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Abstract: Fringe projection is a non-contact optical method that is widely used in the optical precision
measurement of complex stepped surfaces. However, the accuracy of the fringe phase extraction
employed has a direct impact on the measurement precision of the surface shape. Where phase-
shifting measurement is used, the classical equal step phase extraction algorithm can only be used
to measure simple and smooth surfaces, and leads to measurement errors on complex stepped
surfaces, which affects the accuracy of the phase extraction. In addition, the iterative process lasts
for a long time, resulting in a low efficiency. This paper proposes a step-by-step phase-shifting
extraction algorithm based on selective sampling to measure the contour of the stepped surface.
Firstly, the fringe pattern is sampled at equal intervals to reduce the iterative calculation time.
Finally, the accurate measurement phase is calculated by the alternating iteration method. The
phase extraction accuracy and iteration times are compared in experimental measurements between
classical iterative algorithms such as four-step phase-shifting algorithms and the variable phase shift
phase interpolation algorithm based on selective sampling. It is shown that the variable frequency
phase-shifting extraction algorithm based on selective sampling has a shorter operation time, smaller
error, and higher accuracy than the traditional iterative algorithm in fringe projection measuring
complex stepped surfaces.

Keywords: fringe projection; phase-shifting; optical accuracy; phase extraction; iteration

1. Introduction

Structured light projection is the most popular surface shape measurement tech-
nology [1]. In particular, the combination of fringe projection profile measurement and
phase extraction can provide a high-quality morphology measurement of an object surface
because it has the advantages of noncontact and high precision [2—4]. Phase-shifting pro-
filometry and Fourier-transform profilometry are typical and popular methods to realize
fringe pattern profilometry (FPP). Fourier-transform profilometry only uses one fringe
pattern to measure an object’s surface [5], making it more suitable for the measurement of
a moving object’s morphology. On the other hand, phase-shifting profile measurements
require multiple fringe patterns (usually at least three) to measure the morphological profile
of an object [6]. Due to the use of multiple fringe patterns with phase shifting, this method
has a high accuracy and robustness. This method cannot only withstand the influence
of environmental and reflectivity changes, but also achieves high-precision morphology
measurement results.

Measuring the surface shape of mechanical workpieces with a high accuracy has
been a topic of study since the 1980s. In 1985, Cheng et al. [7] proposed a measurement
method using phase shifting, which became one of the main methods of optical surface
shape measurement during that time. The initially proposed method has errors in phase
calculation. To overcome this limitation, Lai et al. [6] proposed a generalized phase-shifting
extraction method. This method’s reference phase is calculated directly each time the fringe
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pattern is read, and the accurate phase is obtained from the linear fringe using the Fourier-
transform. However, with the continuous progression of hardware and software technology;,
researchers have proposed many phase extraction algorithms for fringe projection contour
measurement; for example, the two-step phase fringe projection measurement proposed
by Quan et al. [8]. This method is used for the three-dimensional shape measurement of
small objects. Peisen et al. proposed a new three-step phase-shifting algorithm, which is
much faster than the traditional three-step phase-shifting algorithm [9]. In addition, to
optimize the phase resolution, Christian et al. [10] also proposed a phase denoising method.
Since fringe projection technology does not use image intensity but instead uses phases
for topography measurement, the phase algorithm becomes particularly important. Zuo
et al. [11] made a detailed comparison of various phase-shifting algorithms, which are
suitable for high-speed applications. The algorithm is summarized by Xu et al. [12].

The functional performance of the workpiece is significantly affected by its surface
morphology (including surface shape and surface texture) [13]. Surface morphology has im-
portant traces in its manufacturing process, from traditional manufacturing (such as cutting,
grinding, and polishing) to advanced manufacturing technologies (such as magnetorheo-
logical polishing and additive manufacturing) [14]. Obtaining high-precision workpiece
surface measurements is very important for quality control, design improvement, and
final product acceptance [15]. Surface metrology is the basis of and an indispensable part
of precision manufacturing. Surface metrology is widely used in various fields, such as
optics, precision engineering, and tribology. Because modern science and technology put
forward higher requirements for high-tech parts with complex shapes and high preci-
sion [16], the need for effective measurements and evaluations of surface morphology in
the precision manufacturing process has become more important than ever before. Among
them, frequency conversion phase-shifting algorithms have become the trend for mod-
ern phase-shifting algorithms [17]. Although principal component analysis (PCA) and
advanced iterative algorithms (AIAs) can be used to effectively recover phase information
from many phase-shifting fringe patterns [18], there are a series of issues, such as sources of
error and the complexity of measuring the surface in the actual measurement process [19].
The traditional phase-shifting algorithm has some disadvantages, such as the influence
of noise and phase-shifting error on the phase extraction accuracy of the random phase-
shifting algorithm, the influence of the background intensity and modulation system on
the phase-shifting algorithm, a slow running speed, and low-accuracy results.

In this paper, the iterative algorithm is used to address and improve the phase. A
highly efficient and accurate phase extraction algorithm is proposed, which differs from
the traditional method in the study of phase extraction with random sampling to simplify
the operation and improve the accuracy. In the measurement process, the algorithm
selectively samples the original fringe image, which ensures that all pixel points of the
iterative operation are valid, thus lessening the amount of data. In addition, in the case of
unknown phase shifting and phases, the algorithm can determine the phase shifting and
phase simultaneously through constant iterative computing and achieve higher accuracy
in measuring complex step surface profiles due to the insensitivity to the phase-shifting
error. The reliability of the algorithm is verified through experimental data.

2. Phase-Shifting Concept
2.1. Basic Principle of Frequency Conversion Phase Shifting

Fringe projection for shape measurement has been widely used in 3D scanning model-
ing, image restoration, and accurate measurements. In actual measurements, the accuracy
of the phase results has a great impact on that of the subsequent phase to be worked out.
The fact that the accurate calibration of phase-shifting is difficult to accomplish inevitably
leads to phase-shifting errors, thus affecting the measurement accuracy.
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In frequency conversion phase-shifting, the assumption is that the background light is
In(x,y), v0(x,y) is the modulation, and the light intensity expression of the t-step phase-
shifting is [20]

1) = o) {1+ 7, 9) cos [0 W

where Ay = Ag + tAA represents the test wavelength value corresponding to the t-step
phase-shifting [21], A is the wavelength-tunable semiconductor laser starting output
wavelength (that is, the center wavelength), AA is the wavelength phase-shifting step, and
(1) can be approximated to the following [22]:

4rth(x, 4rth(x,
Li(x,y) = Io(x,y){1+%(x,y) cos { )Et y) _ )Ez Y xAAH 2)

0
= YY) ig the measured ph d o = —Y) ot % AL is th t of
Pij = phase and 0 = a7 X tx AL is the amount o

phase shifting in step t.

Equation (2) shows that in variable-frequency phase shifting, the phase shifting of
the phases in step t is determined by the joint length and the wavelength step. In the
measurement, to make the phase-shifting amount a specific value under different cavity
lengths, phase calibration must be performed [23]. When the iterative algorithm is used to
solve the measured phase, it can be determined by continuous iteration when the phase-
shifting amount and phase are unknown, and the phase-shifting amount and the measured
phase can be determined at the same time.

2.2. Frequency-Shifted Phase Shifting Extraction Algorithm Based on Selection Sampling

In the phase shift, if the phase shift J; can be determined, then the K-phase-shifted
fringe image can be expressed as [24]

1(i,j) = (i, ) + 7o ) cos [®(i, ) + & .
k=0,1,2...k—1;

In Equation (3), K is the total number of phase shifts; (i, j) is the pixel coordinates;
I (i, ) is the intensity distribution of the fringe pattern; a(i, j) is the background intensity;
vo(i, j) indicates the degree of modulation; (i, j) is the phase value to be solved; and J;
is the amount of phase shifting per time, where 6y = 0. In Formula (3), Ix(i, j) is a known
quantity, but a(i, j), yo(i,j), and ®(i, j) are unknown quantities [25].

Expanding Equation (3) can take the following form:

Ie(i,j) = Co(i, j) + C1(i,j) + Co(i, ) cos 6 + Ca(i, ) sin @(i,f) 4)
In this form, Co(i,]) = a(i,]); C1(i,j) = vo(i,j) cos @(i,]); and Ca(i,j) = —70(i, )

sin (i, ). According to the principle of least squares, the residual function is obtained by
using Formula (4) [26]:

Ex(i,j) = Ix(i,j) — [Co(i,j) + C1(i, ) cos 0 + Ca(i, ) sin 6] 5)

In the least-squares principle, the vector c(i,j) = [Co(i, ), C1(i,}), Ca(i, )] for each
pixel can be estimated by minimizing the sum of the square E(i, ). In addition, differ-
entiating Z],i;é [Ex(i, /)]* concerning Cy(i, ),C1(i, j) and Cy (i, j), then setting the resulting
expression to zero, we can finally obtain the normal equation system:

Pe(i,j) = q(i,j) (6)
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where
K-1 K—1
K oS O Y sindy
P1 P2 P3 K—1 Iléiq Iléiq
P=|p ps ps | = Y cosdy Y. cos®Sy Y cosdy sin Oy (7)
Ps Ps Pe =0 k=0 k=0
Y sindy Y. coséisind, Y. sin®oy
k=0 k=0 k=0
and,
K-1
kg L (i, )
‘70(%/]‘) K—1 70‘ ’
q(i,j) = | a@j) | = | X (i) cos & ®)
q2(i, j =9

Y Ik(i,f) sin &
k=0

The determinant of P is expressed as det P and the reciprocal of P is given by the following:

R:

Ty Ty 15 Toip | F3P5 —P2Pe  P1Pe — P3  paps—pips )

ror2 T3 ] o [ Pape —P5  P3Ps—PaPe  Paps — PaPa
r3 s Tg P2Ps — P3P4  P2p3 — p1ps  P1ps — P%

Using Equation (9), the vector C(i, j) can be directly calculated with
C(i,j) = Rq(i, ) (10)

To solve the optimal estimate of Cy(i, ), C1(i,]), and Cy(i,j), we need to obtain the
square sum of Equation (10) and take the minimum value. Further acquisition of the phase
value to be measured is given by [27]

.. —Ca(i,§)
d(i,7) = arctan ————+ 11
( ]) Cl (l/ ) ) ( )
where Cy(i,j) = b(i, ) cos ¢(i,j) and, removing the case, C; (i, ) is equal to zero.
The true phase-shifting amount during phase-shifting can be expressed as the nominal
phase-shifting plus the phase-shifting error value. The first iteration can make the initial
phase-shifting error zero [28].

A
O = O + &k (12)
The real fringe image intensity distribution is as follows:

A
Ix(i,j) = Co(i, j) + C1(i, ) cos (8 + ex) + Ca(i, j) sin (O + &) (13)

A A A A T
According to the above algorithm, a new C(i, ) = [Co(i,j), C1(i,§), Cz(i,j)} can be

obtained. Substituting the phase-shifting amount and the phase-shifting error into the

formula, the residual function is as follows:

/\ . . /\ . . /\ . . /\ . . /\ . . .
Ei(i,j) = Ix(i,j) — |Co(i,j) + C1(i,j) x cos & + Ca(i,]) X sin Jk} (14)

The phase-shifting error value in the formula is an unknown quantity [29]. Simi-
larly, the phase-shifting error value can be solved by the least-squares method. A partial
derivative is obtained for each phase-shifting error amount ¢, and the result is zero. The
phase-shifting error value ¢; can be obtained by solving the equation. At this time, the

A
phase-shifting amount J; = &y + ¢ is updated to perform the next iteration operation.
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The threshold condition T is set according to the phase-shifting error value ¢, and the
iteration is terminated when the ¢ change amount is less than T. At this point, an accurate
phase-shifting amount can be obtained [30].

3. Experiment Based on Selective Sampling

This paper uses four fringe patterns with a pixel resolution of 450 pix x 450 pix. The
contrast of a region in the fringe image is reduced, the low reflectance sample region in
the actual measurement is simulated, and noise with a density of 0.002 and Gaussian
noise with a standard deviation of 15 are added to the entire image to simulate the fringe
image noise.

If a sinusoidal fringe pattern is projected onto the surface of the object and light is
reflected at a point on the surface of the object, the captured fringe pattern I,,(x,y) can be
expressed as

Li(x,y) = Ip(x,y) + Ln(x,y) cos [@(x,y) + (n —1)F] (15)
n=1,273,4

where I;(x,y) is the background intensity, I,,(x,y) is the fringe modulation, and ¢(x,y)
is the phase value at coordinates (x,v). I;(x,y), In(x,y), and @(x,y) are three unknown
variables in Equation (15). The fringe diagram is shown in Figure 1.

MM

Figure 1. Four simulated fringe images: (a-d) the fringe pattern corresponding to different n obtained according to

Equation (15).

To obtain the phase distribution of the deformed image, by solving the four equations
of the four fringe images, the phase distribution of the reference model can be calculated as

1(103(X,y) —In (xr]/) (16)

Po(x,y) = tan™ Ioo(x,y) — Io2(x,y)

The true values of the phase shifting between the simulated fringe images are [0°,
101°,191°, 301°]. [0°, 100°, 195°, 300°] was calculated as the initial phase-shifting amount.
The root mean square error (RMSE) between the result and the true phase-shifting value is
used as a criterion for determining the iterative error value.

2
Y (Xobj,i - Xtrue,i)
RMSE = 1 (17)

The original image is first sampled at every d pixel point. Then, the sampled points
are brought into the iterative algorithm, the four-step phase-shifting algorithm, and the
improved algorithm for iterative calculation [11]. The images after equal interval sampling
are filtered out at low-quality points, and a reasonable threshold T is selected to divide
the four fringe images. In the fringe image, the point where the maximum value of the
gray value of the pixel at the same position is smaller than the threshold T is filtered, and
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the pixel whose image value is always low in the image [31]. The threshold T = 80 is
determined according to the pixel value of the dark fringe. At this time, the filtering ratio is
20%, indicating that most of the sampling pixels still participate in the iterative operation
after filtering, and the relationship between the sampling interval and the running time
and the sampling interval and the error value is shown in Figure 2.

Running time t/(s)

0. 035
/
—+—  Iterative algorithm —*—— Improved algorithms /
—%——  Four-step phase shift algorithm | | —* lterative algorithm
Improved algorithms 0.03 Four-step phase shift algorithm
~~ /’
g /
= 0.025 /T
g
= /
5] L / |
o 0.02 /
] x #
Z /\ /
S 0.015 [ \ / 7
1531 /
£ \ /
g r \ / 4
g 0.01 . /w\ \ /
\\;/ . \ \ /
0.005 [ v *
/
*
0 . . . . . . .

Sampling interval d/(Pixel)

(a) (b)

4 5 6 7 8
’ ' Sampling interval d/(Pixel)

Figure 2. The results of the running time and mean square error of the three algorithms. (a) Comparison of the running
time of the three algorithms with equal interval sampling. (b) Comparison of root mean square error of three algorithms for

equal interval sampling.

It can be seen from the experimental results that the iteration time of the equally spaced
samples of the three algorithms is gradually reduced as the sampling interval increases,
whereas the iteration time spent by the improved algorithm during the same sampling
interval is the shortest. At the same time, the error values of the iterative algorithm and
the four-step phase-shift algorithm vary greatly with the sampling interval, and the error
value is also large, while the variation of the error value of the improved algorithm is
relatively stable and the error value is small. Comprehensively, the improved algorithm
can effectively reduce the time of iterative calculation and can maintain the accuracy of an
algorithm to a high degree.

4. Experimental Methods
4.1. Measured Part and Experimental Setup for Fringe Projection

The measured surface shape of the experiment uses a complex measured surface
whose front end is a stepped surface with a smooth curved back end; the dimensions of
the mechanical parts and the 3D model are shown in Figure 3. Due to the special use
of the measured object, the surface of the measured object seems to have a roughness
composed of linear stripes in the manufacturing process, but the surface of the object is
smooth. These linear striations will be excluded during the measurement and will not
affect the measurement. The measurement results in Section 5 are caused by the accuracy
of the algorithm, and there is also a very small influence caused by the noise of the step
surface, which cannot be ruled out.
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Figure 3. Measured part: (a) 3D model and dimensions of the part; (b) photo of measuring part.

In this way, we compare the variable frequency phase-shifting extraction algorithm
based on selective sampling with other algorithms. To see whether it is more accurate
when measuring the step surface, the experiment includes the following steps:

(1) The phase-shifted fringe image with different phase shifts is obtained from the mea-
sured surface, and both have a random error with a mean of 0 and a variance of 0.01.

(2) Solving the measured phase by using an iterative algorithm, a four-step phase-shift
algorithm, and a variable frequency phase-shifting extraction algorithm based on
selective sampling.

(3) The package phase was unwrapped to obtain the measured surface for experimen-
tal analysis.

The optical geometry of the phase measuring techniques is shown in Figure 4. There
is a virtual plane I that is perpendicular to the optical axis of the projector and is the exit
pupil of the projector lens and the entrance pupil of the camera lens, respectively. E, and
E. are the light exit of the projector and the light entrance of the CCD camera, respectively.
They are all on the same plane, and d represents the distance between Ep and E;, while [ is
the height of the camera and CCD from the reference plane and 0 is the angle between E,
and E.. The projector projects the sinusoidal pattern onto the reference plane and the object
surface, and the reflected information is captured by the camera and further processed.

d

CCD camera

Projector A
EL’
z
I [
b
b
b
b
b
Oo_-~
y‘ d ¢ Reference plane y
\ V/ her)
P
x 7 H Object

Figure 4. Optical geometry of the phase measuring method (the fringe projection emitted by the
projector is projected onto the inspected part at an incident angle 6, the deformed fringe pattern
is collected by a CCD camera and saved in the computer for later processing, the reference plane
is a movable surface parallel to the projector and the CCD. C, D, O represents the reflection point
of the projector lens and reference plane, and h(x,y) is the tested object height relative to the
reference plane).
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Due to the height of the object, the stripe pattern on the object will be distorted
compared to the stripe pattern on the reference plane. The height information can be
retrieved from the phase difference between the object and the reference plane. The height
h(x,y) of the object at a point (x,y) is geometrically related to the object phase. With the
use of similar triangles AE,HE. and ACHD, h(x, y) is shown below.

__ 189(xy)
M5Y) = 3a0ey) = 27fod

(18)

If the fringe period of the projected pattern is a constant, the equation can be simplified
as below.
h(x,y) = kAD(x,y) (19)

where k is the phase-to-height conversion factor.

The experimental device for the measurement system we used is shown in Figure 5.
The system consists of a projector, an area array camera, a lens, a moving displacement
platform, and a computer. The image resolution of the camera is 768 x 576 pixels, and
the actual size of the object corresponding to the width of the captured image is 100 mm.
A multiline laser projector is used to generate sinusoidal fringe patterns. By adjusting
the distance between the lens and the projector, the scattered light field projected by the
projector is projected through the lens and projected onto the object to be tested in parallel,
and the projection angle of incidence is 30° [32]. The CCD camera is used to take a picture
above the reference plane to obtain the surface contour of the object. Information and sync
are connected to the side of the PC [33].

Figure 5. Test system light path diagram. A: projector, B: Cognex CCD camera, C: ring light source,
D: test part, E: platform, F: PC, G: dedicated test equipment.

In the experiment, to adapt to the shape of the measured object, the projector was
placed in the irradiation direction of 30° above the side of the measured object, as shown
in Figure 5. The experiment uses a ring light source to provide different illumination
angles and is conducted in a professional detection box, which can better highlight the
three-dimensional information of the object, avoiding shadows on high slopes or reducing
measurement sensitivity.

4.2. Measurement System Calibration

The calibration process of the system during the experiment is shown in Figure 6.
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Figure 6. Process of experimental calibration: (D) obtaining of stripe pattern; ) projector projects

fringe patterns; 3 change the position of the calibration plate to obtain enough calibration images;

® CCD camera captures images; (5 the PC filters and denoises the fringe pattern, extracts the

checkerboard, calibrates the board feature points, extracts the phase value of the feature points, and

extracts the 3D coordinates corresponding to the feature points after calibrating the camera.

ii.

1ii.

iv.

The steps of the experimental calibration are as follows:

This experiment uses a multifrequency heterodyne method [34] for system calibration.
Three types of sinusoidal fringe input projectors with fringe frequencies meeting
the requirements of multifrequency heterodynes are designed by the PC, and the
sinusoidal fringe frequencies are 1/70, 1/64, and 1/59. The phase-shifting method
is four-step phase-shifting, and a total of 12 sinusoidal fringe patterns are used, as
shown in @ in Figure 6.

Before the experiment, the stripe pattern is loaded into the projector. The calibration
plate is placed within the field of view of the camera and the projector, the position of
the calibration plate remains unchanged, and the image of the calibration plate and
the striped image after continuously projecting 12 stripe patterns is taken, as shown
in (2 in Figure 6.

The position of the calibration plate and repeat step is changed (2) until enough cali-
bration images are obtained, as shown in (3) and (@) in Figure 6. At least three groups
of data are needed to complete the calibration process. Generally, 10-20 groups of
calibration patterns can achieve a high calibration accuracy and meet the calibration
requirements. To obtain more accurate experimental results, 18 groups of calibration
images are used for calibration in this paper.

The collected images are input into the computer, the image processing operations
such as filtering and denoising are performed, the checkerboard calibration board
feature points are extracted from the image at each position [35], the phase value
is extracted from the feature points, as shown in (& in Figure 6, and the 3D image
corresponding to the feature points is extracted after the camera coordinates and
other operations are calibrated. According to the camera calibration results, the
depth coordinate z corresponding to each feature point is obtained, and the camera
calibration adopts the calibration method proposed by Liu [36].

Obtain the pixel coordinates (u,v), the absolute phase value ¢, and the depth co-
ordinate z. Perform least-squares nonlinear parameter fitting, obtain the required
parameters for system calibration, and complete the system calibration.
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5. Experimental Results
5.1. Fringe Pattern with an Arbitrary Value of Phase Shifting

Let the phase-shifting step be an arbitrary value. The phase-shifting amount and the
theoretical phase-shifting amount obtained by the above iterative method are shown in
Table 1, and the number of iterations is 65.

Table 1. Phase-shifting by interaction method and the theoretical phase-shifting (arbitrary phase-shifting).

Step 1 2 3 4
Theoretical phase-shifting/rad 0.9323154 2.0123545 4.1532456 5.2231458
Phase-shifting by iteration method/rad 0.9323142 2.0123520 4.1532446 5.2231419

From the above results, the simulated wavefront diagram of Figure 7a and the phase
diagram of the envelope of Figure 7b are obtained. The phase-shifting magnitude obtained
by the iterative method is compared with the theoretical phase-shifting magnitude, and
the error is 10~°. The order of magnitude indicates that the iterative algorithm is used to
solve the phase-shifting problem with a high precision, which can reduce the measurement
error introduced by the step error during the fringe image [37].

1.5
250 um
1
0
0?5

10 20 30 40 50 60 70 80 90 100
(a) (b)

Figure 7. (a) Simulated wavefront map with its gray-scale bar (b) wrapped phase fringe map. Dark areas represent lower
slope values, and lighter areas represent larger slope values.

5.2. Iterative Algorithm with a Phase-Shifting of /2

An iterative algorithm is used to solve the measured surface, and the actual and
theoretical phase shifting are shown in Table 2. The number of iterations is 37.

Table 2. Phase-shifting by interaction method and the theoretical phase-shifting (arbitrary
phase-shifting).

Step 1 2 3
Theoretical phase-shifting (rad) 1.560756 3.141456 4.712354
Phase-shifting by iteration method (rad) 1.560742 3.141425 4.712313

The shape of the surface to be measured obtained after unwrapping and fitting is
shown in Figure 8a,b as the surface cross-section of the surface to be measured.
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Figure 8. Results of the iterative algorithm measurement (iterative algorithm with a phase-shifting of
7t/2). (a) The measured surface shape of the iterative method; (b) the measured surface profile of the
iterative method.

5.3. Four-Step Phase-Shifting Algorithm with a Phase-Shifting of 7t/2

Using a four-step phase-shift algorithm (four steps of phase-shifting, each phase-
shifting is 7t/2), four phase-shiftings with phase-shifting steps of 7t/2 rad are acquired,
and the four-step phase-shift algorithm is used to test the phase solution formula ¢ =

arctan(ll‘llj;). The phase-shifting amount and theoretical phase-shifting amount are

shown in Table 3, and the number of iterations is 37.

Table 3. Phase-shifting by integration method and the theoretical phase-shifting (arbitrary
phase-shifting).

Step 1 2 3
Theoretical phase-shifting (rad) 2.1325135 4.1536589 6.3254756
Phase-shifting by iteration method (rad) 2.1325125 4.1536545 6.3254742

The shape of the surface to be measured obtained after unwrapping and fitting is
shown in Figure 9a,b as the surface cross-section of the surface to be measured.

70

60 [

Height (mm)
w IS o
g 3 3

20 [
100

o 50 100 150 200 250 0 0 50 100 150 200 250

Length (mm) Length (mm)
(a) (b)

Figure 9. Results of the iterative algorithm measurement (four-step phase-shifting algorithm with
phase-shifting of 7t/2). (a) The measured surface shape of the four-step phase-shifting algorithm;
(b) the measured surface profile of the four-step phase-shift algorithm.

5.4. Frequency-Shifted Phase-Shifting Extraction Algorithm Based on Selective Sampling for
Solving the Measured Phase

The iterative-based phase extraction algorithm tends to be less accurate and time-
consuming, and the efficiency is not high. It can be seen from the analysis of the iterative
algorithm and the four-step phase-shifting algorithm that the number of pixels in the
whole graph substituted into the calculation is large, leading to iteration [11,33]. The
efficiency is also low. This paper proposes a method based on selective sampling for phase
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shifting. First, the original image is equally spaced, and the sampling interval is a pixel,
that is, one camera pixel is sampled as a pixel; equal interval sampling can ensure that the
sampling point can represent the original algorithm to the greatest extent. At this time,
the calculation method of the phase-shifting error can be used according to the actual
measurement process. When the phase-shifting error is small, a five-step phase-shifting
fast phase extraction algorithm can be used. When the error is large, the maximum pixel
value of the K fringe images can be directly used to represent the contrast, and iterative
calculation is performed.

Five fringe images were collected in the experiment, and the true value of the phase
shifting between the fringe images was [0°, 76°, 160°, 230°, 321°]. [0°, 80°, 160°, 240°, 320°]
was used as the initial phase-shifting amount into the algorithm, and then the original
image was sampled at every other pixel point, and then the sampled points were input into
the algorithm that performs the iterative operation, and finally, the profile of the measured
surface was obtained by unwrapping and fitting; the cross-sectional view of the measured
surface shape is as shown in Figure 10a,b.
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Figure 10. Results measured by a variable-phase phase-shifting extraction algorithm based on selected samples (frequency-

shifted phase-shift phase extraction algorithm based on selective sampling for solving measured phase). (a) The measured

shape surface solved by the variable frequency phase-shifting extraction algorithm based on the selected sampling;

(b) sectional view of the measured shape solved by the variable frequency phase-shifting extraction algorithm based on the

selected sampling.

To intuitively reflect the advantages of the algorithm in this paper, we calculated the
measurement accuracy and RMSE of each algorithm, and the numerical values are shown
in Table 4.

Table 4. Accuracy of different algorithms.

Normal Four-Step

Normal Iterative Algorithm Phase-Shifting Algorithm

The Algorithm of This Paper

Measurement accuracy (%)
RMSE (um)

92.65 93.31 97.55
17.8 20.7 13.2

6. Discussion and Conclusions

The above three sets of experiments, from Figures 8-10, show the iterative algorithm
and four-step phase-shifting algorithm and the shape measurement results based on
selecting the sampled phase-shifting algorithm. The results show that in the surface step of
the measured surface, the iterative algorithm and the four-step phase-shifting algorithm
were fitted to obtain a larger surface error value, and the measurement accuracy was
lower. However, when using the variable phase-shifting extraction algorithm based on
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selective sampling, it can be seen from Figure 10a,b that the surface error level obtained
after fitting was kept at a relatively low level, and the maximum iteration error value was
approximately 0.1°, which was a high measurement accuracy. It can be seen from Table 4
that the measurement accuracy of the algorithm in this paper was significantly improved,
and the value of the RMSE was lower than that of the normal algorithm, which shows that
the algorithm has good stability. The experimental results show that when the traditional
iterative algorithm and the four-step phase-shifting algorithm were used to measure simple
and smooth surfaces, the phase-shifting error had little effect on the measurement results
with a high accuracy, whereas they were used to measure complex step surfaces. The
measurement results had a significant influence in the case of apparently low accuracy.
In the measurement of the variable phase-shifting extraction algorithms based on
selective sampling, the method was used to solve the measured phase without phase
calibration of the test system, and the measurement was not sensitive to the phase-shifting
error. The variable phase-shifting extraction algorithm based on selective sampling can
obtain the actual phase-shifting amount by accurate iteration and simultaneously sampling
the original image at equal intervals, after which it can perform sampling selectively,
reducing the iterative calculation amount and ensuring the accuracy of the iterative result.
After verifying the efficiency and accuracy of the algorithms by measurement experiments,
we concluded that the algorithm proposed in this paper has a broader scope of application,
not only to simple and smooth surfaces, but also to complex step surfaces. When this
algorithm is used to measure complex step surfaces, a high accuracy and short running
times can be reached. As a result, such an algorithm can be used for practical measurements.
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