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Method for Improving Accuracy and Measurement Speed of PMP
Using Error Diffusion Binary Encoded Sinusoidal Grating
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Abstract Projecting a binary encoding sinusoidal grating calculated by the error diffusion algorithm can not
only solve the problem of the effect on nonlinearity of a digital projector but also improve the projection speed
by taking the advantage of binary high—speed switching characteristics of digital micro— mirror in digital light
processing (DLP) projectors when a digital projector is used in the optical measurement system. As insufficient
resolution of projector can degrade the quality of the electronic binary encoding sinusoidal fringe pattern, it
influences the measurement accuracy further. Two typical encoding algorithms of error diffusion (Floyd-
Steinberg distance weighted and Serpentine raster Sierra Lite) are firstly compared. Then, aimed at the problem
that the quality of sinusoidal grating is not good enough to be suitable for the high accuracy measurement when
high density binary encoding grating is projected by a DLP projector with lower resolution because of the less
number of the sampling points in a grating period, two resolutions are proposed: One is that a cylindrical lens is
introduced in the light path of the measurement system to smooth the resulted binary encoded sinusoidal grating
along the grating line direction by the optical convolution operation of the lens. The other one is that
superimpositing multi-frame binary encoding sinusoidal gratings with different microstructure is used to reduce
the standard error of the binary encoding sinusoidal grating and guarantee the accuracy of phase- shift
measurement method. The proposed method not only takes the advantage of high—speed characteristics of DLP
projectors for projecting binary images, but also improves the sinusoidal characteristic of the binary encoding
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sinusoidalgrating caused by the limited resolution of DLP obviously. Simulations and experiments both verify

the validity of the above two methods.

Key words phase measurement profilometry; DLP projectors; error diffusion algorithm; binary encoding
sinusoidal grating
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Fig.2 Schematic diagram of two dimensional error diffusion
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Fig.8 Results of measuring the plane using different binary encoding sinusoidal gratings by PMP method.
(a) Reconstructed phase distribution of the 100th row from binary encoding sinusoidal gratings by different methods;
(b) phase errors distribution of the 100th row
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Fig.9 Measurement results. (a) Deformed binary encoding sinusoidal fringe pattern; (b) the reconstructed phase after
adding cylindrical lens in the system; (c) the reconstructed phase after superposing multi—frame gratings;
(d) the reconstructed phase after superposing multi—frame gratings with cylindrical lens;

(e) phases of the 400th column of the object by different methods
121201-8



51, 121201(2014) HMYSEMNYEBEIZFHE www.opticsjournal.net
6 %4 it

WE 1 H ] DLP i 3 4 e, 5052 —oodm it 12 sZOCHE SR A ) . &1 X5 DLP 832 AU T2k T 45 4y O i
WY ' 2% = 24 TR I et 2R 00 1 45 52 26 5 o) 388 58] 110 43¢ 52 Al e P 52 v R 44t o 38 552 T2 [m) AT, R T8 25 1 B 1k
LT Zon g S OE 5% G M 4R AR, R TG A 2R G 0 I8 DR D R P L 15 3 IE X MR B ) o0 g B TE 5500
M. i€ X e T Floyd-Steinberg #i & Jil AU Sierra Lite i ™ 1 41 i 195 Fh i 51§58 22 5 55 1k 3045 09 6 M
TESZME BT X DLP B2 A 73 B A 00 BRG], 4 Hh P b 25038 O 2k« 1) R AT 35 85 4 BRUVE T FE Bl O 1) % — ¢
i B 1E 5RO AT s P 5 2) 2 2 R S (6] B0V 25 A B DM, SR DBl /N IR 22 DT B IR 25 . SEER BRIE T
PR A R . % Or A RN T DLP #5E —AE EUR 0 S R vk, W s T i T DLP 43 JE2f
PR S 29 — o0 2 B 1 5% G Y 1 X PR 22 A IR, B R T PMIP I ARORS

& % Xk
1 Su Xianyu, Li Jitao. Information Optics[M]. Beijing: Science Press, 1999. 306-338.
0, ZEARFE . f5 Bot2E M. b ET: B MikE, 1999. 306-338.
2 Frank Chen, Gordon M Brown, Mumin Song. Overview of three dimensional shape measurement using optical methods
[J]. Opt Eng, 2000, 39 (1): 10-22.
3 Da Feipeng, Gai Shaoyan. Grating Projection 3D Precision Measurement[M]. Beijing: Science Press, 2011. 130-146.
KM, SRR e AR T (M. b B AL, 20110 130-146.
4 Zhai Aiping, Cao Yiping, He Yuhang. 3D measurement with orthogonal composite structure light based on two—plus—
one phase-shifting algorithm[J]. Chinese J Lasers, 2012, 39(2): 0208003.
BZ, B 45, T T B T2+ VRS B 0 D A B A 0 = eI Tk [J). i O, 2012, 39(2): 0208003,
5 Tian Miao, Zhang Chunlin, Quan Weilong. Correction of height measurment error arised from coordinate confusion in
FTP[J]. Laser & Optoelectronics Progress, 2013, 50(6): 061202.
LB, SRARAR, B T 8 R v A 6 B A e ol T A AR TRV T 7 A Y s I A 5 22 B I [J). OB S5Ot T R, 2013, 50
(6): 061202.
6 Chao Yiping, Su Xianyu, Xiang Liqun. The spatio—temporal characteristic of DMD[J]. Laser Journal, 2002, 23(5): 16—18.
5T, S A, T ST RE . BT GOEE A e s R (). MO 2R, 2002, 23(5): 16-18.
7 S Zhang, D V Weide, J Oliver. Superfast phase-shifting method for 3—D shape measurement[J]. Opt Express, 2010, 18
(9): 9684-9689.
8 SY Lei, S Zhang. Flexible 3—-D shape measurement using projector defocusing[J]. Opt Lett, 2009, 34(20): 3080-3082.
9 Y Wang, S Zhang. Comparison among square binary, sinusoidal pulse width modulation, and optimal pulse width
modulation methods for three—dimensional shape measurement[J]. Appl Opt, 2012, 51(7): 861-872.
10 Y Wang, S Zhang. Optimal pulse width modulation for sinusoidal fringe generation with projector defocusing [J]. Opt
Lett, 2010, 35(24): 4121-4123.
11 G A Ayubi, J A Ayubi, J M Di Martino, et al.. Pulse-width modulation in defocused three—dimensional fringe projection
[J]. Opt Lett, 2010, 35(21): 3682-3684.
12 Cheng Ju, Su Xianyu, Xian Tao. Study and application of binary error diffusion grating in phase measuring profilometry
[J]. Journal of Sichuan University (Natural Science Edition), 2006, 43(3): 5565-560.
OB, R, R V. SRR DU RS B R h T U 22 T BOGA 9 A 5T SR T[] DO R 2 (A AR B IR, 2006, 43(3):
555-560.
13 Floyd R, Steinberg L. An adaptive algorithm for spatial gray scale[J]. Proceedings of Society for Information Display,
1976, 17(2): 75-77.
14 Knox, Keith T. Error diffusion: a theoretical view[C]. SPIE, 1993, 1913: 326-331.
15 R Ulichney. Digital Halftoning[M]. Cambridge, MA: MIT Press, 1997.
16 Lii Jiangzhao, Da Feipeng, Zheng Dongliang. Projetor defocusing profilometry based on sierra lite dithering algorithm
[J]. Acta Optica Sinica, 2014, 34(3): 0312004.
BV, 35 EMG, A AR 52 . 3 F Sierra Lite £ 30 5515 i WU £ BN £ [J]. St 224k, 2014, 34(3): 0312004.
17 V Srinivasan, H C Liu, M Halioua. Automated phase—measuring profilometry of 3—D diffuse objects[J]. Appl Opt, 1984,
23(18): 3105-3108.

121201-9



51, 121201(2014) HMYSEMNYEBEIZFHE www.opticsjournal.net

18 Zhu Rihong, Chen Jinbang, Wang Qing, et al.. A new method for phase-shifting interferometry: a four—step overlap
average method[J]. Acta Optica Sinica, 1994, 14(12): 1288-1293.
KB, R, T8, & BT W ARN —F 0 Bk S T3k I b2k, 1994, 14(12): 1288-1293.

19 Yves Surrel. Design of algorithms for phase measurements by the of phase stepping[J]. Appl Opt, 1996, 35(1): 51-60.

121201~ 10



