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interpolation may distroy sinusoidal property of fringes, the interpolation direction is in consistent with local
iso-phase lines under curved fringe conditions, and errors in low-modulation regions tend to diffuse. Accord-
ing to these problems, a measurement-oriented phase-preserving fringe super-resolution resampling method
is proposed. The super-resolution operation is performed in the gray-image domain, phase-domain quantities
are used as physical constraints. First, a normalized carrier intensity index is used to perform structural de-
coupling on fringe ridges, valleys, and transition regions. Moreover, 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. After local correlation refinement and two-di-
mensional total variation regularization, the original fringe images are mapped to the fringe alignment 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. In the 3 mm, 6 mm, and 9 mm gauge-block experi-
ments, the proposed method reduced the mean absolute error from 0.029 0 mm to 0.020 8 mm, 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-dimensional reconstruction stabil-
ity. In the pin region, compared with image-domain bicubic interpolation, the proposed 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 0.012 6 mm. The proposed method improves phase consistency after fringe
resampling, increases point-cloud sampling density, and reduces local reconstruction errors in the selected
PCB regions. This super-resolution process should be interpreted as sampling-grid densification and interpol-
ation-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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WIBA A B S, (B T S8 e L 1 22 DU RN Tlk
RGE

®1 TEFEESUHERMNIIEE
Tab.1 Comparison of dominant computational costs

among different methods

Jrik ] S A ZE S AR 3
XA R OR-C'F) OR-CF) CPU
PRI E OR-C'F) OR-CF) CPU
ESOIEN O((NJr?éTt\zl))'R'G OR-C-£+R-C) CPU
W3] O(R-C-), k> | O(B/gclce}tzs)ize+ GPU;/;%EU”%

4 SEBEERL ST

R ARG UEA SR A A R, 5 T
&l 4CR I WAL R BT 7 19 485 44 1 512 56 °F-
BHATERE . MRS NS — 6 TI-X20U 454456
KRR, PR N2 592 pixelx2 048 pixel; — MV-
CA050-20GM T AHAIL, 43 BER AR 2592 pixelx
2048 pixel, 1423 K 500 J7, SREEWIZHN 60 fps, H
PLVCHEL ) BE L A2 1E N 25 mm,

BT A 8 S i ¥ b s FE R4 10 IR IR
SR B IR AR SR B EUR, DIRIE
A S T B SR A A R R R AR RS 1, T
YR I E IR 2w R LA
7 (mean + SD)E/R . 95% EAR X [HIHE X2ty 97500 X
SD/ V105, ot tg.97500 = 22620 FRLEXTIR2E
(MaxAE) 2& R %5 RO A A i 4 0 15 22 1Y
KAB o X T8 43 BT 5 45 3T b, SR FH RO ¢
R 3058, Wilcoxon £F5 Fku i . X T2k K,
K FH 52 D 5t PR [K 227 22 43 BT 81 Friedman K550,
JF R A Holm J7iE#kAT 2 8 WA IE . MK
5N P <0.05.

(@) Structured light generator

Camera

Object

K4 SSHPDEREE (a) WERI K (b) S5 55
Fig. 4 (a) Schematic diagram of structured light system
and (b) photograph of the experimental platform

4.1 FREEPREETN I

VR FHA SO BTS2 04 15 4 B AH i
AR ARG A TR PRI 200 A A4
() LG 2 BCEMR R SE 324 pixelx256 pixel, JiF
P& AU AR R s ey SR A 25 A A T
T, ¥ 5 B MR TR FE R 1296 pixelx1 024 pixel
(A A, T I 6 AR L fi B T o T
ot B SRR SR FE AR I, AR 2 R g 5L
B HEREE T, XTSI 3 mm,
6 mm 1 9 mmy i, BEGETE S 40000 ps.
A LI oph S T A R AE 10 R, S5 N 2 TR,
R R UM RME2E RN . A 7 R AR
[F] RO, #RE S 4. a5 2 WAL B A5 1 4 S R L
W, FTH 3 mm, 6 mm A1 9 mmiz B FRFRIEA
Hi5E BN 0.3 pm, B 0.0003 mm, i T SC45 46
REMEHRIRZERER . REWEERER, HL
FNEE Y B 5% 48 10 - B B 1R 22 50 B4k
0.06 pixels F1 0.07 pixels, 14k T WAL K K- £
R 25 A BT B AR R 1R 22, B HRAR AL A RS
PRaE . AEOLARSE . HRFERLE = A IR ZETEN Y
CREETR2E . A R TR ROL, A5
SR LA R R R F
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Tab.2 Comparison of measurement results under different resolutions (mm)
ey TP P
MAE RMSE MAE RMSE

3mm 0.0253+£0.0018 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 £ 0.0012** 0.0332 £ 0.003 0**

9mm 0.0345+0.0026 0.0443 +£0.0038 0.0249 £ 0.001 9** 0.0326 + 0.002 8**

T 0.0290+0.002 1 0.0428 +0.0037 0.0208 £0.0015 0.0295+0.0026

B LA 10 Yoph Sy 552 RAE G SR 0 S bR
LR, N 2 Win . WA HEE 45 58 0 Bt
2E JLR HBC X ¢ K656 58 Wilcoxon 155 BEAG 56
s

H1 ¢ 2 W, AR SO TR A RS i A S
FHHRZEI I BIK, MAE FXMEH 0.0290 mm
FEA%E] 0.020 8 mm, MK T 28.27%; RMSE “F-HI{H
rH 0.042 8 mm [AIKE] 0.029 5 mm, K T 31.07%.
FHZITIEAERR T A = % B B R, A BRI T
AR ZEI G T R 1 LT — 2k
42 HRSLIRLER IR

SREE ¢ LA IE” 5 R Rl A B
BV, LB [R5 SR s AR, A SCET T

RSB, Xk HE 5 YA AL A RRO = A (YL 2T
TRIE S ] R PRI 73 B2 AR X = ORI EL L K
AT ERER . BT 3 mm EHAEYRTRS T
AR G Bl 258 i X, SBok AR
R RS e X G, HA B bt WL B A L
oo [RINTIAEHEE R ZEFE bR, RV H 5 = B
A VI 07 AREE RS, T PR AP 3R A A
Fidk o Horp, BREE > B2 R A SwinlR 4x# 73
BRRL i T A TF RN 2R R 2 w1 F AR IR R
WIZAT 55, ARSCEARME B T AT 28U i
PTG 73 ] RS 5, AN BT 2R SRR A T80
SMAIE . SEBREIE AN 3 R . 18] 5 Ry =R
J7 1 AR SCIT AT B B - v P B

®3 NEFEMNEBLERIEL

Tab.3 Comparison of measurement results by different methods

ik RMSE/mm Planarity Error/mm ARG/

PR =K 0.0497 + 0.003 8** 0.0128 +0.001 1** 0.064 % 0.004

R 0.0482 = 0.004 2** 0.0095 + 0.000 9** 2.684 +0.100

AABLL =T 0.028 6 = 0.002 3** 0.0078 + 0.000 7** 0.071 £ 0.005

B (LR REIE ) 0.0395 = 0.003 0** 0.005 1 +0.000 5* 0.184 +0.012

ST CEAUE RS 0.029 1 = 0.002 4** 0.0073 % 0.000 7#* 0.263 +0.016

PR r ik 0.0226 +0.0018 0.0046 + 0.0004 0.342 £0.020
sosl B L 10 VOB T RS TR H (b
oo § RRFOR . o R R bt
£ ig; - TR, NEAEFIFER . Geitor bk I 2 I
'ED 2991 R R T 255k Friedman K256, I35 Holm
2081 ZHEHEKIE, *P <0.05, **P < 0.01, 5 Jr

2971 , L

2 3 4 5 6 7 8 _ N
positonmm e 3 M 5 TR, A SO BEAE T LB b

K5 3 mm brifid HR A 2 P 1f RE 7 T4 b
Fig. 5 Comparison of surface flatness profiles for a 3 mm

gauge block
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R T E SRR T4 5 0 i s R AR
P T A A B 1 AR, AR SORE PCB Ml {4
=S A AT T AR XS e, an &l 6 CRZ I D A
HL WO TR o

K6 AT PCB R HEEMCR . (a) Ik FKLA
185 (b) sz BRI X HE

Fig. 6 PCB surface reconstruction results of the proposed

method. (a) Original fringe image; (b) point cloud

before and after super-resolution
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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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Height profile reconstruction comparison
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Fig. 9 Comprehensive evaluation of reconstruction quality

on a complex PCB pin surface for different meth-

ods. (a) Height profile comparison; (b) absolute re-

construction error distribution
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Fig. 10 Cumulative distribution curves of absolute errors
for different methods within the PCB local ROI
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Tab.4 Reconstruction errors of different methods in the pin region and crystal oscillator package region

X35k ViReS MAE/mm RMSE/mm STD/mm MaxAE/mm Planarity Erro/mm ~ “T-XI#ERT/s
EUGB =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
AR =R 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
B = 0.1626+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 =R 0.0675 +0.0055%%  0.1332+0.0120%*  0.0815+0.0075%*  0.310 + 0.040** 0.0180+0.0016 0.079 £+ 0.006
ATk 0.0221+0.0018 0.0347 +0.0030 0.0158 £0.0016 0.095 +0.012 0.0176 +£0.0014 0.361 +0.022




%6

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

433 ARALERAR A AR TR

AT R IEA SO R SR SR S5 R Y
TRIFRE ], B = 4E i @R 2240, A SCHE— e
SO R A HER AT LR . ELAA R, DA R —
GERDCR G A —HML-A S A1 R —H e A
A7 LT SR AR I o KA 3 B SR s B SRS 2 Y
WEAANAE A IS, 72 R — 5| X 5 ROI
PN 53 ) LU PEGOW = IR AL« A 57 3L = KA (L F
S5 AL A . A XA 1R 22 LA SRy
PRI — B, FREULINE, SRR E S
BAROUH T ALY, AMER 2Tk,
AT T AT G — {1 FH R — 2 AR A3 HE A RS SR 2L
YERHA

o PR A5 o R B 2 25 B AE AR i
FNEEF 6 R G0 2 T PR . WS 2
5 TR) 8 4552 AR B DU A Ff , (EL SR ASE A%
AN PR, FEAA IR ZETHART, B SeiE a2 ] A
FrC i F ROT H B SF0K PO 240 ZE AR 52— AH
[ G A R, TR UERI T2 & —3 . TR
Rt PCB #E A AR F 3l HEGEARNAC B R EF
—F(, Ifid i ROL H SR 1SR A A 22 57,
Iz Bl 25 AR AR I B 25 S 6 AR 38 L e i
MR TN %S HEARN AT A
[Fi) L SR AE SR %t S AR 25 4 () DR FE R 7, — 4
JUATAS BEATSLA LSCM 221 455 5 A ik d

Ry G A BE A G 2 R IR R 22 G i

2, AR SCRHR R PR AR 22 0 SO R 2514,

JHAE ROLQ W4l Ge it A7 51 MAE, RMSE
PR ZPREZE STD. LR 48R L B2l — 4k
JEE 15 2 HE S B bl s WA (B R IR T 2R 4
(1) JRy AR 4 221 5 i SR PEARHE

€y (x’ y) = angle (eXP (] (¢ (-x’ )’) - ¢ref (-x’ y))))

(12>
1

phaseMAE == > [e,(e) . ()

(x.y)eQ

1
phase RMSE = ’ﬁ Z e;(x,y) . (4
(xy)eQ
1 .

STD = m(}(;g(eq,(x,y)—e(ﬁ) , o (15

Hor, ¢ (x,y) Frnf ey i a5 21 A9 e 2L A
DL, rer(x,y) NS H AL ML, angle() Ferm KA
57 2% B 55t [8] IX ] (—m, =] 64 S50 35F, Nl ROI Q
WY SR E B, e MR R BARN IR 2 e, 13
B MR IR AT, B 1 B i IR IR S
¥ Hy [7) — 2l A1 A PR A RIS A5 31, A 58
B2 [ S T A TE] ROT N GE T F iR A 1% 2%
b3

FEA S AR B BE 1Y R o He g S an 11 G
BRI D BT . AR 2o B 120%
P10 ) b W) s ) T 2 A7

B ARG MR R T e (a) e s | I IX iy

B ROL (b) 2B W EANL; (o) ~(e) BRI =

AR AL = AR 5 AR 3OO 12045 31 A9 f0. 22 A0

FLE5R: (£)~(h)3 FpITEEARR S5 45 R e X AR (L
WM

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

formance. (a) Fringe ROI of the selected pin area;

(b) reference wrapped phase; (c)—(e) wrapped

phase obtained by image bicubic interpolation,

phase bicubic interpolation and the proposed meth-

od, respectively; (f)—(h) absolute phase error distri-

butions of the three methods relative to the refer-

ence result
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Tab.5 Quantitative comparison of different methods in the phase domain
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Tab. 6 95% confidence intervals of the main error metrics
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Tab.7 Robustness analysis under different image perturbation conditions in the PCB pin region
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