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Sixteen-step phase-shifting encoding method based on
equally spaced binary stripes
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Abstract: Structured light 3D measurement technology is widely used in fields such as industrial inspection and medical imaging, but its
measurement accuracy is often reduced due to the nonlinearity of the projector. In traditional phase-shifting methods, especially when
combined with binary fringe projection techniques, a large number of fringe patterns are typically required to ensure measurement
precision, which leads to low data acquisition efficiency. Focusing on how to improve measurement accuracy while reducing the number
of projected patterns, this paper proposes a sixteen-step phase-shifting encoding method based on equally spaced binary fringes. The
method generates binary fringe patterns with equally spaced distribution in advance, maps these patterns one-to-one to the corresponding
sinusoidal intensity values within the same period, and then reconstructs the sinusoidal fringe through a weighted summation strategy.
This innovative encoding approach enables each binary fringe to not only contribute information independently but also to be efficiently
reused in the sixteen-step phase-shifting algorithm, thus significantly reducing the required number of fringe patterns and effectively
improving 3D measurement efficiency. In the experimental section, the proposed method was quantitatively compared with the traditional
sixteen-step phase-shifting method, the sixteen-step binary defocusing method, and the sixteen-step binary encoding method. The results
show that, in terms of unwrapped phase accuracy, the proposed method achieved significant improvements, with the accuracy rates
increasing by 71.42%, 87.17%, and 85.29% respectively compared to the other three methods, demonstrating its remarkable
advantages in both enhancing measurement precision and reducing the number of projected patterns.
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(a) Intensity sampling of the sinusoidal fringe (c) Reconstructed sinusoidal stripe curve diagram
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(b) Schematic diagram of equally spaced binary stripes synthesizing sinusoidal stripes
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Fig. 1  Synthesis strategy of equal spacing binary stripes
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Table 1 Intensity values corresponding to each point after eight equal parts of a half-cycle sinusoidal stripe
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Table 2 Values corresponding to the 8 coefficients solved
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Fig.2  Flowchart of the superposition method
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Fig.3 Schematic diagram of 16-step phase shift
generated by using equally spaced binary fringes
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Table 3 Performance parameters of camera and lens
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Table 6 Results of the standard ball fitting error
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Table 7 Measurement results of standard ball diameter (mm)
1By gmtth Jr B B Jr i AH S SR i T 1 Tt R Ty s
2 W 22 K W 22 BRI I 5 22 eI W 22
50.758 4 -0.055 6 50.8115 -0.002 5 50.782 6 -0.031 4 50.690 8 -0.123 2
50.763 1 -0.050 9 50. 803 6 -0.010 4 50.793 2 -0.020 8 50. 669 1 -0.144 9
50.770 6 -0.043 4 50.798 2 -0.015 8 50.801 3 -0.012 7 50. 684 5 -0.129 5
50.761 8 -0.052 2 50. 808 4 -0.005 6 50.788 9 -0.025 1 50.672 8 -0.1412
50.749 7 -0.064 3 50.816 7 0.002 7 50.799 8 -0.014 2 50.693 7 -0.120 3
50.762 3 -0.0517 50. 811 2 -0.002 8 50.785 4 -0.028 6 50. 664 2 -0.149 8
50.761 0 -0.053 0 50.810 7 -0.003 3 50.794 5 -0.019 5 50.675 3 -0.138 7
50. 760 2 -0.053 8 50.795 6 -0.018 4 50.796 7 -0.017 3 50. 685 9 -0.128 1
50.764 5 -0.049 5 50.798 2 -0.015 8 50.778 4 -0.0356 50. 666 7 -0.147 3
50.759 9 -0.054 1 50. 816 7 0.002 7 50.802 1 -0.011 9 50. 682 6 -0.1314
SEHE 50.776 2 -0.052 9 50. 807 1 -0.006 7 50.784 3 -0.021 7 50. 678 6 -0.135 4
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Fig. 12 Reconstruction results of complex objects
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