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Fig. 1 3D measurement process diagram
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Fig. 2 Overall architecture of the modulation—guided attention network
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Fig. 3 Architecture of the global feature perception module
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Fig. 4 Architecture of the modulation-guided module
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Fig. 5 Architecture of the virtual 3D measurement system
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Table 1 Random parameters and ranges for dataset generation

Parameter Range
Fringe frequency [50—90]

Power of projector/ W [2,30]

Metallicity [0,0.8]
Roughness [0.2,1.0]
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(a) (b) (c) (d)
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Fig. 6 Partial data from the dataset. (a) Degraded fringe pattern; (b) Ideal fringe pattern; (¢) Sine component label; (d) Co-

sine component label
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Fig. 7 Original fringe patterns of two typical highly reflective scenes.
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Fig. 8 Comparison of recovered cosine components, sine components, and cross—sectional wrapped phases under different highly
reflective scenes. (al) - (a3) and (d1) - (d3) Recovered cosine components obtained by the traditional three-frequency
four-step method and the proposed method; (b1) - (b3) and (el) - (e3) Corresponding recovered sine components;
(cl) - (¢3) and (f1) - (f3) Comparison of the wrapped phases and their cross—sections.
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Fig. 9 Comparison of 3D reconstruction results across different scenes. (a) (d) 3D reconstruction results using the traditional
three—frequency four-step method; (b)(e) 3D reconstruction results using the proposed method; (c¢) (f) 3D reconstruc-
tion error distributions of the proposed method.
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I X SR b 2 S Ak BREE T, A8 2 R PFA 48 A i LAl L AUAN 51T AR R DX ST 2 48 X iR 25 (Saturated Re-
gion Mean Absolute Error, SR-MAE) . %4 #7582 # 5 £2 Bt 5% S0 MG rh K B2 (B R 255 B 1R 3 X8k,
I B2 DI N Y — A R A X R 2

I 285 K0T LU Bl U-Net 88897 & SO IR A6 37 5 T 0 Bk BB A XA IR . Bl 22 R 5% 22 S
M BE e (RMSB) B 51 A A5 R X 4% S045 #4923 47 BE 0 15 20 B 248 71, PSNR & 71 2 27.98 dB; #E— L A

F2 HBMEWER

Table 2 Results of ablation experiments

Model MAE /mm SSIM PSNR/dB  SR—MAE /mm
U—Net 0.1339 0.8721 22.85 0.3541
U—Net + RMSB 0.0218 0.9236 27.98 0.1885
U—Net + RMSB + GFPM 0.0118 0.9865 34.56 0.0752
Proposed (Full) 0.0083 0.9943 38.42 0.0256
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4 JR A BB B (GEPM) J , R 28 75 K R BE B Ak IX 38 4 42 Ry 1 F SCHERRE AR g 55, AT 42 T 1 = 4 & 4
o Fa e M L SSIM A 1 0.9865. $icJiT , 478 Bk R 4 vh 51 AR ] 5| AT H (MGM) I 44 i 78 BB RS L %
TPEA 8 45 2938 B e 7K 7 o e, PSNR 5 SSIM i — 5 32 71, B A& MAE B 2 0.0083 mm , 3% Fh 4 44 A
B TE, LR35 T MGM Xt R 5O Xk (0 A 8% Ak B« 2455 e 3 3k 3o 4% S0 4R 1 A1 2 ) 66 BEE 1) 1410 I 5 1 5, fili
AR St B 04 A R IX e R 4% 22 (SR-MAE) M 0.0752 mm U /0 & 0.0256 mm . 3% 7843 3iFE B MGM i
T BEL T 1 J5y 0 8 s e 7 e 4 Jo R I 19 95 % 3 3k 5k R Sy 0k A, S B K g T A A R R RE AR T
IR RIS B A SCHE 1 IO 2% TR R A5 A A D e O SR 1Y JR S G T IR A B A o R RS

R R 5 B S RSN A5 A0 37 KR g KRR A Ik SRS JBE 1 5% ), A S ) A T 45 3 BT 8 R OAS [ B
B B 0T ) 2% R AT F B U 50T AR SR AR R AR %R RE . AN 10 BRSO AR T 1000 SR I 2% PR
T3 2 ZREVERAE AR R DL Ik i 3 5 R 22 8 e B A B R G, 15825 1 3 R R, T AR IR 81 2000 R A2 A
T R 8. 3k 3 W 2000 Fk B K5 H 55 B B TR 55 2 08 F & A 3R I RRAE 8 I 45 BE NS 7T o 2 S OR R
Wk .

MAE /rad
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Fig. 10 Phase mean absolute error curve under different dataset scales
22 ERRFIRE
o B UE T4 5 AR R RO BT A O AR SRS T Ol I S R G O AR T AR E TR B &R
G250 24 3t JE AU K R 0T 58 UM 28 I 2 o % R B8R VisionFly6500 #5243, o3 #E 40 19201080, K
BRFE W45 K ecod1SMVGE MHL, 43 #E R 780 X< 580, fi £ FH AE 10 8mm 1Y 2 £ 5k, RAE M M
9 198mm X 152mm. P& 0 R WA 11 077R

H1l =#MERREH
Fig. 11  Architecture of the 3D measurement system
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Table 3 Results of calibration experiments

Parameter Real system Virtual system
Focal length (f,, f,)/pixel 1009.49, 1009.59 1013.42, 1012.16
Principal point (¢,, c,)/pixel 395.93, 304.00 395.85, 304.74
Camera ) ) - —0.1015,0.1966 , —0.0986,0.1876 ,
Distortion coefficients (k;, k., p;, p,)
0.0025, 0.0000 0.0000, 0.0000
Reprojection error/pixel 0.12, 0.16 0.08, 0.10
Focal length (f,, f,)/pixel 2958.79, 2959.21 2962.74, 2962.10
Principal point (c,, ¢,)/pixel 1050.16, 554.25 1050.70, 552.14
Projector » ) o 0.0751,0.3602, 0.0735,0.3614,
Distortion coefficients (k;, ks, p;, p.)
0.0036, 0.0000 0.0021, 0.0000
Reprojection error/pixel 0.46, 0.45 0.24, 0.22
Translation vector (T, T,, T,)/mm 94.78, 26.70, 287.62 93.07, 24.56, 290.68
System pa- . " 2.06, —23.75,
Rotation Euler angles(R,, R,, R,)/ 1.60, —24.20, 0.04
rameters ' —0.51
Baseline distance /mm 304.74 306.20

RIBM THEHLRE SRS E R, FTUER  HEEMILSBZ NN CENS L EARR
— Bt UAMNLEBRSE O H], B R GS RG0S 22 ¥ /N F 0.4%, 2 S A bl 22 5 il AE 1R R
DL s 6 FHOGE AU S 8, B RE R Z RIFE /N T 0.2% , T 5 25 290 2pixel, FEBGAESHOT T, ME RGN #E
I W A8 2R B0 Ak B AR R — 380, 3R W18 a7 003 S5t e b e A SRS B0 Kk A AR Rk LR e R BT AR
A AR R A A Ry W B b P I LSO 2 RGP AR B R R . ARG ST AL BB R G S A
S FR G 1 T BR B A1 e 22 Y P I AE 0.6 AN, SEZRBE B IR 25 (0 1.46mm, T IRl 1R 25 R0 TE T #0728
e R G5 LS B AR G0 AR R R RN 25 0] LA G 2R L B R — B B8 ) DS I b B AT A AU L

Sk S8 UE AR SO 0 R RO A TR T 4 M R L S50 43 B R DC-UNet ™ \HDRSL-Net™* 3¢ H
P9 7 35 UL AR S 2% 7 ik ) 22 FE R G 7 (Multiple exposure method, MEM) #E47 X} He o A T AR IEXT L
ST T A T 28 35 A R T 1 5000 2 AR M2 DI R 2 8 T SR B8, SRR e B0 T — A B8 g RO IR AR Ry
WX, an e 12 fros , B 12(a) (o) R T A [ LA REAE 09 /85 5 0 4 T8 T A% S 0, A 8 12 =2 i 8 L 4 ) [ =5
SHALIE I 12(d) - (0 W2 30T A AL AR B AS TR 28 44 1 A8 T 2 S0

G RSO T = A B A S AR AN TR R 2 2] ik AR R IR X B S R R R E AR . a5 R
B 13 TR o B 13(al)—(a3) . (b1)~(b3) 5 (c1)-(c3) 43 5 B /R T = Fh 4 J& F 14 929 % A DC-UNet,
HDRSL-Net 57 305 645 8 1) 42 5% T 25 5 5 16 13(a5)—(a7) . (b5)—(b7) 5 (¢5)—(c7) W 43 51 Sk X6 B 7 45
FIIE LI EE R . K 13(ad) . (b4) ((c4) FTE 13(a8) . (b8) . (¢8) 4 HIHE ML T AR ik VA 2% i ik fr 4l
SN B AR SR IS T 5% S5 I RS AT X o DA X b il e rp Rl DU Y 7R AR R S % SRRV Y
& JE R R AR R A S B RS T IE XK IR 1k &, {H DC-UNet 5 HDRSL-Net J5 %
A MR AR SR AP AE — MR R i sh 5 R R B . M2 AR SO T BB A% A kb B o 4 i 2 i v O
W4, 2 B R I T S T O .

B 14 R T AR 7 e & O 4 8 T B A R O R . b B 14(al) - (a3) B/R T 22K
JA 43 51 2K ] DC-UNet \HDRSL-Net 5 A 35 32 K 52 45 21 1) 40 28 A0 7 45 5 5 6] 14(b1) - (b3) FE] 14(cl) -
(c3) 5 B4 T 4 Ja 15 55 AT A AL S 40 76 R ) 3k A8 56 g A AR 97 40 A o T 14 (ad) (b4 ) AT (cd) $REHL T 41
SR A B A A AL 2R . GE AT LU B ik AR BB TE — i R LR v O X R A
PEAE B AR A7 A6 AR R RR BE A 2 A8 S50k sl o AL Z R AR SO iR B 45 81 A9 A B A 3 5 5 2% i 3 T
— B, 2 3% S RT- i PETE L, BB A% A U I B SO T WA R 0 R R AR | BT A LS BT AR AL IR
A SREE
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W12 kA EREAE (- () Z M4 )EEFE Ly E; (d)-(0) M E R B & E
Fig. 12 Photographs and deformed fringe patterns of the objects. (a)~(c) Physical images of the three metal parts; (d)-(f) Cor-
responding deformed fringe patterns

P58 B AR R 5 ROR B 5, F — 20 3 T A AT B 0 4 6k A A8 X B S R RO 4 TR T A AT R
OISR kB R T =g madthal. B I5ER THE2RE £RE S Sal e =Kk T4
B E R, Hop B 150a)-(c) (d) (D) A K (g)— (1) 43 56 7 2% 22 i | 4 J8 [ 35 5 H ML SZ 28 78 DC-UN-
et HDRSL-Net DA KA SCJ5 ik T 1) = 2 8 g 4%

2 4 A 2 THT SR Z ) B T S ARSI iR X3 S SO ) B W R AR . DC-UNet 76 A4 3 5 5 IS B0 T
B 0 (K B s HDRSL-Net SB7E — @ BB LA T RO6 TP H 78 52 2% IR R 55 19 S 44 3 100G 32 473 0 LA il
JEAE IR TR . M2 R L A SO 4K 3 i 4 R R A R A B i A 4% B0 AE RS L P9 ) 4 R — SorE |, O R
SIS A TT 5 86 B A5 B 41L& 08 45 B Il R A ) e e, T 4R T T R AR o SR BORS . S 2
SR AR SO R 0 A JE T A AT A B R 2

BI15() (1) 7R T 45 TR 78 21 (0 il 2 7 i Ak 1 VR 3 3 T % 22 0 A, Hovh 525 B i 22 J I R vk AR I
H P AT L, A7 i 8 OGS S3000 L R R AR ), A% TN 26 A o B DB B TR R R R iR 2 R T .
DC-UNet 7£ 58 S5 4% 0 XA i3 25 il 2 2 500 20 0% B AL 3k A% | Jm) 38 15 22 5 (H & 35 7+ %5 s HDRSL-Net £ 7F —
FERRFE POV TR 22 SN RAE RO E XA A AR B B AR AR IR 2 . MR AR SO TR R 25 i R A
TS L BT AR TR/ B, 5 S5 M — BB m . RS 45 AR, R SCHR i o R S
T T 70 W 2 58 5o TR B il 4 R o S5 R AR R A S, AR 8 A RICRMEE i RO 1 B M BT BB R A LS
FRIREE T R I R ARz A e 5 RS B

kit — 2 B AR VR AL 45 FEIR A i ROR T & R A E R SRR AR SCBI AT B RO & TR R
B o PR, AT RO B SOHTE T A4 B bs KN BE A & AR B Bk, 5 2 2% B IR 3 22/ F 0. 1mm 1Y &
HE . RARIRT =R W AEA R 48 AR B A RO & X L, 52 @b R BOW & 805 B AR 5™ H AR
0 ,DC-UNet 5§ HDRSL-Net7£ =>4 J& TAF B A &R U 74.9% 5 87.020 . MHLZ T A&
S5 AR X i O DX 2 AR AT ROIN A S R, R DR 2 T A R 2 T A L 2 R 4 R
5 5 LSRR SO 5 AR R R T 99.32% .98.93% 5 99.67% o X —FE AR IE B T AR SR 4K 1 B 52 1
PB4 i RO 3 T A I Y 4 R e e S T g

R T HE 25 R VP AL TR O 1 A AL 3 AT 2 v IO AR T I A A R B R SR B — AR T S R B B
PER DR B bR, i 16 fios o & 16(a) & J8 & B i S ke 1 B 16 (b) Sy oG i A8 T2 45 80 B . o] AR
B, 57 4 J@ b R W 2R AR % T S B Y ) 5 O R T AR R T Ak 7 AN T S B R X B T A
FU0 Ja 3 O 5 AR SO RN B G T A3 X UNDG R B N o O T BRI X ] S A I A B o, AR S0 S R
1R A = Ak BRI 5 HL (Coordinate Measuring Machine, CMM) X% &5 B #2847 17 0 & , H-8 2R 00 $ i 16 o =
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Fig. 13 Comparison of reconstructed sine and cosine components by different methods. (al) - (a3), (b1) - (b3), and (cl) -
(¢3) Cosine components of three metallic parts reconstructed by DC-UNet, HDRSL-Net, and the proposed method,
respectively; (a5) - (a7), (b5) - (b7), and (c¢5) - (¢7) Corresponding sine components; (a4), (b4), (c4) and (a8),
(b8), (c8) Cross—sectional comparison plots of cosine and sine components along the red lines, respectively.
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W14 7kt 4 R T ki@ F ARG A o (al)—(a3) 3 2 K B 2 4 X Al DC-UNet (HDRSL-Net 5 A& XX 77 3% 89 @ 3 A (L %
R;3(b1)~(b3) % & [ 5 8y 3 b & FAGLEE R (c1)-(c3) AL R oy 3 i@ FA L R ;5 (ad) (b4) ((cd) A R 77 %A
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Fig. 14 Comparison of wrapped phases for metallic parts using different methods. (al) - (a3) Wrapped phase results for the
flange base using DC-UNet, HDRSL-Net, and the proposed method, respectively; (b1)-(b3) corresponding wrapped
phase results for the metal cap; (c1)-(c3) corresponding wrapped phase results for the motor bracket; (a4), (b4), and
(c4) comparisons of cross—sectional wrapped phases at the red lines.
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Fig. 15 3D reconstruction results of metal workpieces using different methods. (a)-(c¢) Reconstruction results of the flange base
using DC-UNet, HDRSL-Net, and the proposed method, respectively; (d)-(f) Corresponding reconstruction results
of the metal cover; (g)—(i) Corresponding reconstruction results of the motor bracket; (j)—(1) Depth error distributions
of each workpiece along the section line.

R4 ZHPMBZERREEIH ENERR G

Table 4 Comparison of valid point ratios of three networks on different metallic parts

Method Flange base Metal round cover Motor bracket
DC—UNet 72.09% 75.87% 76.74%
HDRSL —Net 85.47% 87.21% 88.37%
proposed network 99.32% 98.93% 99.67%
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Fig. 16 Metallic step. (a) Physical sample; (b) Deformed fringe pattern.
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Fig. 17 Measurement results of metallic step. (a) Multiple exposure method; (b) DC-UNet; (¢) HDRSL-Net; (d) Proposed
network.
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Table 5 Measurement results and errors of the metallic step

=R 1—2 2—3 3—4 4—5
CMM 455 /mm 9.771 9.019 10.984 13.006
Z HEt ik 9.796 9.055 10.965 13.033
258 /mm DC—UNet 9.852 8.909 11.080 13.084
HDRSL— Net 9.818 8.989 10.938 12.959
NSRS 9.803 9.048 10.962 13.031
ZEBECITIE 0.025 0.036 —0.019 0.027
SR mm DC—UNet 0.081 —0.110 0.096 0.078
HDRSL—Net 0.047 —0.030 —0.046 —0.037
ARSI 0.032 0.029 —0.022 0.025

x6 TRMFEBEHNSHES BIRMEREFERXTLL

Table 6 Comparison of parameters and single—pass inference time among different network models

Network Model size /M Single—pass inference time /ms
DC—UNet 40.84 34.85
HDRSL — Net 76.32 101.15
Proposed network 33.45 27.76
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Modulation—-Guided and Digital Twin—Driven 3D Measurement Method
for Highly Reflective Surfaces

ZHANG Boxia, FU Shuai, GAO Nan, MENG Zhaozong, ZHANG Zonghua
(School of Mechanical Engineering, Hebei University of Technology, Tianjin 300130, China)

Abstract: Objective  The objective of this study is to address the critical challenges encountered in
structured light three—dimensional (3D ) measurement of highly reflective metallic surfaces, specifically the
issues of fringe pattern saturation, loss of modulation information, and subsequent phase unwrapping

distortion. To overcome these limitations, this paper proposes a novel 3D reconstruction method based on

a modulation—guided attention network driven by digital twin data. The primary goal is to achieve robust,

high—precision phase recovery and 3D shape reconstruction under high dynamic range (HDR) conditions
using only a single degraded fringe image per spatial frequency. This approach is designed to eliminate the
heavy dependence on traditional multi—exposure acquisition techniques and complex phase—shifting

sequences while strictly maintaining optimal measurement accuracy.
Key words: Fringe projection profilometry; Digital twin; 3D reconstruction; Structured light; Phase

retrieval
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