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complex reflective printed circuit boards. Uniform image interpolation may distort sinusoidal fringes. Curved
fringes may also cause a mismatch between the interpolation direction and local iso-phase lines. Low-modu-
lation regions may further amplify phase errors.Methods: A measurement-oriented phase-preserving fringe
super-resolution resampling method is proposed. The super-resolution operation is performed in the gray-im-
age domain. Phase-domain quantities are used as physical constraints. First, a normalized carrier intensity in-
dex is used to decouple fringe ridges, valleys, and transition regions. Ridge-valley distance and local modula-
tion are then combined to construct a joint weight. Next, a two-dimensional fringe-alignment displacement
field is estimated from multi-frequency phase-shifting data. The field is refined by local correlation and two-
dimensional total-variation regularization. The original fringe images are then mapped into an aligned do-
main for directional interpolation. Finally, a flat/steep-region adaptive fusion strategy is constructed using the
displacement-field gradient and local phase variation rate.Results: In the 3 mm, 6 mm, and 9 mm gauge-block
experiments, the proposed method reduced the mean absolute error from 0.0290 mm to 0.0208 mm. It also
reduced the root mean square error from 0.0428 mm to 0.0295 mm. In the high-reflective PCB pin region
and the crystal oscillator package region, the proposed method improved phase continuity and three-dimen-
sional reconstruction stability. In the pin region, compared with image-domain bicubic interpolation, the pro-
posed method reduced the mean absolute error from 0.1753 mm to 0.0254 mm, corresponding to a reduction
of about 85.5%. The error standard deviation was reduced to 0.0126 mm.Conclusion:The proposed method
improves phase consistency after fringe resampling, increases point-cloud sampling density, and reduces loc-
al reconstruction errors in the selected PCB regions. This super-resolution process should be interpreted as
sampling-grid densification and interpolation-induced phase-error reduction, rather than as exceeding the true
lateral resolution limited by the optical system. The current conclusions are limited to the tested PCB local

ROIls and imaging conditions.
Key words: three-dimensional measurement fringe structured light phase preservation printed circuit
board super-resolution adaptive fusion
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Fig. 1 Flow chart of the proposed 3D reconstruction framework. The terms in parentheses indicate the main operation domain
of each module
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Fig. 4 Experimental setup. ((a) Structured light system; (b)
photograph of the experimental platform)
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MAE 0.0290 mm
ROI 0.0208 mm, 28.27 RMSE
10 + 0.0428 mm 0.0295 mm,
31.07
t Wilcoxon **P <
0.01 95% 6
6 95%
Tab.6 95% confidence intervals of the main error metrics
> + SD/mm 95% Cl/mm
MAE 0.0290 +0.0021 [0.0275, 0.0305]
MAE 0.0208 +0.0015 [0.0197,0.0219]
RMSE 0.0428 +0.0037 [0.0402, 0.0454]
RMSE 0.0295 +0.0026 [0.0276, 0.0314]
MAE 0.1753 £0.0120 [0.1667, 0.1839]
MAE 0.1721+0.0140 [0.1621, 0.1821]
MAE 0.0485 +0.0040 [0.0456, 0.0514]
MAE 0.0254 +0.0021 [0.0239, 0.0269]
RMSE 0.0298 +0.0026 [0.0279,0.0317]
MaxAE 0.0820 +0.0110 [0.0741,0.0899]
MAE 0.1626 +0.0105 [0.1551, 0.1701]
MAE 0.1667 +0.0120 [0.1581, 0.1753]
MAE 0.0675 +0.0055 [0.0636, 0.0714]
MAE 0.0221+0.0018 [0.0208, 0.0234]
RMSE 0.0347 +0.0030 [0.0326, 0.0368]
MaxAE 0.0950 +0.0120 [0.0864,0.1036]
Tab.2 Comparison of measurement results under different resolutions
MAE/mm RMSE/mm MAE/mm RMSE/mm
3mm 0.0253 +0.0018 0.0361 +0.0032 0.0212 +0.0015** 0.0226 + 0.002 0**
6mm 0.0272 +0.0020 0.0479 +0.0041 0.0164 + 0.0012** 0.0332 +0.0030**
9mm 0.0345 +0.0026 0.0443 +0.0038 0.0249 +0.0019** 0.0326 + 0.0028**
0.0290 +0.0021 0.0428 +0.0037 0.0208 +0.0015 0.0295 + 0.0026
42 [24]
e » e » [25]
3 mm
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Tab.3 Comparison of measurement results by different methods
RMSE/mm Planarity Error/mm Is
0.0497 + 0.0038** 0.0128 + 0.001 1** 0.064 + 0.004
0.0482 + 0.004 2** 0.0095 + 0.0009** 2.684 +0.100
0.0286 + 0.0023** 0.0078 + 0.000 7** 0.071 + 0.005
0.0395 + 0.0030** 0.0051 + 0.0005* 0.184 +0.012
0.0291 + 0.0024** 0.0073 £ 0.000 7** 0.263 +0.016
0.0226+0.0018 0.0046 + 0.0004 0.342 +0.020
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Tab. 4 Reconstruction errors of different methods in the pin region and crystal oscillator package region
MAE/mm RMSE/mm STD/mm MaxAE/mm Planarity Error/mm Is

0.1753 £0.0120**  0.2057 + 0.0160**  0.0951+0.0085**  0.560 + 0.060**  0.0201 % 0.0020**  0.066 + 0.005
0.1721+0.0140**  0.2184+0.0180** 0.0758+0.0070** 0.590 + 0.065**  0.01852 0.0018**  3.126 +0.130

0.0485 +£0.0040**  0.0552 + 0.0048**  0.0483+0.0042** 0.150 £+ 0.020**  0.0123+0.0013**  0.074 + 0.005

0.0254 +0.0021 0.0298 + 0.0026 0.0126 +0.0014 0.082 +0.011 0.0081+0.0008  0.349 +0.020

0.1626 £0.0105**  0.2416+0.0170**  0.1180%0.0100** 0.610 £0.070**  0.0220+ 0.0020**  0.068 + 0.005

0.1667 £0.0120**  0.2447 +0.0185**  0.1260%0.0110**  0.630 £0.075**  0.0292+ 0.0025**  3.184 +0.135

0.0675 +0.0055**  0.1332+0.0120** 0.0815%0.0075** 0.310 +0.040**  0.0180+0.0016  0.079 + 0.006
0.0221+0.0018 0.0347 +0.0030 0.0158 + 0.0016 0.095 + 0.012 0.0176+0.0014  0.361+0.022
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Fig. 7 Comparison of original images and phase results in
the pin region and crystal oscillator package region.
The left column shows the high-density pin region,
and the right column shows the crystal oscillator
package region. (a) Original images; (b) original
phase results; (c) phase results obtained by the pro-
posed method.
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Fig. 8 Comparison of 3D reconstruction results obtained
by different methods in the pin region and crystal
oscillator package region. The left column shows
the high-density pin region, and the right column
shows the crystal oscillator package region. (a) Ori-
ginal reconstruction; (b) image bicubic interpola-
tion; (c) deep-learning-based image super-resolu-
tion; (d) phase bicubic interpolation ; (e) proposed
method.
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comparison; (b) absolute reconstruction error distri-
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Tab.5 Quantitative comparison of different methods in the phase domain

phase MAE / rad phase RMSE / rad STD/rad
0.092 0.124 0.083
0.050 0.074 0.054
0.028 0.037 0.025
4.4 95% 6
6 PCB
10
10
PCB MAE RMSE MaxAE
+ MaxAE
ROI
PCB PCB
LSCM
ROI
95% confidence interval, CI
10 ROI
Shapiro- 7
Wilk
t Wilcoxon
MAE RMSE
Friedman
Holm
P<0.05 10 +
ROI Baseline
MAE RMSE STD Max-
AE

PCB



16 X
7 PCB
Tab. 7 Robustness analysis under different image perturbation conditions in the PCB pin region
MAE/mm MAE/mm MAE/mm RMSE/mm RMSE/mm RMSE/mm
Baseline  0.1753+0.0120  0.0485+0.0040  0.0254+0.0021 0.2057 £0.0160  0.0552 +0.0048  0.0298 + 0.0026
0=001 0.1846+0.0134 0.0506+0.0044 0.0262+0.0024 0.2162+0.0176 0.0574+0.0052 0.0307  0.0029
=002 01978+0.0152 0.0539+0.0049 0.0274+0.0028 0.2315+0.0195 0.0612+0.0059  0.0321+0.0032
0=004 02265+0.0196 0.0618+0.0058 0.0301+0.0034 0.2648+0.0240  0.0699 +0.0068  0.0351 +0.0040
a=07 02072+0.0165 0.0556+0.0051 0.0279+0.0029 0.2436+0.0210  0.0637 +0.0060  0.0329 + 0.0034
a=13 01991+0.0158 0.0542+0.0048 0.0275+0.0028 0.2338+0.0202 0.0621+0.0058  0.0324 % 0.0033
a=15 0234800215 0.0639+0.0063 0.0309+0.0036 0.2764+0.0265 0.0728+0.0075  0.0362 + 0.0042
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