 AHNL 354N THE
1 0.512 0.279 0.305 0.365
2 0.727 0.460 0.853 0. 680
3 0. 166 0.211 0.213 0.197
4 0.072 0.462 0.127 0.221
5 0.013 0.743 0. 383 0. 390
6 0.026 0.060 0.241 0.109

®9 BNERZTHERIRE(DPAREZFEEZMUR)

Tab.9 Spatial reprojection error of landmark points (after

steps optimization ) (mm)
FRaEAl 1TSAHNL 25400 35 ANl P
1 0.104 0.077 0.065 0.082
2 0.072 0.054 0.011 0.046
3 0.028 0.126 0.055 0.070
4 0.053 0.158 0.064 0.092
5) 0.026 0.069 0.054 0. 050
6 0.036 0.080 0.088 0.068

[i) 7 4 5% iR 22 F- Y E M 0. 068 mm , K5 B4 T+ T
4.84%,

R A SCHE 19 B3k X4 Creaform 23 /] Y C-
track O 2% 2l A IR R FR 48 00 R v A AT A R
B, DS TIE I 488 Bk ARG B2 L R HE R S W an 4
10 fIr 7 o

K10 C-Track R4 Mk
Fig. 10 C-Track system calibration bar

4 VDI/VDE2634 #5 #f , C-Track & 4t 1%
YERR R A T 7 Fl s 2 BT 11 TR, R AR o A
b T A A A L TR) B  (160. 186 mm) #E 47 B A
PEDU S8, 1O IR Z5 R R 10 iR . &
SRR 11 iR .

K11 C-Track REEALHERE 77 %
Fig. 11 Seven positions of the C-Track system calibra-

tion bar

Y 2 10 FIER 11 AT, SR FH AR SCH i 530k
X C-Track 7 48 & B K o /I i 25 51 K
160. 230 mm, 5 £ % {H 160. 186 mm [ i 2& K
44 pm , BRVEZE 9 pm, 045 S L R



55 23 W S

Hi , 4 oy ORI 22 2 AL i R 5E 3627

F10 dB10ORMEFIIEER

Tab. 10 Experimental results of 10 measurements of (mm)

S5 HARTHE iﬁw% %f%WE

T 22 i 22
1 160. 200 0.073 0.028
2 160. 254 0.077 0.029
3 160. 253 0. 057 0.022
4 160. 235 0. 065 0.024
5 160. 209 0. 080 0.030
6 160. 243 0.052 0.020
7 160. 198 0. 086 0.033
8 160. 209 0. 081 0.031
9 160. 284 0. 084 0.032
10 160. 214 0.079 0.030

F11 XRERNIRESN

Tab. 11 Error analysis of experimental results(mm)

BARSF-H{H S 22 P 2
160. 230 0. 044 0. 009
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