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Study on phase error of binary fringe from defocusing projection
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Abstract: Due to the nonlinear effects produced by the actual defocusing projection system, which affect the
accuracy of phase measurement, the phase error of binary fringe defocusing projection was studied. Based on
the analysis of the current study status in the field, an expression for the intensity distribution of deformed
fringe pattern signal in nonlinear systems is given, and the reasons for both high-order spectra components
occurrence and their mixing with the fundamental frequency components, resulting in spectra overlapping,
are analyzed. The method of defocusing the projector was employed to remove the higher-order harmonic
components in the spectra domain and filter out one of the fundamental frequency components. An inverse
Fourier transform was then performed on the spectra to obtain the expression of fringe intensity in the spatial
domain. The continuous phase containing continuous signals was obtained using the phase-shift algorithm
and phase unwrapping, and the expression for phase error after unwrapping in actual measurement systems
was derived. The correct analysis of the basic principles has been verified through simulation and experi-
ments. The simulation results indicate that the errors value obtained by the method mentioned in this paper
are 34.51% for the binary fringe defocusing method, 44.83% for method of reference [1], and 67.83% for
method of reference [10], respectively. The experiment results indicate that the phase recovered by using our

method has good effects, and the corresponding phase error is relatively small.
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cusing of the liquid crystal display, standard Gaussi-

1 Introduction an fringes can still accurately extract feature points,

thereby improving the accuracy of feature point ex-

Phase measurement profilometry is a highly traction and camera calibration™. In 2025, Zhang

important research topic in optical three-dimension- .
et al. proposed a complex texture error correction

al shape measurement. It is widely used in various method based on bidirectional fringe point cloud

fields due to its high accuracy, good stability, and matching in a structured light three-dimensional

case of implementation in engineering applicati- measurement system. This method accurately recon-

(03] . L .
on™. However, due to uneven illumination during structed the phase of objects with complex textures,

the measurement process or the influence of extern- reduced the phase error introduced by complex tex-

al factors, the actual measurement system is a defo- tures on the object surface under camera defocusing

ing nonlinear m, which pr nonlinear o . .
cusing nonlinear system, which produces nonlinea conditions, and improved its measurement accura-

gamma effects and affects phase measurement. eyl

Many scholars around the word have conducted in- In the process of phase measurement, phase er-

depth research on these problems*'¥. For example,

rors are inevitably generated due to the nonlinear ef-

Wang et al. proposed a high-precision active projec- fects of the system. Therefore, some scholars world-

tion phase measurement error correction method, wide have conducted extensive research on redu-

which is easy to implement and insensitive to pro- cing phase errors and have achieved some better re-
jector defocusing. This method thereby reduce the search results’™'*. For example, In 2020, Liu Y e al.
impact of brightness nonlinear caused by the super- proposed a fast phase error compensation technique
imposed gamma effect from the projector or camera, based on package phase distribution, which reduced
and increase measurement accuracy and resoluti- the nonlinear effects in phase measurement and
onl. Yang et al. proposed that standard Gaussian achieveed fast and simple phase error compen-
fringes can be displayed in both directions of a li- sation®. In 2023, based on fitting the double re-

quid crystal display when studying phase-shifting sponse curve, Wang J et al. proposed a fast active

modes. When affected by nonlinear or image defo- gamma compensation method, which reduced the
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nonlinear phase error caused by the nonlinear
gamma effect of projector or camera in fringe pro-
jection systems®. In 2024, Zhang W et al. proposed
a method of fusing two wrapped phases to correct
phase errors, thereby reducing phase errors caused
by the nonlinear responses of projectors and camer-
as in phase measurements!'”’,

To solve the error problem of phase measure-
ment in nonlinear systems for defocusing projection,
this paper investigates the generation and reduction
methods of phase measurement errors in binary
fringe defocusing projection systems, aiming to
minimize spectra overlapping caused by system de-
focusing nonlinear as much as possible. The Gaussi-
an function filtering method, phase-shifting method,
and polynomial expansion method are used to ef-
fectively reduce phase errors caused by gamma non-
linear effects in defocusing projection systems, and
it can calculate the value of these errors. The accur-
acy and rationality of the basic principle analysis are
verified through computer simulation and actual ex-
periments. The results indicate that the error values
obtained using our method are smaller than those of
the binary fringe defocusing method, the method of

reference [1], and the method of reference [10].

2 Principle analysis

When the Rochesteer grating is projected onto
the surface of a diffuse reflection measured object,
there exists a linear relationship between the two-di-
mensional deformed fringe pattern signal acquired
by a ideal Charge Coupled Device (CCD) imaging
system using phase modulation and the signal out-
put by the projector. After performing Fourier trans-
form on the deformed fringe pattern signal and em-
ploying the m phase-shifting technique!”, then in the
frequency domain, the zero-order spectra compon-
ents can be eliminated, the resulting spectra contain
only the fundamental frequency component, which
represents the height information of the object.

However, due to uneven lighting and other ex-
ternal factors, the Digital Light Projector (DLP) pro-

jection system used in actual measurements is a de-
focusing nonlinear system, which is affected by the
nonlinear gamma effect. The expression form of the
light intensity grayscale value distribution of the de-

formed fringe pattern signal obtained is
g(xy) =ag(x,y) +b=

ZAkr(x,y)exp{j[2knf0x+ ko(x,»)]} ., (1

k=0

where a and b are linearity coefficients, g(x,y) rep-
resents the light intensity signal of the deformed
fringe pattern obtained under ideal conditions, y
represents the gamma coefficient of the projector,
A, represents the Fourier coefficient from the k-th
harmonic component of g’(x,y), r(x,y) represents
the surface reflectance distribution function of the
object, fy is the fundamental frequency of the grat-
ing, ¢(x,y) is the phase information containing the
height variation of the object surface.

By performing Fourier transform on Eq. (1)
and using the phase-shifting technique [1], then in
the frequency domain, the components of zero-or-
der spectra are eliminated, the expression of fre-
quency domain in light intensity is obtained as fol-

lows
G (fo £ =) Oulfe=kfo, fi—kfo)+
k=1

DO frkofyr k) L (2)
k=1

where Q and Q" represent the spectra and its con-
jugate spectra, respectively.

It can be observed that in defocusing nonlinear
systems, the higher-order spectra components ap-
pear in the Fourier transformed spectra of the de-
formed fringes, which mix with the fundamental fre-
quency components, causing spectra overlapping
and affecting the measurement accuracy of phase.

To remove high-order harmonic components
from the spectra, the projector needs to be defo-
cused. The output signal of the defocused digital
projector is a point spread function expressed as a

Gaussian function, as shown in Eq. (3).
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where o represents the standard deviation of the
Gaussian function.

Performing Fourier transform on Eq. (3), then
the Gaussian function expression in the frequency

domain is obtained as

H(fx,ﬁ)=exp[(—%ﬁ+ﬁ)o_z} ’ (a)

It is obvious that the defocusing optical system
functions is a low-pass filter, which can be used to
filter out high-order frequency components in the
spectra, retaining only one of the fundamental fre-
quency components.

The signal defocused by the projector is input
by CCD, and the frequency domain fringes of the
input signal are binary fringes, the expression of

their light intensity is

G"(fo ) =G (fo H(f /) - (5D

Performing the inverse Fourier transform on
Eq. (5), and the light intensity expression of binary
fringes in the spatial domain can be obtained as fol-

lows

8" (x,y) = F'[G"(fo. ;) = F'[G (fos fOH(fos )] =
Arr(x,y)explj[2nfox + ¢(x,y) + 2n(x,y)n/N]} -,

(6)
where n(x,y) is the grating level at point (x,y) in the
fringes, which is the number of steps in phase-shift-
ing and is an integer. N is the total steps number in
the phase-shifting.

To obtain the phase ¢(x,y) in Eq. (6), it can be
extracted using the method of N-step phase-shifting
with arctangent calculation, and the calculation for-

mula is as follows

N
D (x,y)sin@n(x, y)n/N)
#(x,y) = —arctan ";l ,

D" (x,y)cos2n(x, y)n/N)
" )

Due to the arctangent calculation in Eq. (7), the

obtained phase ¢(x,y) is actually a wrapped phase,
which is wrapped within [-7, 7] and requires phase
unwrapping to obtain a continuous phase @(x,y)
containing continuous signal. The expression for the

relationship between ¢(x,y) and ¢(x,y) is

e(x,y) = ¢(x,y) +2n(x,y)m (8)

Assuming that the continuous phase of g(x,y)
in an ideal system after transformation is ¢*“(x,y),
the phase error of its unwrapped phase in the actual

measurement system is!'”

8(x,y) = 9(5,Y) ~ ¢ (x,y) & )" £, sin[mNe(x,y),
m=1
D)

where &, represents the harmonic amplitude, and
m’ =int[(M + 1)/N], where M is a polynomial or-
der and int is used to obtain an integer symbol.

Now project the i fringe patterns with the same
n(x,y) and modulation degree at frequency f;. Due
to ¢; =2nf;, the phase error of Eq. (9) can be

changed to as follow
&i(x,y) = gi(x,y) = ¢ (x,y)

D &usinl(fi/ f)mNg: (x,y)] (10
m=1

where ¢“““(x,y) is the ideal absolute phase of the i-
th pixel.

Because ¢,; in Eq. (10) decreases rapidly with
increasing order, only the first a few terms can be
retained. By taking i=1 and i =2, ¢, and the un-
known &,; for each pixel can be obtained. There-
fore, the phase error ¢&;(x,y) for each pixel can be
obtained from Eq. (10).

3 Computer Simulation and experi-
ment

The proposed fundamental principles have
been verified through computer simulations and ac-
tual experiments.

3.1 Computer Simulation

Firstly, computer simulation is used to verify
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the effectiveness and correctness of the basic prin-
ciples analysis mentationed in this paper. The Fig. 1

in reference [1] is used as the system measurement

schematic, and the system geometric parameters are
setas L/d =4.

(b) (c)

Ypixey 00

x/pixe\

200
100 50 100 130

Fig. 1 Results of simulation

The object to be simulated is a three-dimen-
sional surface diagram as shown in Fig. 1(a), with a
size of 256 x256 pixels. The deformation fringe
pattern of the simulated object is shown in Fig. 1(b).
The three-step phase-shifting method is used in this
paper, and the three-dimensional phase map re-
stored using our method is shown in Fig. 1(c).

And the three-step phase-shifting method is ad-
opted in this paper.

In the simulated nonlinear system, assuming
v =1.15in Eq. (1). We use a projector to project the
simulated object and a CCD to capture the deforma-
tion fringes of the object. A series of processes, in-
cluding Fourier transform, filtering, inverse Fourier
transform, and the three-step phase-shifting method,

are performed on the deformed fringes.

(a) 0.10
0.05

z/rad
S

—-0.05

—-0.10
300

The phase error can be calculated after measur-
ing the phase using the binary fringe defocusing
method, the method of reference [1], the method of
reference [10], and our method. The phase errors of
the simulation results obtained by the above three
methods are shown in Figs. 2(a)—(d), respectively.

The absolute average phase errors of Fig. 2(a),
(b), (c), and (d) are 0.0226 rad, 0.0174 rad,
0.0115 rad, and 0.007 8 rad, respectively. The value
obtained by the method mentioned in this paper
are 34.51% for Fig. 2(a), 44.83% for Fig. 2(b), and
67.83% for Fig. 2(c).

From the results in Fig. 2 and the absolute av-
erage of phase errors in the aforementioned figures,

it is obvious that the phase error obtained using our

method is relatively small.
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Fig. 2 Phase errors of recovered phase

3.2 Experiment section of the recovered phase map of the 198th

The actual experiments are now used to verify column is shown in Fig. 4(e).

the correctness and reliability of the basic principle
analysis proposed in this paper. The experimental —%ijector
process framework diagram is shown in Fig. 3. cch

An approximately cylindrical brim-shaped ob-
ject is currently being used for the experiment. The

phase diagram restored in the experiment using

Object

Imaging
pick card

|| Computer Monitor

the three simulation methods above are shown in

Figs. 4(a), (b), (c) and (d), respectively. The cross-

Fig. 3 The experimental process framework diagram
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Fig. 4 The results of experiment
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From the experimental results in Fig. 4, it is
obvious that our method achieves good phase recov-
ery results, with a correspondingly small phase er-

Ior.

4  Conclusions

Due to nonlinear effects caused by optical
measurement defocusing projection systems in prac-
tical situations, phase errors are generated during the
measurement process. Therefore, the causes and re-
duction methods of phase errors in binary fringe de-

focuing projection have been analyzed and dis-

cussed in this paper, and a brief theoretical analysis
and formula derivation of the basic principles have
been provided.

Subsequently, the analysis and derivation of
the basic principles were -effectively validated
through computer simulation and actual experiment-
al verification. The comparative results indicate that
the method mentioned in this paper can effectively
filter out high-order harmonic components in the
spectra domain and carry out phase unwrapping,
resulting in better phase recovery and smaller phase

CITOor1S.
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