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An on-line phase measuring profilometry (PMP) based on Stoilov’ s algorithm which can be used
for on-line 3-D shape inspection is proposed in this paper. A stationary sinusoidal grayscale fringe
pattern is projected onto the object kept on the production line, and an immobile charge-coupled
device (CCD) is used to capture five deformed patterns equidistantly. The phase distribution
is calculated by using Stoilov’s algorithm, and the height distribution of the inspected object is
obtained through the relation of phase-height mapping. When inspected object moves, the posi-
tions of images in different deformed patterns change, so the pixel matching is implemented to
acquire the equivalent phase-shifting which meets the requirement of Stoilov’'s algorithm.
Modulation which represents the contour of inspected object is used as the template to perform
the pixel matching for the first time in this paper. Computer simulation and experiment verified
the effectiveness of the method.

Keywords: on-lineinspection, phase measuring profilometry (PMP), Stoilov’ salgorithm, pixel matching,
modul ation.

1. Introduction

Dueto the advantages of non-contacting operation, higher speed, accuracy, and easier
implementation, optical 3-D shape measurement for deformable and motional object
hasahuge potential for applicationsin many areas, including industrial manufacturing,
on-line inspection, reverse engineering, computer graphics, plastic surgery, security
checks, etc. With the advanced devel opment of optics, optoel ectronicsand the comput-
er technique, the possibility has increased greatly for 3-D shape measurement to be
achieved at a higher speed, higher degree of accuracy, and more handy [1].

A variety of optical 3-D shape measurement methods have been proposed to deal
with dynamic and motional objects [2—8]. As a simple method in fringe projection
profilometry, Fourier transform profilometry (FTP) has been extensively studied in
recent years [2, 3]. Xianyu Su et al. discussed a 3-D shape measurement method of
dynamical object based on FTP and successfully measured a man’s chest of low
breathing [4]. He quoted FTP in hydromechanical measurement field to measure and
display the process of eddy generation and degpening [5]. The above methods are based
on Fourier spectrum analyzing, which only needs one captured image, so the measure-
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ment speed is fast, but at the cost of reducing the accuracy. Using color to code
the patters, L1 ZHANG et al. developed a color structured light technique for high-speed
scans of moving objects [6]. Song ZHANG et al. proposed a real-time 3-D shape
measurement system [7, 8], which can be used for the measurement of dynamical
objects. Hehad successfully measured thefacial expression changesof asmiling person.

As a common method in three-dimensional sensing, phase measuring profilo-
metry (PMP) has a huge potential in on-line inspection for its low cost and high
accuracy. In this method, a stationary sinusoidal grayscale fringe pattern is projected
onto the measured object, and a charge-coupled device (CCD) is used to capture
asequence of deformed patterns. If the object before the CCD is moving, the positions
of object’s image in different patterns obviously change. If the phase-shifting can be
produced by the post-processing of the deformed patterns according to the change of
the positions of object’ simage, thedigital phase-shifting can be replaced and the phase
of object can be calculated. However, the post-processing such as images pixel
matching of the deformed patterns is difficult, because the contour of the object is
covered by the stripes. If we extract the object’ s contour from the deformed patterns
by means of some digital image processing technology and use the contour to
implement pixel matching, thiswill extend the application scope of thetraditional PMP
to inspect the moving objects.

The modulation of the object can well reflect the contour of the measured
object [9]. So a novel on-line 3-D shape inspection method for obtaining equivalent
phase-shifting step using modulation is discussed in this paper. And a reasonable
choice of improved Stoilov’'s algorithm successfully lessens the requirement for
accuracy of phase-shifting step, which makes the PMP more suitable for on-line
inspection in automatic assembly line.

2. Principle

In on-lineinspection, the measured object moves with uniform speed. If we can obtain
the phase shifting by means of movement of the object instead of digital phase-shifting,
the phase distribution of deformed pattern can be calculated by phase-shifting
algorithm [10-12]. Figure 1 shows the layout of the inspected system; a computer
graphics card sends a stationary sinusoidal grayscale fringe image signal to a digital
light processing (DLP) projector that projects image onto the moving object [13].
A CCD isused to capture N frames deformed patterns with aconstant frame rate when
the object is moving. The captured images are then digitized by a frame grabber and
their intensity 1,,(x, y) can be described as follows:

(X% Yy) = R,(X y)[A(x, y) + B(X, y)cos( ¢, (X, y))] n=1,23, ... N (D)

where R, (X, y) is the object’s surface reflectivity, A(x,y) is the ambient light,
B(x, y)/A(X, y) is the fringe contrast, ¢,(x, y) is the phase of the deformed fringe
patterns modulated by the height of the object.
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Fig. 1. On-line 3-D inspection system.

The motion of the inspected object before CCD results in the change of positions
of the images in different deformed patterns, so the distributions of R, (X, y) and
@,(x,y) in different deformed patterns are different. The subscript n is used to
distinguish them. In order to cal culate the phase, pixel matching [14] must be carried
out to guarantee that the images of the object in different deformed patterns have
the same pixel position. The pixel matching also converts Ax (the motion of the object
in equal time interval) to the equivalent phase-shifting step. A sequence of equivalent
phase-shifting patterns are cut from the original deformed patterns after pixel
matching, and their intensity can be described as follows:

h(xY) = R y){A(x, y) + B(x, y)cos| g y>+(n—1)¢o}},

(2)
n=1,23,..,N

where ¢, is the equivalent phase-shifting step. R(x, y) isthe object’ s surface reflectiv-
ity and (X, y) is the phase of the deformed fringe patterns modulated by the height
of inspected object. The pixel coordinate values of the object’simagein different de-
formed patternsare uniform becausethey are adjusted by the process of pixel matching.
So, the subscript nin R, (x, y) and ¢,(X, y) in Eq. (1) can be omitted in Eq. (2).

Here, areasonabl e choiceof improved five-step Stoilov’ salgorithm [15, 16] makes
the inspection more convenient to operate. Stoilov’s algorithm is also an equal step
length phase-shifting algorithm, but the value of phase-shifting is arbitrary; in other
words, the sum of phase-shifting steps does not need to be integer multiple of 2,
which greatly reduces the requirement of control accuracy of measuring instrument.
In Stoilov’ salgorithm, the value of N is 5 and the phase distribution can be calcul ated
asfollows:

21506 9) = 13(x v) |
213(%, y) =115 y) = 15(%, Y)

p(Xy) = aan sin(¢g) 3
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and the phase-shifting sin(¢y) is:

2

(X Y) = 15(% y) }
2[1500V) = 1300 Y)|

sin[(po(x, y)} = 1—{ (4)

From Eg. (3), the values of the phase ¢(x,y) range from —n to ©m and is
discontinuous by an arctangent function. A phase-unwrapping algorithm is used to
convert the sawtooth-like phase-wrapped image into a continuous phase distribu-
tion ¥(x,y). The height distribution h(x, y) is restored by mapping the unwrapped
phase ¥(x, y) into the height [17, 18]:

1
X y)

= a(x y) +b(xy) +C(X Y) 5)

h(x, y) (X Y)

where a(x, y), b(x, y) and c(X, y) depend on the parameter of system setup and require
to be calibrated.

3. Pixel matching based on modulation

According to the process described above, pixel matching is a key procedure, which
directly affects the measurement result of 3D on-line inspection. The process of pixel
matching is described in the following subsections.

3.1. Extraction of modulation
Equation (1) is Fourier transformed and the Fourier spectrum is described as follows:

Gn( fx7 fy) = Pn( fxa fy) + Qn( 1:x_ f]_’ fy) + Qn( fx + f]_a f )a

(6)
n=123,..,N

where G,(fy, f,), Pn(fy f), Q,(fx, f,) represent the Fourier spectrum of 1(x, y),
R,(X, ¥Y) A(X, y) and R, (X, y) B(X, V), respectively. A suitable band-pass filter is used
to filter only the +1 order term of the Fourier spectrum and then inverse Fourier
transform is carried out to deal with Q,( f, — f;, f):

0,(XY) f T Qn(fy =11, 1) exp[i 2n( fx+1, y)}dfxdfy =

- Ry(X VB V) expi g )

The distributions of modulation M, (X, y) are defined as the model of g, (X, y):

M. (X y) = abs[gn(x, y)} = —%—Rn(x, yB(x,y), n=123, .. N (8
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Here, the modulation information of deformed fringe patterns includes reflectivity
distribution R,(x, y) and grating contrast distribution B(x, y). B(x, y) can be regarded
as a constant if the projected grating is of good uniformity. The reflectivity of object
and reference plane are different, so the modulation can be used to distinguish
the measured object from the reference plane. When the object is moving before
the CCD, the images of the object in the deformed patterns change and cannot be
distinguished from the fringes. Therefore, the modul ation can act asatemplateto mark
the change of the object positions.

3.2. Pixel matching

According to the contour of the object, a particular region C is cut from the first
modulation pattern My(X, y) in Eq. (8), which is used as a template. The regions with
maximum degree of correlation are evaluated through the correlation calculation
between the template and all the modulation patterns; the difference of the coordinate
values of regions reflects the motion of the object. Here, the bidirectional greatest
correlative coefficient matching law is used to calculate the relative displacement
between all the deformed patterns [19].
The function of correlation is asfollows[19]:

J K
Z Z E]_(J’k) En(J’k)
j=1k=1

SRS J o K o
z ZEl(J’k) X Z Z En(J’k)
j=1k=1 j=1k=1
where E,( ], k) denotes the template C, E,,( ], k) denotes a part of the n-th modulation
M, (%, y) and keeps the same size astemplate C, j is the abscissa and k is the ordinate,
J and K describe the size of the template.

According to the coordinate values of the regions with maximum degree of
correlation in each modulation pattern M, (X, y), a sequence of equivalent phase-
-shifting fringe patterns I/ (x, y) with the same size are cut down from the original
deformed patterns | ,(x, y), and the pixel coordinates of measured object’s image in
[;,(X, y) are identical with each other. This process is regarded as pixel matching. In
this way, the movement of object is translated to the grating’'s phase shifting, and
Stoilov’ s agorithm is used to calculate the phase distribution handily.

4. Numerical simulation and experiment
4.1. Numerical simulation

To demonstrate the feasibility of the methods proposed, a numerical simulation is
performed. As shown in Fig. 2, a “cone like” object is used as the moving object
with a size of 402x417 pixels. Figure 3 shows the pixel matching process diagram.
Figure 3a shows five simulative deformed patterns I,,(x, y), the object is covered by
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thefringes. Because of the movement of the object, the pixel coordinates of theimages
of measured object at each deformed pattern change. Figure 3b showsthe corresponding
modulation distributions. Figure 3c isatemplate cut from M, (X, y). It can be seen that
the template is unique and can reflect the character of the measured object. Figure 3d
shows the equivalent phase-shifting fringe patterns 1 (x, y) with the same pixel
coordinate of the images, which are cut from Fig. 3a after pixel matching. Figure 4a
isthe 3-D reconstruction result. Figure 4b is the corresponding error distribution and
its root mean square (RMS) value is 0.0149 mm.

4.2. Experiment

Inorder to verify the effectivity of the proposed method used in on-line 3-D inspection,
a series of experiments were carried out. The experimental system is shown in
Fig. 5. A sinusoidal fringe pattern is generated by a PC and projected onto the plane
(used as a flowing-water production line where measured objects lie) by a DLP
(CP-HX6500). The plane moves with a uniform speed, which is controlled by a step-
-motor (SC300-1A). CCD (MTV1881EX) which is controlled by a trigger signal
captures the deformed fringe patterns with a constant frame rate and sends them to
the PC to process.

One of the experimentsisto inspect a“Mickey” moveswith the work plane which
iscontrolled by astep-motor. Figure 6a showsthe inspected object; Fig. 6b showsone
of the deformed patterns, Fig. 6¢ denotes the corresponding modulation. After pixel
matching based on modul ations, asequence of equival ent phase-shifting fringe patterns
with the same pixel coordinates of the images of measured object are obtained, and
the calculation of wrapped phase is performed. Through unwrapping the wrapped
phase and calculating the height from the unwrapped phase, the height reconstruction
of object is completed according to Eq. (5), in which the parameters of the measure-
ment setup [20, 21], a(x, y), b(X, y), and c(X, y) are evaluated using a series of cali-
bration planes. The reconstructed height distribution is shown in Fig. 6d. Because
the actual height of the “Mickey” is unknown, the error analysis is not carried out.
Under the same measurement setup, the traditional static PMP which is considered as
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a b C d
Deformed pattern 11 Modulation of 11 17
Deformed pattern 12 Modulation of 12 12
Deformed pattern I3 Modulation of 13 13
Deformed pattern 14 Modulation of 14 14
Deformed pattern 15 Modulation of 15 15

Fig. 3. Process of pixel matching: deformed patterns (a), modulations (b), template (c), and equivalent
phase-shifting fringe patterns after pixel matching (d).
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Fig. 4. Inspection result: 3-D reconstruction result (a) and error distribution (b).

Fig. 5. The experimental system.
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Fig. 6. Demonstration of accuracy: inspected object (a), deformed pattern (b), modulation (c),
reconstruction result of the proposed method (d), reconstruction result of traditional static PMP (e) and
deviation distribution (f ).
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Fig. 7. Measurement of a gage plane: deformed pattern (a), modulation (b), mask (c), 3-D reconstruction
of height (d) and error distribution (€).

auniversal measurement method with high accuracy isused to restore the surface shape
of the “Mickey”. The restored result is shown in Fig. 6e. Figure 6f is the deviation
distribution between the two reconstruction results. Its RMS value is 0.0233 and
peak-to-valley (PV) value is 0.2602. It shows that the proposed on-line inspection
method can restore the shape of object as the traditional static PMP and the deviation
between the two measurement results is small. So, the proposed method has an ap-
proximate accuracy compared with the traditional static PMP.

In addition, to analyse the accuracy of the proposed approach, a gage plane with
theheight of 10 mm ismeasured using the above method. One of the deformed patterns
is shown in Fig. 7a, and its corresponding modulation is shown in Fig. 7b. From
Fig. 7a, we can see that the fringe is discontinuous at the edge of the plane due to
the shadow. Therefore, we cal cul ate the phase of the measured plane by using a“mask”
to filter the shadow, and the “mask” is obtained through setting a threshold of
modulationand isshownin Fig. 7c. Thereconstruction height distribution of the tested
plane is shown in Fig. 7d. The error distribution is shown in Fig. 7e and the RMS
valueis0.0601 mm. It showsthat the accuracy of the proposed method is considerable.

5. Conclusions

A novel on-line 3-D inspection method with PMP based on Stoilov’s agorithm is
proposed in this paper, which extends the application scope of the traditional PMP to
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inspect the moving objects. In on-line 3-D inspection, the movement of inspected
object leads to the displacement of images in deformed patterns, so pixel matching is
required to obtain the equivalent phase-shifting which satisfies Stoilov’s algorithm.
Because modulation represents the contour of inspected object, modulation of
the deformed pattern is originally used as a mark to implement the pixel matching in
this paper. A region cut from the first modulation pattern acts as a template to
implement correlation calculation with all the modulation patterns, and the regions
with maximum degree of correlation in different modulation patterns are found.
The difference of the positions of these regions which reflects the motion of object
is converted to the equivalent phase-shifting, and the phase distribution is calcul ated
with the equivalent phase-shifting patterns based on Stoilov's algorithm. Both
numerical simulation and experiment verify the effectiveness and practicability of
the proposed method.
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