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Phase measuring profilometry based on binary encoded

frequency modulation grating projection

GUO Yu-Fan, CHEN Wen-Jing ., SU Xian-Yu
(Opto-Electronic Department, College of Electronics & Information Engineering,

Sichuan University, Chengdu 610064, China)

Abstract: The impact of the system nonlinear on measuring accuracy of three-step phase-shifting measur-
ing profilometry with the traditional sinusoidal frequency modulated grating projection is discussed. A
binary encoded sinusoidal frequency modulated grating is used to improve the accuracy of absolute phase
calculation in three-step phase-shifting phase measuring algorithm. A comparison of accuracy of absolute
phase in phase-shifting measuring profilometry with the traditional frequency modulated grating projec-
tion and with binary encoded frequency modulated grating projection based on Floyd-Steinberg is com-
pleted as well. These results show that the three-step phase-shifting algorithm based on sinusoidal fre-
quency modulated grating template is sensitive to the nonlinear of the measuring system, however, the
application of the binary encoded frequency modulated grating template not only maintains the advantage
of calculating absolute phase from a single set of fringe patterns, but also avoids the impact from the
nonlinear of the system. The new method greatly improves the measurement accuracy of phase-shifting
measuring profilometry based on frequency modulated grating projection. Computer simulation and ex-
periment verified the effectiveness of the proposed method.
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Fig. 2 Binary frequency modulated sinusoidal grating template

(a) Binary frequency modulated grating; (b) Local binary frequency modulated grating;

(¢) Local binary frequency modulated grating after elliptic filter.
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Reconstruction results and error distributions of sinusoidal and binary frequency modulated gratings

(a) Simulated object; (b)One of the deformed fringe pattern; (c¢) reconstruction when y = 1; (d) Error distribution when y =
1; (e) Reconstruction wheny = 1. 1; (f) Error distribution wheny = 1. 1; (g) Reconstruction wheny = 1. 55; (h) Error dis-
tribution when y = 1.55; (i) Reconstruction from the binary encoded frequency modulated grating; (j) Error distribution

from the binary encoded frequency modulated grating.
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Fig. 5

Error distributions of the measured plane by the sinusoidal frequency modulated grating projecting and the

binary encoded frequency modulated grating projecting

(a) One of the sinusoidal frequency modulated grating fringe; (b) One of the binary encoded frequency modulated grating fringe;
(¢) 01 .0, calculated from the figure 5 (b); (d) The distribution of £, obtained from @, .0 ; (e) Reconstruction error distribution of

the plane from the sinusoidal frequency modulated grating; ({) Reconstruction error distribution of the plane from the binary enco-

ded frequency modulated grating.
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Fig. 6 Reconstruction results of the heart-shaped object by sinusoidal frequency modulated grating

projecting and binary encoded frequency modulated grating projecting

(a) One of the deformed sinusoidal frequency modulated grating fringe; (b) One of the deformed binary frequency
modulated grating fringe; (c¢) 61, 0 calculated from the figure 6 (b); (d) The distribution of £, obtained by ;. 0> ;
(e) Reconstruction of the heart-shaped object by sinusoidal frequency modulated grating projecting; (f) Reconstruc-

tion of the heart-shaped object by binary frequency modulated grating projecting.

UL R R W] R Ton A AR O TR SR IR DB i B AR
S OT A B A Bl I Ay 1A B o A SR TR A TR



%24 H&EH, F. A THEFRH =T HAEMAAERE 2 @R 329
(1): 110.
% i .
5 & o [67  ZBARE, 35 i 55207 5. I £ JRE TF 1038 2 53

VB SCORT S A A 1) A A AR 07 0 e B R
BEAT TIRAMEIE. B X207 6% R GE AR ek AR i
SR TR) AL 488 1 3 o R 2 4 i e o A T 3 A
T 2 B 50 25 ] 1l S - 5 5 D 2 2R G A 9 30 20 I
P LR 325 B A T I e O R 2 e 40 R 4
S = A o R R TS LA LA S B ) 4
Yy WT, ZOug A% JCH i TS 32 AR et R L BE R
S SRTESUHIDREcS AN LAk 0]
AT EA — 21 A BOM AT LA B 28 X A L )
s SUIRE AR T T 1 R A 4 R 5 ) S B
R AR A 7] AL

Sk

(1] IR, 22460, {5 Bob % (M db 5t B % R
#1,1999.

[2] SuX, Chen W. Reliability-guided phase unwrapping
algorithm: a review [J]. Opt Laser Eng, 2004, 42
(3): 245.

[3] Huntley J M, Saldner H. Temporal phase-unwrap-
ping algorithm for automated interferogram analysis
[T]. Appl Opt, 1993, 32(17): 3047.

[4] Huntley J] M, Saldner H O. Error-reduction meth-
ods for shape measurement by temporal phase un-
wrapping [ J]. J Opt Soc Am A, 1997, 14
(12) . 3188.

(5] XSCHr, PROCHE, I3 Wi, JLAh s [R] AH A7 8 FF 07 ik 1
PERCLT ] MO R 2 2 e HOARFL 2 fi. 2016, 53

7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

Mrogf s Beit LI ] R 222 e B AR R 2 R
2012, 49(1) . 102.

RAG PR — B AR IRRIL 55 I T8 B mis 4 52 1) — 4
M FARBELT ] WOt 56w 72 g, 2014, 51
(3): 111.

Gong Y, Zhang S. Ultrafast 3-D shape measure-
ment with an off-the-shelf DLP projector [J]. Opt
Express, 2010, 18(19). 19743.

Ikeda Y, Yoneyama S, Fujigaki M, et al. Absolute
phase analysis method for three-dimensional surface
profilometry using frequency-modulated grating [ J].
Opt Eng. 2003, 42(5); 1249,
FEHEZE, TR SO R R SR =B B
Gamma B 748 1 1F J7 ¥ [J]. Ot % % 4%, 2015, 35
(1) 153.

Lei S, Zhang S. Flexible 3-D shape measurement u-
sing projector defocusing[J]. Opt Lett, 2009, 34
(20): 3080.

Wang Y, Zhang S. Comparison of the squared bina-
ry, sinusoidal pulse width modulation, and optimal
pulse width modulation methods for three-dimen-
sional shape measurement with projector defocusing
[J1. Appl Opt, 2012, 51(7). 861.

FH 28 22, Bk S, o3 W 0. SR ) — o0 4 B4 19 OE 52X Al
P PMP i 5 8 FURS 2 1 J7 R LD ] WO 500
Tt R, 2014, 51(12); 125
FUTLIR 3K K8 KB AR 8. BT Sierra Lite £ 8 55 1%
BRI £ [T, 2= 2F 4, 2014(3) ¢ 127.



