% 52 K% 5 b Hg oL TR 2023 4 5 A
Vol.52 No.5 Infrared and Laser Engineering May 2023

ATERRAVNENSRFBEENRLURZT]

Tz 31 &Y, 2AEM, RERY

(1 REEIXRF EAIBELE AHNFR RETALL R4
BHEAARRE LT, KiE 300384;
2.EHEHEKRFHENE R HEMNABRABRMNEBDREELE T, L7 100084)

 OE: FOAEHHEARNTUNE SR AT, AIUREA B I e f XK, KRN 8465043 8 XA,
R T AR, A, XPRBET Ao FRAERFARF T E., aA, BEIBRFTE
¥4 & ER, shafe RIRAAT o3, RES AR B, T AR SRR B, MG, ERede
WOLTF, B M Ar iR E A 8, i bafe R aR A 7 £ A04AE B, SR HLABPLE] 2 AN A9 AL A T
e, 3k B 4 e R 3R RUG, ST e R R E AT S AR S, ME- TR R R E ML, A
TG FRBORAAER TR EAL, B AT BAabLE B9 R £ 75| A agu 5 ILR, A AR B
EREL, G, AR BENEIEHEMMNMIR, AT T AR A=, FHEREN.:
IRTERERG VY EREAREERDHETCEG AE R KL, FAT Mot RIFANLLAZ 809 T ER
B, MR TFIAARE T &, B LT ROAFEBEZS AR Y T 40% 42 28.6%, ARMIEZH T SR KL

& s B4
EBIA: AEBEREY; Z4NE;

FEPES: 0436

0 35l

D = IO A DRI I P R SR 1 38
o B SCHT 5 11 0k 1 D' 1 5 X A ) 2 T 6 s 0 A 0
0 A T vk b, MR G IR D7 AN
[, AT oy s A S AC S AE TR, E8h
MR A RIS 2RI/ IR s
Horp, BT 28U 1 I 48 J7 1k BA AR AR A
PR, AR 0 A, il N T A
S 10O SR T A AT S S R B A WIS,
SR A X ISR BOOEH B, B0 B2 A
Oy R BUa R B I AR, 45 R S A A DX o A
PEBRIGR 22, BB A A s s P AL

N TR R RSB RGN 5%, 24

T

Yks B EA:2023-01-10;  1&3T HEA:2023-02-28

RERYRE,
NXHEFEE: A DOI:

%R X sy FUIR AN
10.3788/IRLA20220825

R v S R R T AN [ R 7 5, AL A B
AR N RN Ve R RN A 5/ | N E B
RO STk o REAE A B RIOL AR R Y D 1
GBI A, I ELAR R 00 4 5 A AN ), 3 75 X
B RE O B A, RE R RIGIE AR . ZHEDEE
XY BRI RO ZOR B2, Tk i fe BEBRERT . A
W A% BCBER o 8 e X SR R R T e DA T S B
SRS B 758 , 2607 I B SR AE T 5
R IS BB IR BE R/ . Li S8 NPY R T — b
EBINESAE LS Z5% B 725 % ST Fulv . TS E 3 F 3
£ i (A3 i DR A R B AR B0 o AR R A
18R R B B SR B (E 1 A 20BN, 3 R 1
DI A A S5 B2 AR . Chen %5 NP2 @37 T 4R AN X

EEWH: FR AARRF LS (51835007); KEET H RFBFF 54 (211CZDIC00760), (21JCQNIC00910); T HEHT Tt H -+ A H 5 1 55 L 15

(XC202054)

TEBTE N RRR, &, WA, FENFHLEIE . FRIRALHTT TR oT .
FIBCRIRAEE)E /XK, 5, BIHER, WL, FEAHEHOE OGRS T HIHTS .
BIRAEE: R, B, RISRIZUR, P, ERASOBIRORT & B Ao & 157 mi A .

20220825-1



ISk A2

%54

www.irla.cn

23

Sl S BAE iR 2 RS2 B HE 22 ] A e AR R, 24 T
WEIHE R ONINES T YR P SA QL
NFBEAUSEIR MM A . 5P B AR AL
A R AR R 5 g — R R U I AR i
{6, (HAESE PRI 5y 52 MR 20 o 22 AP R
— b T g R A M X B A% S0 Retinex B3k, (H AR
JIr R 8 AR D SO G . AR AP f
M5 A A5 E Tl P R DX 72 £
TE L R PN 328 A 5 40 R R Y B AR B R
(NP Rr s s RGETIUREE Xite 2SI @ PN
il 2420 BRI, A AR AR 0 DX S ) i (A3 R i R
PRENEOR, R AT AP KRBV, GBS THE
PR AT 8 B g 455 5 B 20 A, (BB R R A i
LEESGE

LR LTI, BEXTBUA T ik A I 3 I A SRR
N i I 5% P i A 2 A6 R AL, s 0 B AR LB
TR G AR A, SCRAR T — Bl e HeF- 8 31
W AR B Tk o TR BRI 5 0 KR, 1D
AT AIBCEAT -0 ) B L B 0 B 0 2R 0 P, T i
R SE R =R . B, MHIARIKESC
P B PR 5 S0 6 R DX I A B, TS AR D O 46
BRI . R, FEAEAINE BT, B S2 w5 P Ao
JEE B AR B0, X 5 B R B 26 SR B X R 5k, OF
58 BB/ IN B 2R SR SO AL R, LR UEAR BL-BEE A
MEPRIBLIAR BE, AR IR AR WA BB 5 5 B, X )R
WSS 0 B AT Z2 AU 5, R TN A i £ 07 7
X IS A7 A 5 SRR3R 50 ELASUS 1, X B A 1%
AL A BEAY IO, BT A G TS I AR AL S
LURRW, MBS0k FBUA St T ik, SO i
$& 7 0 B R RO B RN, PRIE T e R MR L, WIS
B FOCY AR AN XA S B

1 FEF*

1.1 BERELEIE

SRR D R G038 H AR 5 A AL, 8
HS AL AT R AR =GR, B
96, BOEZAL M RF P BE — R Y bt Sk s B 58, Al
HL 4 9 ) S B 11 585 SR, a3 R o 1 A i =Xk
fift IR R S R A X R (B B, AR b o AR A
AR S YRR AR, R IE 1 TR

R SrEe 2 IS L
Fig.1 Principle of fringe projection profilometry
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Fig.2 Schematic diagram of saturation region blocking
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Fig.3 Schematic diagram of smoothing the projection intensity and filling the holes based on polynomial fitting
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Fig.7 Hole filling by different methods and the corresponding fringe
pattern. (a) Before filling; (b) Median filter; (c) Proposed method;
(d)-(f) Fringe patterns corresponding to the above methods are

shown respectively
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Fig.11 Experimental results of first group. (a) Fringe projection result of conventional FPP method; (b) Fringe projection result of Chen’s method;
(c) Fringe projection result of Zhan’s method; (d) Fringe projection result of proposed method; (¢) 3D reconstruction result of conventional FPP
method; (f) 3D reconstruction result of Chen’s method; (g) 3D reconstruction result of Zhan’s method; (h) 3D reconstruction result of proposed
method; (i) Reconstruction result in the saturated region of conventional FPP method; (j) Reconstruction result in the saturated region of Chen’s
method; (k) Reconstruction result in the saturated region of Zhan’s method; (1) Reconstruction result in the saturated region of proposed method,

(m) Comparison of measured height on one row of the three methods
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Fig.12 Experimental results of second group. (a) Fringe projection result of conventional FPP method; (b) Fringe projection result of Chen’s method;

(c) Fringe projection result of Zhan’s method; (d) Fringe projection result of proposed method; (¢) 3D reconstruction result of conventional FPP

method; (f) 3D reconstruction result of Chen’s method; (g) 3D reconstruction result of Zhan’s method; (h) 3D reconstruction result of proposed

method; (i) Reconstruction result in the saturated region of conventional FPP method; (j) Reconstruction result in the saturated region of Chen’s

method; (k) Reconstruction result in the saturated region of Zhan’s method; (I) Reconstruction result in the saturated region of proposed method;

(m) Comparison of measured height on one row of the three methods
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Fig.13 3D reconstruction effects of Ru Kiln tea caddy using different methods. (a) Ru Kiln tea caddy; (b) Conventional FPP method; (¢) Chen’s method;
(d) Zhan’s method; (e) Proposed method
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Block-smoothed adaptive fringe projection for

measuring high-reflective surface

He Xinxin', Liu Bin'*", Wang Chunliu', Wu Guanhao®"

(1. Tianjin Key Laboratory for Control Theory & Applications in Complicated Systems, School of Electrical Engineering and Automation,
Tianjin University of Technology, Tianjin 300384, China;
2. State Key Laboratory of Precision Measurement Technology and Instruments, Department of Precision Instruments,

Tsinghua University, Beijing 100084, China)

Abstract:

Objective Fringe projection profilometry (FPP) has been established in a wide range of industrial applications. Its
key advantages include high accuracy, fast speed, robustness, and non-contact operation. However, image
saturation occurs inevitably in measuring high-reflective surface due to the light intensity exceeding the dynamic
range of camera sensor. It leads to absolute phase errors and 3D reconstruction failures. It is not an effective
approach to address this issue by roughly reducing the exposure time of the camera or shrinking the size of the
lens aperture because the SNR of the fringe patterns would decrease. Therefore, measuring high-reflective surface
is still a challenging task for conventional FPP. In this paper, we propose a block-smoothed adaptive fringe
projection method for high-reflective surface measurement to achieve accurate 3D reconstruction.

Methods Firstly, the saturated region is extracted and then divided into several blocks by projecting several
uniform gray patterns. The initial projection intensity of each block is calculated according to the saturation
degree. Secondly, the surface is illuminated by one set of bright fringe patterns and one set of dark ones in the
unsaturated condition. The absolute phase map in the extracted saturated region is obtained by fusing the phase
maps of the bright and dark fringe patterns. The coordinate mapping between the camera pixels and the projector
units is carried out by the integrated phase map. And the initial mapping projection intensity on the projector is
gathered. Thirdly, the polynomial function is fitted to the initial mapping projection intensity. The function is
utilized to construct the smooth projection intensity curve. The optimal projection intensity of each saturated pixel
is refined. And the mapping holes caused by the inconsistent resolution of the camera and projector are filled
simultaneously. The adaptive fringe patterns are eventually generated. Finally, the adaptive fringe patterns are
projected to the high-reflective surfaces to implement accurate phase retrieval and three-dimensional
reconstruction.

Results and Discussions Two metal parts and one porcelain were measured to verify the performance of the
proposed method. Compared with the traditional and two previous methods, the proposed method is capable of
generating more accurate and smooth optimal projection intensity (Fig.11-13). As a result, the image saturation is
efficiently avoided while the SNR is guaranteed. The reconstruction of the proposed method achieved more

smooth boundaries between the high-reflective and normal regions. Moreover, the reconstruction of the high-

20220825-13
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reflective region had no holes and less burrs. One metal plane was employed to evaluate the measurement
precision of the methods (Fig.14). The measurement error of the proposed method decreased by 40% and 28.6%
over the previous methods (Tab.1).
Conclusions The experimental results proved that the proposed method could generate more accurate and smooth
optimal projection intensity map to deal with the image saturation problem while measuring high-reflective
surface. The ambiguity of the refined optimal projection intensity is also corrected by using the proposed method,
thereby establishing more accurate coordinate mapping between the camera pixels and projector units. In addition,
the mapping holes are filled. The method improves the precision of measuring high-reflective surface effectively.
Key words: adaptive fringe pattern;  three-dimension measurement;  optimal projection intensity;
polynomial fitting;  hole filling
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