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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 0.025 4 mm, corresponding to a reduction
of about 85.5%. The error standard deviation was reduced to 0.012 6 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

ROIs 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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Tab.1 Comparison of dominant computational costs

among different methods
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25 (MaxAE) & SCHA AL RO PN I A s 48 %) 17 22
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Fig. 4 Experimental setup. ((a) Structured light system; (b)
photograph of the experimental platform)
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B 71 % M) ROL, AR 5E S5, = BAb #
FIESHE S HBRAI . BT 3 mm, 6 mm 1 9 mm
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t K 5k Wilcoxon £F-5 FiAz B AT AL, **P <

2% 2 W, SR SO A BRI T R
AR E I B, MAE SEE{EH 0.0290 mm
FEAK 2] 0.0208 mm,[&AK T 28.27% ; RMSE -1
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Tab. 6 95% confidence intervals of the main error metrics

SR 5 VRS >HEFR H{H + SD/mm 95% CI/mm
J by T MAE 0.0290 + 0.002 1 [0.0275,0.0305]
ES' iR MAE 0.0208 £ 0.0015 [0.0197,0.0219]
PRt

J by T RMSE 0.0428 +0.0037 [0.0402, 0.0454]

ES'@iR7S RMSE 0.0295 +0.0026 [0.0276, 0.0314]

BEURI =K MAE 0.1753 £0.0120 [0.1667,0.1839]

RS MAE 0.1721+0.0140 [0.1621,0.1821]

5l AL =R MAE 0.0485 + 0.0040 [0.0456, 0.0514]

o ES'@iR7S MAE 0.0254+0.002 1 [0.0239, 0.0269]

ES' @ik RMSE 0.0298 +0.0026 [0.0279, 0.0317]

ES' @ik MaxAE 0.0820+0.0110 [0.0741,0.0899]

BEURI =K MAE 0.1626+0.0105 [0.1551,0.1701]

REE2ES) MAE 0.1667 £ 0.0120 [0.1581,0.1753]

e AL =R MAE 0.0675 + 0.0055 [0.0636,0.0714]

ES' @ik MAE 0.0221+0.0018 [0.0208, 0.0234]

ES' @ik RMSE 0.0347 £ 0.0030 [0.0326, 0.036 8]

A7k MaxAE 0.0950 £ 0.0120 [0.0864,0.103 6]
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Tab.2 Comparison of measurement results under different resolutions
fitecy TP o HE
MAE/mm RMSE/mm MAE/mm RMSE/mm

3mm 0.0253 +0.001 8 0.0361 +0.0032 0.0212 % 0.001 5%* 0.0226 = 0.002 0**
6mm 0.0272 +0.0020 0.0479 + 0.004 1 0.0164 % 0.001 2%* 0.0332 = 0.003 0**
9mm 0.0345 +0.0026 0.0443 + 0.003 8 0.0249 + 0.001 9** 0.0326 = 0.002 8**

-2y 0.0290 + 0.002 1 0.0428 +0.0037 0.0208 +0.0015 0.0295 +0.0026
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Tab.3 Comparison of measurement results by different methods

Tk RMSE/mm Planarity Error/mm SEHIFEN /s
EUG =K 0.0497 + 0.003 8** 0.0128+0.001 1%* 0.064 + 0.004
W E>] 0.0482 + 0.004 2+* 0.0095 + 0.000 9** 2.684 +0.100

AR AL = 0.0286 = 0.0023** 0.0078 +0.000 7%* 0.071 + 0.005
R G WIR L) 0.0395 + 0.003 0** 0.0051 + 0.0005* 0.184+0.012
T v A E RS 0.0291 £ 0.002 4** 0.0073 £ 0.000 7+* 0.263+0.016
E/spS 0.0226 +0.0018 0.004 6 + 0.0004 0.342 + 0.020
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g 301f ¢
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Fig. 5 Comparison of surface flatness profiles for a 3mm

gauge block
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Fig. 6 Comparison of PCB surface reconstruction results:

(a) original fringe image; (b) point cloud before and

after super-resolution
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Tab.4 Reconstruction errors of different methods in the pin region and crystal oscillator package region
X4 Tk MAE/mm RMSE/mm STD/mm MaxAE/mm Planarity Error/mm  ~“F-JFER/s
EUEBL =YK 0.1753 +£0.0120%*  0.2057 +0.0160**  0.0951 + 0.0085**  0.560 + 0.060**  0.0201 + 0.0020**  0.066 + 0.005
3l TR 0.1721+£0.0140*%*  0.2184+0.0180%*  0.0758 £0.0070**  0.590 + 0.065**  0.0185+0.0018**  3.126 £ 0.130
AHRIL =YK 0.0485+0.0040%*  0.0552+0.0048%*  0.0483 +0.0042%*  0.150 = 0.020**  0.0123 +0.0013**  0.074 + 0.005
ES @RS 0.0254 +£0.0021 0.0298 £ 0.0026 0.0126 £0.0014 0.082 +0.011 0.0081 +0.0008 0.349 +0.020
EE= 01626+ 0.0105%%  0.2416+0.0170%*  0.1180+0.0100%*  0.610+0.070%*  0.0220+ 0.0020%*  0.068 + 0.005
R TR 0.1667+0.0120%*  0.2447+£0.0185*%*  0.1260+£0.0110**  0.630+0.075**  0.0292 +0.0025**  3.184 +£0.135
" AR =T 0.0675+0.0055%%  0.1332+0.0120%*  0.0815+0.0075%*  0.310 + 0.040** 0.0180+0.0016 0.079 £+ 0.006
KSR 0.0221+0.0018 0.0347 + 0.0030 0.0158£0.0016 0.095 % 0.012 0.0176+0.0014 0361 +0.022
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Fig. 7 Comparison of original images and phase results in

100 150
Xipixe!

K 7

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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Fig. 9 Comprehensive evaluation of reconstruction quality

on a complex PCB pin surface: (a) height profile

comparison; (b) absolute reconstruction error distri-

bution
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Fig. 10 Cumulative distribution curves of absolute errors
for different methods within the PCB local ROI.

S iE BV AS TR 5 B AR B S5 B PCB JRif



3 x ¥

ARG, 55 R 2% VR e AR R A 7 PR 35 2 S0 70 = 4RI B ik 13

Sk b ) HEMERE, A SCAEAH TR ROT FIAH [R] Bc i
%M F 451t MAE, RMSE, STD., MaxAE } F-1fi
JERZE, B R N3 4 Fiok . MAE # RMSE T
PEA A B R 22, STD H T I Ml i3 22 55 13 e
&, MaxAE T RAE 5 i b s i 22, ~F- 11 B 1R 22
FTF I SR 2 i B i Ao 1 .

BAE LA 10 YOph 7 5 R AR 4 SR A B E AR
R . MaxAE FRA A ROT N4 3T IR 2 i kK
fti. %iit W % ¥4 % MAE, RMSE, STD #il
Planarity Error #47 Hb %%, AN 136 MaxAE FI-F-14
FERT o G4BT R FH 2 I i B R 3 25 ik
Friedman £54%, 37547 Holm 2 WK IE, *P <
0.05, **P < 0.01, 54 Jrik b . 95% EiFIX
[ UL 6., FT LSCM MR A Z TR, FrpiR
AR LSCM 225 I 12 ANt 5 135 11 A B X
FriR2E, RS S MR 2 | AR AR
2%, FPP SR ZE FIH R IR ZETE N R BiR 2%

T 4 AL ARSI AN, A SO IR AE
MAE. RMSE, STD A ~F-Tii B iR 2= 4845 L0 T
BT CE T o IR ZETE B P BRI S0 #r - LS
XL URARAE A 1 22 8 T X 25 BUE Z M IR .
TR AU AE GOm0, (A S 9 5%
BORBEAN P L TE 5% 530 A1, S BOM AL s = A
AR AR R 22, XFHRZEFENS
DX e A AR RLNE , A T 45 DX 38 U] 52 300 ] A0
WL, TRIE 22 7k iR 25 R T AR 3k 3 i
“LIBET RN o TRBE A 28 ) 45 e I ol R eE )
RS HE R & A BRI GE BT, Sk A B &
(1) JRy P AR X 5 U R B8 o A1 A2 D 22 1), S0 fi
] F AN A A G TR R — 2 A A Y B
FLSL [ IR B X TR S o T R R R RN 44
PEFLARTIAE . AR A = A (AR 22 T T HA%
I R AR AELAZ 0 Sy R o %00 1k R SRR B T i
S, 0 T SR R T 8, R HCAF {8 A AR 6 28 A 21
(4 DX 35 2 77 AR o S U ARV, 300 % DX R A AR A7
T BERIEAI A, 2RI Ay v 22 K IX I 1 A A5 Ot 25
FHHZ R, RSO g U B2 R (G 4k
e (R . JLARTAS IE ) B DR A (B R AT B S sr iy ]
A JE M, [RIEHE I DI A 3 R B A R SO X
R T e AR s o PRLIL, 7 24 iy 5 0 X 35
FR PR BT DX B, T 5 i R A AN [ S 2%
FRI BB LA A8 Ak S5 A7 DR AR iy e AR e M

ZEE RV, T T B 2 Ot PCB R4l i)
HA—E@E M. B MAE il RMSE 4b, 4 3Ci
— At MaxAE LIV Rt sim iR 22 . 4521
7, IR E A AR 24152 22, i ELIs D 1 Ryl
SRS, VW& RO T I 4 IX A
o I EE R
433 ARALERAR A AR IR

R T B RIEAS SO R AR SR S5 A T
PREFRE ST, bR =4 F IR 2240, ASCHE— e
BTN [ 4 BRI R AT L . ELARHE, D[R] —
SRPDCRSGE | [F— AL A AR — B A
FC BT RAR Y i R AR 2 B SR UG SR AR 2 1)
AN AL S, 7R —5 I IX 5 ROI
A 4 0l A RO = R A . A X = A (RN
AT AL AR 3 A | 4 X AR 6 15 25 A SR
HREI T — Bk . TEVAN R, mREEES %
BARUH T ARV, AE R 25 7 i A i
AN L AT — i [R]— 2 I o R AR S 2R 4L
YERHIA

TRATHERRE N5 2 R B S 5 BB AR
EEFIE R GE 1 S5 PR AR . 2% B
A TR 08 45532 AE AL 50 RO AL £ , AESRASE P A%
AN L, FEFR TR, B e 28 A Ak
B L HE RN ROT H Bl 5 445 7 S A0 AR 0 8 — R AH
[ G A s 2R, AR UERI 2R B — 3. TR
it PCB R RS Bl B AR I B R RE—
F, JfaE LT ROT H B G A TE R A A% 22 57, (R IE
iz By 2 AR AR 07 B B 22 S AR 7 38 L A 1) 5
PRI . %S H EA AU TN AN
TR W X SRy AR S5 R I PR HFRE S, — 48 L
kS BEATI A LSCM 225 1 & 25 5 Ak 3

SRy e AL AR Y 2 FE S R 25 S

LS, AR SCRHR R PR LR 25 08 SO SR 2414,

JFAE RO1Q W4l Ge it A4 51 MAE, RMSE
FR 2RI 2E STD, LR FEPRAENS L PR Al —
A e B 158 22 T L M S WA (B R R IR T 5%
S SRR AR S 5 I G PERRE

ey (x,y) = angle (exp (j (¢ (x,y) — drer (X,¥))))
1)

1
phase MAE = N Z (e¢ (x,y)| , (12)

(x)Q



14 RED2E (RgEs)

FExE

1
phase RMSE = /NZeé(x,y) , a3
()2

STD = ﬁ(g;})(%(x,y)—%)z , b
Horr, ¢ (x,y) FRon T By 18 45 3 i e 22 A1
DL, bree (x,y) RS AL RN, angle()FnBFAH
o7 ZE WIS [E] X [B) (=, 7] B9 JE 31, NoA ROT Q
WA R R, e AR R PR R 22 I E .
FARUE G, BT A H A7 vk 34 Hy ] — 241K
G3 R SR B UG AR B, JFAE S s R BCHE S
TAHIA] RO NGEi LR AR R =48 r

E11 Hr, (a) 45 1 T Jr e o |0 IX 8 1) 45 2
ROL; (b) A ZH A EAHNL; (0)- (e) 73 3 h R XL
YRR A = YA 5 A SO 245 B4
FERADI G5 (D-(h) 2 = Fh 7 AR 2% 45 1 10
AR AR ZE AT . OB RR A 12 fin ]
T

(a) Fringe ROI (b) Reference wrapped phase

(c) Image bicubic (d) Phase bicubic
: __

&

(f) |Agp| of image bicubic

(e) Proposed

; (g) |Ag| of phase bicubic
B 11 AR AR B R R H

Fig. 11 Local comparison of phase-domain fidelity per-

(h) |Ag| of proposed

formance.

B 11 R, B =i A S | I 2k
By R AR LB AR S AN LR AR, 1% 25 75 4
Gty RO ) J5E DX Il P B DA A8 5 AR X = 0
{ELRES 55 ' ot AR EL 5 AR AR 2 0 30, {E1E

AR BRIT R PR 14 DX I AT 2 B0 — S R 8 i il
s L Z N, A SO A KR S i G P X
W 5225 G5 R AR I e — B, AR AR
22 EEEPEBAIEEIN, R T 4ER R
S SRS A B TS #h AR SR R IOT
[ K FC AR B 22

W

_3 L eference = Image bicubic = Phase bicubic = Proposed
L L s s L L

0 50

Wrapped phase/rad

100 150 200 250 300 350 400
Pixel position along profile

P12 R 1 i i 4 B AR I X L
Fig. 12 Comparison of wrapped-phase curves extracted

along the marked profile line in Fig. 11.

ML 12 0TI Y, FEAR BB 15 | B2
G, G = A i 26 0 45 ) 3 B R
J5 T I/ INIE A A% 5 AR X = AR {1 R SR T AR 35y
S, (B FE R T BRI A B AT A AE 1 25 U A 2%
() BLGE s AR SOy AR B R A 50 T 5 2 2% i 4R
PRV 3o I B B % Jr i e Sy T B kg —
B REERRY, AR SO IR 5 28 (R R A%
14 [ 5F , B8 408 B - by (R 45 4% SORE A7 1) J) 75 L AR
550

M1 & 5 AT UL, AS ) 3 3 VA e AR 3 1)
B2 AE A 22 5 o RS R = YK 3 L 1)
phase MAE, phase RMSE FlIAH{ 1% 22 bR 2243531l
4 0.092 rad. 0.124 rad A1 0.083 rad, 136 B H 78
SR AT YW IS, A S IR A AR
A 1 IE 5% S5 48, AT A6 AR A7 5 g ad A b 5 AR
A S 14 SRy R AR o A X = AR ALK R FE hr
S A % 0.050 rad. 0.074 rad F1 0.054 rad, 3
W AR 7 S A7 (1 RE 8 7E — o R B b 3 A 't i Bl A
HXF 25 SO 6 2R 1Y ELIE IR, (3 i T HOoR
A% ) [R) YRS W A%, 0 AR BT e PR si 20 2% 75 b
BRI S A SRS . MILZ T, &
SCH Y phase MAE, phase RMSE FlAH A 12 22
b 1 22 #F — 2 B AR = 0.028 rad, 0.037 rad Al
0.025 rad; AH# T EG W = AHE, 751 T 12
69.6%. 70.2% F1 69.9%; FHHE T AL = KA (A,
I3 HE— 2 T FEZ 44.0%. 50.0% 1 53.7%. iX



3 x ¥

ARG, 55 R 2% VR e AR R A 7 PR 35 2 S0 70 = 4RI B ik 15

WA SCT7 AR T 23 R R AR 5 BE 09 [R] I, g
% AT O R A7 R B AR L 45 44 ) — B, Il
T3 25 DX 35 R AV A ) B DX I AR 7 18 25 T L A

1113 i = 24 B R P S T (3t B B A AT 3 o
Wi

x5 AEFEEBMEPHEELR

Tab.5 Quantitative comparison of different methods in the phase domain
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Tab.7 Robustness analysis under different image perturbation conditions in the PCB pin region
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