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Fig.2 Strategies for fringe pattern projection. (a) The reconstructed
frame rate using traditional PSP; (b) The reconstructed frame rate

of the method proposed in this paper

3 £ %

SCHSEEE R GR A T TAL AL (OPT-CC1-048 A-
RM-G, 43 Bt % 1800 pixelx1600 pixel). # 5 X (TJ-
S50, 43 ¥ % 1280 pixelx720 pixel) FlHL s 8 & (AN

80 mm, 1 & AHFE iy SR ar R Bl i L B R Ak L, L
VIR SRS E AN E 4(a) Bz, WA L s 2R A0 245 SR
& 4(b) Fts .

3 B = e RS

Fig.3 Diagram of monocular 3D measurement system

(b)
P 4 {liTIfL5E PSP B L WA (a) FAHRENI P IR A L0 (b)
e
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captured fringe pattern; (b) Reconstructing results
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Fig.5 Fringe pattern during object movement. (a) The first fringe pattern

taken by the camera when the projector projects the first stripe;
(b) The second fringe pattern taken by the camera when the
projector projects the secnod stripe; (c) The first fringe pattern
taken by the camera when the projector projects the second stripe;
(d) The second fringe pattern taken by the camera when the

projector projects the second stripe
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method. (a) Phase diagram obtained by repeating frame rate;

(b) Reconstructing results
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Tab.1 Measurement error evaluation

Method Mean error/mm RMS error/mm
Tradition PSP 0.1575 49775
Proposed method 0.0344 0.0029

THEAT KRR E (18 sh iR o P, nfer $2 T AR R
B HORG BE R AR AEAR TR ST I IR

SCHP SRR A A YRS IE S Ik, g
Tiz S BRI R R, TCik Ak BE A e s sl A
Heiz gl . 1EYIRIE B id BT AN EOR YR O 28 s
gy, (EARBILTG FA45 211 Wi (3 sh R AR s s g

4 & it

SCAP R T — o T AR B 2 AR 1) BUR 3l

202208914



% 12 47

s Gk A2

www.irla.cn

# 52 %

WIRTAG 7 i o AR RS2 BRIGAAE T, al A 2k
118 Y AR R EAG R 1 Sl o P AR PN R
ASCHTR) 2845 5, 52 BUAE [R) — i 25 3 A S0 PR P f B

W, AR Z 18 SRR (5 5.

IRJE I3 HT T IB S

My A auad, FHEI T IR G OL T A AE R

R

AR B NR R T a8 S R E A R

S 3k

(1]

Wang Z. Review of real-time three-dimensional shape measure-
ment techniques [J]. Measurement, 2020, 156: 107624.

Zuo C, Feng S, Huang L, et al. Phase shifting algorithms for
fringe projection profilometry: A review [J]. Optics and Lasers
in Engineering, 2018, 109: 23-59.

Zhu S, Wu Z, Zhang J, et al. Superfast and large-depth-range
sinusoidal fringe generation for multi-dimensional information
sensing [J]. Photonics Research, 2022, 10(11): 2590-2598.

Yin Yongkai, Zhang Zonghua, Liu Xiaoli, et al. Review of the
system model and calibration for fringe projection profilometry
[J]. Infrared and Laser Engineering, 2020, 49(3): 0303008. (in
Chinese)

Lu L, Suresh V, Zheng Y, et al. Motion induced error reduction
methods for phase shifting profilometry: A review [J]. Optics
and Lasers in Engineering, 2021, 141: 106573.

Liu W, Wang X, Chen Z, et al. Accelerated phase deviation
elimination for measuring moving object shape with phase-
shifting-profilometry [J]. Photonics, 2022, 9(5): 295.

Wei Y, Lu L, Xi J. Reconstruction of moving object with single
fringe pattern based on phase shifting profilometry [J]. Optical
Engineering, 2021, 60(8): 084106.

Lu Lei, Jia Zhaoyi, Wu Ke, et al. 3D reconstruction of multi-
target moving objects based on phase-shifting method [J].
Infrared and Laser Engineering, 2020, 49(3): 0303011. (in
Chinese)

LuL, Ding Y, Luan Y, et al. Automated approach for the surface

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

profile measurement of moving objects based on PSP [J]. Optics
Express, 2017, 25(25): 32120-32131.

Liu Z, Zibley P C, Zhang S. Motion-induced error compensation
for phase shifting profilometry [J]. Optics Express, 2018,
26(10): 12632-12637.

Guo W, Wu Z, Zhang Q, et al. Real-time motion-induced error
compensation for 4-step phase-shifting profilometry [J]. Optics
Express, 2021, 29(15): 23822-23834.

Wu H, Cao Y, An H, et al. High-precision 3D shape
measurement of rigid moving objects based on the Hilbert
transform [J]. Applied Optics, 2021, 60(27): 8390-8399.

Feng S, Chen Q, Gu G, et al. Fringe pattern analysis using deep
learning [J]. Advanced Photonics, 2019, 1(2): 025001.

Qian J, Feng S, Tao T, et al. Deep-learning-enabled geometric
constraints and phase unwrapping for single-shot absolute 3D
shape measurement [J]. APL Photonics, 2020, 5(4): 046105.

Yu H, Chen X, Zhang Z, et al. Dynamic 3-D measurement based
on fringe-to-fringe transformation using deep learning [J]. Optics
Express, 2020, 28(7): 9405-9418.

Wang Yajun, Suresh V, Li Beiwen. Motion-induced error
reduction for binary defocusing profilometry via additional
temporal sampling [J]. Optics Express, 2019, 27(17): 23948-
23958.

Zhu J, Zhou P, Su X, et al. Accurate and fast 3D surface
measurement with temporal-spatial binary encoding structured
illumination [J]. Optics Express, 2016, 24(25): 28549-28560.
Zhang S. Absolute phase retrieval methods for digital fringe
projection profilometry: A review [J]. Optics and Lasers in
Engineering, 2018, 107: 28-37.

Wu K, Li M, Lu L, et al. Reconstruction of isolated moving
objects by motion-induced phase shift Based on PSP [J]. Applied
Sciences, 2021, 12(1): 252.

Duan M, Jin Y, Chen H, et al. Automatic 3-D measurement
method for nonuniform moving objects [J]. IEEE Transactions

on Instrumentation and Measurement, 2021, 70: 1-11.

3D reconstruction of the moving object with double-shooting based on

phase shifting profilometry

Zhang Qinghui', Li Hao', Lv Lei', Lu Shenglin®’, Pan Wei?

(1. School of Information Science and Engineering, Henan University of Technology, Zhengzhou 450001, China;
2. Department of R&D, OPT Machine Vision Tech Co., Ltd, Dongguan 523860, China)

Abstract:

Objective Phase shifting profilometry (PSP) is one of the most commonly used techniques in 3D measurement,

which has the advantages of high accuracy and robustness to ambient light and reflectivity variation. During the
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reconstruction of PSP, at least three sinusoidal fringe patterns with phase shift are projected onto the surface of the
object; the camera captures the ones reflected from the object. Because of the height of the object, the fringe
patterns on the object surface will have distortions. The phase information existing in the fringe pattern is
employed to analyze the deformation of the fringe patterns. At last, the object is reconstructed based on the phase
information and system parameters. Because of multiple fringe patterns are used, the traditional PSP requires the
object must be kept stationary during the reconstruction process. Errors will occur if the object moves during the
fringe projecting and capture process. However it is difficult to meet this requirement in dynamic scenes.
Therefore, it is important to improve the reconstruction accuracy of moving object. For this purpose, a new
method with high frame rate and accuracy is proposed based on PSP.

Methods This paper proposes a new method to reduce the measurement error caused by moving objects at
dense frame rate. First of all, trigger control equipment is added to the camera and projector. The equipment
ensures that, for each projection, two consecutive images are captured before the next projection (Fig.1). Then, the
phase retrieval algorithm is proposed. As there is no fringe pattern shift among the captured two images of the
same projection, the phase shift is introduced by the object motion. By analyzing the phase variation caused by
the motion, the reconstruction model describing the fringe patterns with motion is given. At last, the object is
reconstructed based on the phase information and system parameters. The proposed algorithm can achieve high

frame rate for the reconstruction of object with motion (Fig.2).

Results and Discussions The experiments are implemented to verify the performance of the proposed method.
The moving object is captured twice in one projecting period (Fig.5). Then, the phase information is retrieved by
the proposed method (Fig.6(a)). At last, the object is reconstructed successfully (Fig.6(b)). In order to compare the
performance, the same fringe patterns are reconstructed by the traditional PSP and the result is shown in Fig.7. It
is apparent that errors have been introduced. By using the data obtained with the static object as true value, the
RMS error and mean error are calculated (Tab.1). With the traditional PSP, the RMS error and mean error are
4.918 6 mm and —0.085 1 mm. With the proposed method, the RMS error and mean error are 0.001 9 mm and
0.003 6 mm.

Conclusions This article proposes a dual sampling method for reconstructing moving objects based on phase-
shifting profilometry. Under the condition of limited device frame rate, the reconstruction frame rate of moving
objects can be effectively improved. Firstly, by controlling the synchronization signal between the camera and
projector, it is possible to capture the same projected fringe pattern twice to obtain more object motion
information. Then, the stripe description of the moving object was analyzed and the phase information under
mixed phase shift was extracted; Finally, utilizing stripe multiplexing improved the frame rate of motion object

reconstruction.
Key words: phase shifting profilometry; ~ dynamic measurement; 3D reconstruction;  high frame rate
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