

  photonics-11-00364




photonics-11-00364







Photonics 2024, 11(4), 364; doi:10.3390/photonics11040364




Article



High-Efficiency Dynamic Three-Dimensional Topography Measurement Using the Phase Shift Generation Method



Qinyuan Deng 1,*, Yangyi Liu 2,*, Fashi Zhu 1, Jie Hou 1, Fei Xiong 1 and Yan Zhang 1





1



School of Automation, Chongqing University of Posts and Telecommunications, Chongqing 400065, China






2



Intelligent Policing Key Laboratory of Sichuan Province, Luzhou 646000, China









*



Correspondence: dengqy@cqupt.edu.cn (Q.D.); liuyangyi@scpolicec.edu.cn (Y.L.)







Citation: Deng, Q.; Liu, Y.; Zhu, F.; Hou, J.; Xiong, F.; Zhang, Y. High-Efficiency Dynamic Three-Dimensional Topography Measurement Using the Phase Shift Generation Method. Photonics 2024, 11, 364. https://doi.org/10.3390/photonics11040364



Received: 22 February 2024 / Revised: 1 April 2024 / Accepted: 9 April 2024 / Published: 13 April 2024



Abstract

:

In the fringe projection profilometry (FPP), the traditional phase-shifting (TPS) algorithm and the Fourier transform (FT) algorithm are beset with a conundrum where measurement efficiency and conflicts with measurement accuracy, thereby limiting their application in dynamic three-dimensional (3D) measurements. Here, we propose a phase shift generation (PSG) method, which acquires the sinusoidal fringes by sparse sampling and reconstructs the complete phase-shifting sequence by generating the missing fringes with superimposed coupling of adjacent fringes. According to our proposed PSG method in which the sinusoidal fringe sequence size is about half of the TPS method, meaning that the PSG method will be timesaving in the phase-shifting sequence sampling process. Moreover, because of the utilization of multiframe fringes, our PSG method allows for a more accurate measurement than the FT method. Both simulation and experimental results demonstrate that our proposed PSG method can well balance the measurement accuracy and efficiency with a lower sampling rate, bearing a great potential to be applied in both scientific and industrial areas.
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1. Introduction


Fringe projection profilometry (FPP) is widely used in the area of reverse engineering [1,2], 3D surface topography [3,4], biological medicine [3], etc., due to its advantages of noncontact, efficiency, and high precision. However, with the increasing demand for dynamic 3D measurements [5,6,7,8], FPP technology is also encountering some new challenges.



The single-shot coding methods such as Bruijn sequences [9], M-arrays [10], and color speckle patterns [11,12] just need one single frame for surface reconstruction and are suitable for dynamic measurement. However, these methods require a well-designed pattern to encode each pixel using its surrounding pixels, which will lead to a decreasing resolution. The multiframe methods [13,14,15] project a series of fringe patterns onto the tested surface for phase calculation, which can obtain high precision and robustness due to the fusion of multiframe information and the independent solution for each pixel. Among the multiframe methods, the traditional phase-shifting (TPS) [1,3,16] algorithm is most widely used, which requires at least three fringe patterns for phase calculation. Nevertheless, these methods are more appropriate for static scenes due to the large size of fringe sequences.



In contrast, the transform-based methods [17,18,19,20,21,22] (e.g., FT, window Fourier transform, and wavelet transform) just need one single fringe for phase calculation by spatial or frequency domain analysis. The FT [17,18] method is the most representative transform method, which is well-suited for high-speed 3D measurement. Nevertheless, the FT method has the inherent problem of spectrum leakage that will influence its precision in dynamic scenes. So, the discrepancy between TPS and FT methods makes it difficult to measure the dynamic 3D object with high precision and high efficiency simultaneously. To resolve this problem, related research has been conducted and many improvements have been made.



Zhang [23] and Liu [24] realized the accurate and real-time dynamic 3D measurement by utilizing the high-speed projection system. Wang [25] proposed a period-coded phase-shifting strategy to assist phase unwrapping, in which no additional fringe sequence is needed and the efficiency of the TPS method is improved. Zhang [26] used color CCD to capture the phase-shifting sequence coded with different colors, improving the measurement efficiency. In addition, the projector defocusing technique [27] was also applied in the high-speed projection system, such as the laser eavesdropping system, to improve the measurement efficiency. However, these methods usually required expensive devices, which significantly increased measurement costs.



The improvements in algorithms are also important for dynamic 3D measurement. Kemao [19] et al. introduced the window Fourier transform (WFT) method to enhance the measurement robustness for FPP. However, it was difficult to accurately measure some complicated surfaces using this method, due to the interference of spectrum noise related to the complex surface characteristics. Guo and Huang [28] et al. proposed an improved FT method, which removed the noise signal by subtracting the background image from the original fringe pattern, and enhanced the measurement robustness for the FT method. Nevertheless, this method reduced the measurement efficiency and was also influenced by the inherent problem of spectrum leakage for the FT method. Zuo Chao [5] et al. proposed a micro FT (μFT) method with 10,000 fps speed but it was also difficult to measure the surface with a sharp edge and local spike characteristics due to the restriction of a band-pass filter. Furthermore, the hybrid method of FT and TPS is proposed to process fast-motion and slow-motion regions, respectively, which, however, requires a segmentation of such fast and slow regions [29,30]. In addition, all the transform methods must carefully design the parameters for the filtering window or the scale of the wavelet to ensure measurement accuracy. Thus, it is hard to realize automatic processing in complex dynamic scenes.



Recently, deep learning technique was introduced into FPP due to its excellent performance in image processing. Zhong [31] et al. proposed a structured-light 3D measurement method based on machine learning, which only needed one single fringe pattern for phase solution and was potentially applied for real-time measurement. Zhang [32] et al. designed a special convolutional neural network (CNN) to enable fast 3D reconstruction from saturated or dark images, which could extract phase information in both the low signal-to-noise ratio (SNR) and saturation situations. Yu [33] et al. utilized an image-transformed neural network to generate the phase-shifting fringe sequence from a single fringe pattern, which omitted the phase-shifting sampling process with the advantage of reducing measurement error related to motion [34,35]. Feng [36] et al. proposed a micro deep learning method, which predicted the wrapped phase from a single fringe pattern and performed time-domain phase unwrapping according to micro change of the fringe frequency, with the highest efficiency of 20,000 fps. Qian [37] et al. applied the deep learning method to color FPP, which realized the accurate phase forecast and phase unwrapping according to the RGB fringes from a single pattern. Although deep learning methods have the advantage of high efficiency in the phase solution process for FPP, they could not provide a rigorous theory to assure accuracy when compared with the TPS method. Thus, the TPS method still kept an accuracy advantage in the calculation of some complex surfaces.



In this paper, a phase shift generation (PSG) method, which combines the advantages of high accuracy of TPS and high efficiency of image acquisition, is proposed for dynamic 3D measurement based on FPP. This method acquires the abridged fringe sequence by sparse sampling and reconstructs the complete fringe sequence through PSG with a detailed description in Section 2. The proposed method can obtain almost double sampling efficiency in terms of phase-shifting sequence when compared with the TPS method and the measurement accuracy is also better than the FT method. Both simulation and experiments are carried out to demonstrate that the proposed PSG method can make a trade-off between measurement accuracy and efficiency and improve the dynamic measurement characteristic for TPS method.




2. Basic Theory


2.1. PSG Method


For a complete phase-shifting fringe sequence of length N, the signal model of corresponding sparse sampling sequence can be expressed as


   I n    x , y   =  a n    x , y   +  b n    x , y   cos   2 π f x + ϕ   x , y   +   2 π  N    n − 1     , n = 1 , 3 , ⋯ , N ,  



(1)




where    I n    x , y     denotes the signal intensity of odd image series n at point     x , y      ,       a n    x , y     denotes the background signal,    b n    x , y     denotes the modulation,  f  denotes the frequency of projected sinusoidal gratings, and   ϕ   x , y     denotes the phase information related to the measured surface. One-dimension grating is considered here for simplified analysis. Compared to the TPS sequence, the sparse sampling fringes    I n    x , y     just contain the odd sequence, in which the length is about half of the complete phase-shifting fringe sequence.



In the static or high-speed scenes, the background signal and modulation keep constant or vary slowly, both of which can be assumed as constants:


      a   x , y   =  a 1    x , y   ≈  a 3    x , y   ≈ ⋯ ≈  a N    x , y   ,     b   x , y   =  b 1    x , y   ≈  b 3    x , y   ≈ ⋯ ≈  b N    x , y   .      



(2)







To generate the missing even phase-shifting sequence, a superimposed coupling method is applied to the adjacent images of sparse-sampling sequence as follows:


     I m    x , y   =      I  m − 1     x , y   +  I  m + 1     x , y      / 2      = a   x , y   + b   x , y   cos     2 π  N    cos   2 π f x + ϕ   x , y   +   2 π  N    m − 1     ,     m = 2 , 4 , ⋯ , N − 1 .    



(3)







Here, m denotes the even PSG fringe series number. Obviously, the PSG sequence    I m    x , y     and sparse-sampling sequence    I n    x , y     complement with each other and make it possible to reconstruct the complete phase-shifting sequence.



Subtracting   a   x , y     from Equations (1) and (3) and eliminating the factor   cos     2 π  / N      for Equation (3), we can obtain the sinusoidal frequency components with modulation


       g n    x , y   =  I n  − a = b cos   2 π f x + ϕ +   2 π   n − 1    / N    , n = 1 , 3 , ⋯ , N      g m    x , y   =      I m  − a     cos     2 π  / N      = b cos   2 π f x + ϕ +   2 π   m − 1    / N    , m = 2 , 4 , ⋯ , N − 1     .  



(4)







Here, the background signal can be obtained by extra sampling of black and white projection [38] and   cos     2 π  / N      can be determined by the sequence length N.



Next, a normalization procedure is performed for Equation (4) and the sinusoidal frequency components can be acquired as follows:


   I i  r e c     x , y   =    g i    x , y   − min    g i    x , y       max    g i    x , y     − min    g i    x , y       , i = 1 , 2 , ⋯ , N ,  



(5)




where   min  ⋅       a n d      max  ⋅    denote the function of minimum and maximum extraction, respectively. Finally, we apply the phase shift algorithm [39] to the reconstructed sequence    I i  r e c     x , y     and the surface can be calculated as follows:


   ϕ ′    x , y   =   tan   − 1     −   ∑  i = 1  N    I i  r e c     x , y   sin     2 π   n − 1    / N          ∑  i = 1  N    I i  r e c     x , y   cos     2 π   n − 1    / N        , i = 1 , 2 , ⋯ , N  



(6)




where    ϕ ′    x , y     denotes the wrapped phase with   2 π   phase ambiguity, requiring the phase unwrapping process to obtain the surface   ϕ   x , y     [40].




2.2. Simulation Analysis


Considering the typical peaks function [used in Matlab] as a prototype, the simulation phase map is defined as follows:


  ϕ   x , y   = β ⋅ p e a k s   r o w , c o l   ⋅   2 π  / p  ,  



(7)




where the fringe period  p  is set as 20 pixels, the ratio factor  β     i s   s e t   a s   6  , and the image size   r o w × c o l   is set as 512 × 512. Figure 1a displays the five-step phase-shifting fringe sequence, with a background intensity and modulating amplitude as defined in Equation (8).


      a   x , y   =  A m  exp   −  r a      ( x −   c o l  / 2  )  2  +   ( y −   r o w  / 2  )  2          b   x , y   =  B m  exp   −  r b      ( x −   c o l  / 2  )  2  +   ( y −   r o w  / 2  )  2          ,  



(8)




where    A m  = 0.5  ,    B m  = 0.45  ,    r a  = 5.56 ×   10   − 6    , and    r b  = 1.39 ×   10   − 6    . To simulate the practical sampling conditions, the fringe sequence in Figure 1a has been augmented with Guassian white noise at a SNR of 30 dB.



As described in Section 2.1, taking the fringe number 1, 3, and 5 in Figure 1a as the sparse-sampling sequence, whose phase-step is     4 π  / 5   , the PSG sequence can be calculated, as shown in Figure 1b. In comparison, Figure 1c presents the preset sequence of PSG with background restriction and modulation normalization. Visually, these two sequences are consistent with each other. Figure 2 reveals the difference between Figure 1b,c and the root-mean-square (RMS) of the error is 0.042 and 0.043. Obviously, the PSG sequence behaves in a highly consistent manner with the preset sequence, proving the validity of PSG method for fringe sequence reconstruction.



Figure 3a displays the surface measurement result of the PSG method. Here, we apply two extra white and black images to remove the background signal and utilize the gray code pattern sequence of six images for reliable phase unwrapping. As a comparison, the surfaces measured by the TPS and FT methods are also presented in Figure 3b,c, respectively. The quantitative analysis results indicate that the TPS method owns the highest measurement accuracy in which the measurement error approaches 0 and the FT method presents a large error at the edge region, in which peak-to-valley (PV) and root-mean-square (RMS) values reach 1.72 rad and 0.068 rad and the PSG method obtains an intermediate-level measurement error, in which PV and RMS are 0.39 rad and 0.045 rad. In terms of measurement efficiency, assuming a sampling frequency of 20 Hz, the time required for each frame result by the PSG, TPS, and FT methods are 0.737 s, 0.779 s, and 0.576 s, respectively. We can note that the proposed PSG method can take a shorter time than the TPS method due to the less sampling time for the phase-shifting sequence. Thus, when considering the time cost of fringes sampling, the PSG can achieve the balance between measurement accuracy and efficiency, which will also be verified in the following experiment section.



Next, the impact of noise is tested through simulation, where the SNR levels range from 20 dB to 60 dB. Figure 4 illustrates the trend in root-mean-square error (RMSE) values as the SNR increases. Notably, even at a high SNR level, the RMSE of the FT method remains significantly higher than that of both the PSG and the TPS methods, thus affirming that the measurement precision of the FT method is limited by the inherent problem of spectral leakage. In addition, under a high noise level (SNR of 20 dB), the RMSE for the PSG method is slightly elevated compared to the FT method, suggesting that a substantial noise level disrupts the phase-shift generation process, thereby reducing measurement precision. As the SNR level rises, however, the RMSE of the PSG method decreases rapidly, gradually approaching that of the TPS method. These simulation results indicate that our proposed PSG method can attain a commendable measurement precision closely approximating that of the TPS method when operating under high SNR conditions.



Moreover, a dynamic simulation is conducted under the SNR level of 40 dB, as depicted in Figure 5. This simulation realizes dynamic surface changes by incorporating a change rate factor into Equation (7), as expressed below


  ϕ   x , y   = (  1 +  α ) ⋅ β ⋅ p e a k s   r o w , c o l   ⋅   2 π  / p  ,  



(9)




where  α  represents the change rate, which is varied from 0 to 0.08. The RMSE curves for the three methods demonstrate that the measurement precision decreases as the dynamic change rate increases. Especially when the dynamic change rate reaches higher levels, the RMSE of the TPS method escalates rapidly and the RMSE of the PSG method also converges toward that of the FT method. These results indicate that the high-speed movement will lead to substantial motion-induced errors for the PSG and TPS methods. Overall, as the dynamic change rate increases, the RMSE values for the PSG method consistently remain between those of the FT and TPS methods. Thereby, the dynamic simulation results suggest that the proposed PSG method effectively balances measurement precision and efficiency.





3. Experiment Results


Experiments in different scenes have been conducted to test the performance of our proposed method. The measurement system includes a DLP projector (LightCrafter4500), a high-speed camera (acA640-750 μm), an objective (M0814-MP2), and a motorized rotating stage (TBR100), as exhibited in Figure 6. The projector resolution is 912 × 1140 pixels, which is used to generate sinusoidal fringes with a period of 29 pixels, corresponding to the period number of 32. The camera is set with a resolution of 640 × 480 pixels and is synchronized by an external trigger signal from the projector.



3.1. Static Scene Test


The static scene experiments adopted the projection scheme of “5-step fringe sequence + background image + gray code sequence” (as shown in Figure 7a), where the fringe sequence was used for wrapped phase calculation, the background image was applied for background restriction in Equation (4), and gray code sequence was applied for reliable phase unwrapping. The image refresh rate was set as 20 Hz. In the PSG method, fringes 1, 3, and 5 were taken as the sparse-sampling sequence to reconstruct the complete fringe sequence, which was applied for surface calculation according to Equation (6), as described in Section 2.1. In comparison, the TPS and FT methods took fringes 1 to 5 and fringe 1, respectively, to calculate the surface. In addition, these measurement results were compared with the 12-step phase-shifting algorithm results to estimate the residual errors.



Figure 7, Figure 8 and Figure 9 exhibited the measurement results of three methods for spherical, cone, and David models, respectively, which presented an increasing complexity and were conducive to verifying the performance of the proposed method in different environments. Obviously, the measurement precision of the proposed PSG method was close to the five-step TPS method and was also better than the FT method in the edge and local complicated area, according to the presentation of residual errors.




3.2. Accuracy and Efficiency Analysis


Next, the PV value and RMS value of residual errors for the different methods were calculated and the computation times for the three methods were also displayed in Figure 7, Figure 8 and Figure 9. According to the measurement results, the average PV values of residual errors of the three models were 1.3402 rad, 0.8015 rad, and 5.5102 rad, for PSG, TPS, and FT methods, respectively. The average RMS value of residual errors of the three models were 0.0836 rad, 0.0271 rad, and 0.1645 rad, for the PSG, TPS, and FT methods, respectively. Both the PV and RMS values of residual errors of the PSG method were between that of the TPS and FT methods, which was consistent with the tendency described in the simulation results. Thereby, the residual error data indicate that the proposed PSG method could achieve a measurement accuracy between the TPS and FT methods.



Then, the measurement efficiency was evaluated. According to Figure 7, Figure 8 and Figure 9, the average computation times of the three methods were 0.756 s, 0.812 s, and 0.601 s. We can see that the proposed PSG method can take a shorter time to complete the measurement than the TPS method due to the lower sampling rate. Consequently, the proposed PSG method can lead to a faster 3D measurement compared with the TPS method. Although the FT method has the highest measurement speed, it faced the problem of precision decreasing in the edge and local complexity areas. Thus, the proposed PSG method could achieve a satisfying balance between measurement accuracy and efficiency. With the increase in fringe steps, the PSG method will save more time than the TPS method and its accuracy will be also higher than the FT method.




3.3. Dynamic Scene Test


A dynamic 3D measurement experiment was also carried out to verify the proposed PSG method, as illustrated in Figure 10. In this test, a motorized rotating stage (TBR100) was utilized to drive the measured cherub model. The motorized rotating stage was set to rotate 60,000 pulses at a speed of 8000 pulses/s (with a resolution of 0.00125°/pulse). The sampling rate was set as 100 fps and the total sampling images for each method were set to 800. The sampling process adopted the scheme of “fringes + background + gray code”, wherein for each frame measurement result, the PSG method acquired three fringes with the phase step of 4π/5, the TPS acquired five fringes with the phase step of 2π/5, and the FT method acquired only one fringe, as shown in Figure 10a–c.



Figure 10 displays the sampling time and the corresponding surface measurement frame for three methods. Over an 8-s sampling interval, the PSG method, TPS method, and FT method each computed a surface count of 72 frames, 61 frames, and 88 frames, respectively. It is obvious that the PSG method could achieve a higher measurement frame rate than the TPS method. Although the measurement speed of the PSG method is lower than the FT method, it could achieve better accuracy in the complicated scene, as demonstrated before. Thus, the proposed PSG could realize a satisfying balance between the dynamic characteristic and measurement precision, when compared with the TPS and FT methods. This means the proposed PSG method could be potentially applied in measurement scenarios that require both measurement efficiency and accuracy.





4. Discussion


According to the simulation and experimental results, the proposed PSG method integrates multi-frame image information, thereby demonstrating a superior measurement accuracy compared to the single-shot FT algorithms [28]. The FT algorithm inherently suffers from spectral leakage issues, which result in significantly lower measurement precision even under low noise conditions. However, the measurement accuracy of the PSG method is still outperformed by that of the TPS method [39] due to the impact of the phase-shift generation process. This inferiority primarily stems from background noise and motion-induced errors [34,35] that lead to inaccuracies in the generated fringe images, consequently reducing the measurement precision. According to simulation analyses, if background noise effects can be effectively suppressed during the measurement process, the measurement accuracy of the PSG method could potentially approach that of the TPS method. Thus, maintaining a low noise level is identified as one of the critical factors for enhancing the measurement precision of the PSG method.



Although the phase-steps of the sparse sampling sequence in the PSG method are nonuniform, we can still directly reconstruct the 3D surface by utilizing the nonuniform phase-steps algorithm (nPSA) based on the principle component analysis (PCA) [41,42]. According to the sparse sampling fringes data    I 1   ,    I 3   , and    I 5    in Figure 1a, we recover the 3D surface by the PCA-nPSA method, as presented in Figure 11. Comparing Figure 11 with Figure 3a,d, we find that the PCA-nPSA method is virtually equivalent to the proposed PSG method, given that they both employ the same phase-shifting fringe data for surface measurement. However, although the PCA-nPSA method owns the same sampling efficiency as the PSG method, the required time for one frame result by the PCA-nPSA method is 0.849 s, which is longer than that of the PSG method and will lead to a decreased measurement efficiency. Next, the frequency transformation functions (FTF) [42] are compared to evaluate the performance of the proposed method. Figure 12a presents the three phase-steps     0 ,   4 π  / 5  ,    8 π   / 5      and the FTF for the PCA-nPSA method, Figure 12b presents the five phase-steps     0 ,   2 π  / 5  ,    4 π   / 5  ,    6 π   / 5  ,    8 π   / 5      and the FTF for the PSG method, and Figure 12c presents the five phase-steps     0 ,   2 π  / 5  ,    4 π   / 5  ,    6 π   / 5  ,    8 π   / 5      and the FTF for the TPS method. The PCA-nPSA’s FTF has zeros at     − 6 , − 5 , − 1 , 0 , 4 , 5    . In contrast, the PSG’s FTF has zeros at     − 6 , − 5 , − 1 , 0 , 4 , 5     and the TPS’s FTF has zeros at     − 7 , − 6 , − 5 , − 3 , − 2 , − 1 , 0 , 2 , 3 , 4 , 5 , 7     in the same range. These results indicate that the nonuniform phase steps in the sparse sampling process reduce the harmonic rejection capacity of the PCA-nPSA method and the PSG method and lead to a decreased measurement accuracy than the TPS method. In addition, the SNR-gain for the PCA-nPSA, the PSG, and the TPS are 2.09, 4.99, and 5.0, respectively. Obviously, the SNR gain of the proposed method is higher than that of the three-step PCA-nPSA method and is close to the TPS method. That is, the proposed PSG method is more insensitive to noise than the three-step PCA-nPSA.



Moreover, regarding sampling efficiency, the PSG method requires only three phase-shifting frames under a comparable five-step phase-shifting algorithm scheme, whereas the TPS method necessitates five frames. This implies that the PSG method offers higher efficiency in dynamic measurements. It is noteworthy that as the object’s movement velocity increases, both the PSG and TPS methods experience a decline in measurement accuracy, indicating that motion-induced errors have a significant influence on the precision of the PSG method. Consequently, future research will focus on developing motion error compensation techniques to further improve the performance of the PSG method in dynamic 3D measurement.




5. Conclusions


In summary, this study proposed a PSG method to reconstruct the complete phase-shifting fringe sequence by sparse sampling, in which sampling efficiency is almost double compared with the TPS method in terms of the phase-shifting sequence. According to the simulation and static scene measurement results, the PSG method achieves an accuracy between that of the TPS and FT methods and retains more detailed information in the edge and local complicated area than the FT method. In terms of measurement efficiency, the proposed PSG method takes a shorter time to complete the measurement than the TPS method due to the higher sampling efficiency. When compared with the PCA-nPSA method having the same sampling efficiency, the PSG method proposed in this paper still exhibits higher computational efficiency and stronger resistance to noise interference. Moreover, the dynamic experiment results also indicate that the PSG method achieves a higher measurement frame rate, which is about 1.2 times than that of the TPS method. Both the simulation and experiment results indicate that the proposed PSG method effectively balances the measurement efficiency and accuracy for the TPS and FT methods, showing potential for applications in dynamic 3D measurement research, such as deformation measurement, vibration performance, and motion process monitoring.
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Figure 1. Simulation for PSG process. (a) Complete phase-shifting fringe sequence; (b) PSG sequence with background removing and modulation normalization; and (c) Preset fringes corresponding to a PSG sequence with background removing and modulation normalization. 
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Figure 2. Fringe errors between PSG and preset sequences. (a) for the first PSG fringe and (b) for the second PSG fringe. 
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Figure 3. Simulation results for three methods. (a–c) are the surfaces measured by PSG, TPS, and FT methods, respectively, and (d–f) correspond to the measurement errors of (a–c), respectively. 
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Figure 4. Simulation analysis about measurement errors under different SNR levels. 
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Figure 5. RMSE analysis for dynamic simulation with the SNR of 40 dB. 
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Figure 6. Experimental system. 






Figure 6. Experimental system.
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Figure 7. Experiment results for the simple spherical model. (a) is the sampled images; (b–d) are the surfaces measured by the PSG, TPS, and FT methods and (e–g) are the residual errors of (b–d), respectively. 
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Figure 8. Experiment results for the cone model. (a) is the sampled images; (b–d) are the surfaces measured by PSG, TPS, and FT methods and (e–g) are the residual errors of (b–d), respectively. 
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Figure 9. Experiment results for the complex David model. (a) is the sampled images; (b–d) are the surfaces measured by the PSG, TPS, and FT methods and (e–g) are the residual errors of (b–d), respectively. 
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Figure 10. Dynamic rotational measurement results for the (a) PSG method, (b) TPS method, and (c) FT method. (Visualization in the Supplementary Material presented the whole dynamic measurement process for a detailed exhibition). 
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Figure 11. Simulation results for the PCA-nPSA method. (a) Three-dimensional surface. (b) Measurement error. 
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Figure 12. FTFs analysis. (a) Three-step fringe data and the FTF for the PCA-nPSA method. (b) Five-step reconstructed fringe data and the FTF for the PSG method. (c) Five-step fringe data and the FTF for the TPS method. 






Figure 12. FTFs analysis. (a) Three-step fringe data and the FTF for the PCA-nPSA method. (b) Five-step reconstructed fringe data and the FTF for the PSG method. (c) Five-step fringe data and the FTF for the TPS method.



[image: Photonics 11 00364 g012]













	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg
grayeode sequence

a) fringe sequence background image “

29.667

16.231,RMS= 29.669 15.965,RMS = 29.667
T=08125 pepncraa

T =0.7565 peptrnty

o W W (o) e
BV~ 0.812,RMS= 0.0763 PV = PV =1.479,RMS = 0.0909
s, Dot £ i, Depihirad)

(2

(e)





media/file4.png
PV =0.361,RMS =0.042 PV =0.356, RMS 0.043

100 200 300 400 500 100 200 300 400
X/pixel X/pixel






media/file18.png
(a) fringe sequence

==

background image

graveode sequence

=
L

V=17.279, RMS= 24.279
T - [)756q Deplll(rad)

— I — ]

A;}u‘_rm’l "

PSG Method / rad
[ IR Y g =

(b)

PV=2.543, RMS= 0.0802

-'=E nqnh{:a:i}

3. 0.5

2.

5 0- : 5

e zuu\

G g0l &

B Xy 200 T 400 R
T (e)

-
<

=17.145,RMS =24.278
T S 08 I 2‘; Deplh{md}

=
=
-
=
40
30
= 7))

IS A

*\/‘p&_o}'ﬂﬂ -
(c)

PV = I.TBS,RMS =0.0282
E DLplhl:rHl”
e us
s 2,
=) u.s
g 0
Pl “200
W &
& 400 £ ¢L}

. - '\\Q
fbp” 2m| A

PV =18.968, RMS =24.28
T - “6{] ]"‘! Depth(rad)

=

=

5

24

E:w-

=20,

A

A?pivdl “d H‘
(d)

PV =12.235,RMS =0.276
= Depth(rad)
A |
ER I
-J i)
‘7 0 |
-
z-mw "200
| Ky
= 400 s

\/pn JI" ¥





media/file21.jpg
PV =29.267,RMS =3.853 PV =0.39,RMS =0.038

T=08495 poinsy

15

10

5

0

-5
400

200w

%

Depth(rad)

(%

400

2
2%

200
e
(a)

PCA-nPSA Error / rad

PCA-nPSA Method / rad






media/file3.jpg
PV =0.361,RMS =0.042 PV =0.356,RMS = 0.043

o o ;g w0 s w






media/file22.png
T PV =29.267, RMS =3.853

=

E 0 T =0.849s Depth(rad)

Z 10 15

—JN 10

% -10 0

- -5

z 4W 10
400

o Pp, 300 20(%‘ |\>\"°\

(a)

PCA-nPSA Error / rad

PV =0.39,RMS =0.038

05 Depth(rad)
0 g.l
0.5 -0.1
-0.2
e





media/file19.jpg
v

4

L
o . o, T

Xphet

m

i 400






media/file7.jpg
RMSE Values/ rad

—+—PSG Method

- & -TPS Method
@ FT Method

SNR /dB





media/file10.png
&
n

RMSE Values / rad
=
Lad

&
b

- |- €& = TPS Method
42 FT Method

=
=

—#—PSG Method

"
a4 -
3
at
at

!
an®
art
il
-— -— - <>
- - 9 1

o070

0 0.02

0.04
Change Rate

0.06

0.08





media/file14.png
(@) fringe sequence hackground image graycode sequence

PV=l6. ’?31 RMS= 29.669 PV =15.965,RMS = 29.667 PV =16.022, RMS = 29.667

(il

= - —
E 40, =0.756s8 Depth(rad) E 40 T =0.812s Depth(rad] _E 40 T'=0.601s Depthirad)
= - fiie
= 30| a2 2 a9
- 8 %
= 20} 24 = 20.
= 0 D
= 14“" 0 =400 : _

Doy, 200 T 200 @ b e\ s - oo

Bires ) M iy, 200 7 “200,, M Biy, 200 @ 200 s
_l_fl’V_ 0.812,RMS— 0.0763 PV =0431,RMS=0.0272 PV =1.479,RMS =0.0909
= = =
i 0.4 Depthirad) -E' 0.5 Depthirad) _? 1, Depthirad)
s e i 02 g 0.5
= 0} "o oB W = U 0
Z 0o B f:
0.5 02 Fy &gl 0.5
7 : 2 B e
= J:,',m Bt i 4““’& = }4"“ e 400 = ;;j'" 4""\

a Tl A = B, ._._.-" . A0H] .
ﬂ%flm _ "uo .vﬂé— pq,wzuu - 200 m‘w\ ﬂqwuuu 200 ?‘\t
e () £)





media/file11.jpg
Reference Plane

Object

" DLPLi ghtCrafter






media/file6.png
PV =29.324, RMS =3.853

=
& =073
__‘: 20 Depthirad)
= 15
= e 10
< & S
= 10 'll5
g s N T
% J.mu

Plreg e/ ( : 2“%{@*“

(a)

PV =0.39,RMS =0.045

3 os Depth(rad)
g 0.1
=

;im zm 400

PV =29.226,RMS =3.853
=0.779s

Depthirad)

10.
10
5
-10 0
L -
-10

TPS Method / rad
-

400

k. H a0
Prrgp 200 g
(b)

%
PV =0.22, RMS5=0.024

E e, Depthirad)
i 0.1
B
£ 0
s 0
2 02k
= 4u-u - B
¥ 23 e % B 4““‘1
f "--._' B .
e ) Im"ﬁ.mﬁt

(e

PV =29.247 RMS =3.854

= T =0.576s

_? 0. Depth{rad)
= L 15
= 10 10
< 