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An on-line phase measurement profilometry based on improved Stoilov’s algorithm is proposed
to measure the 3D shape of moving object. While only one frame sinusoidal grating is projected
on the moving object, the equal phase-shifting step deformed patterns modulated by profile of
the measured object can be captured at every equivalent moving distance of the measured object
instead of digital phase-shifting. Stoilov’s algorithm is an equal phase-shifting step algorithm at
an arbitrary phase-shifting step, which is suitable for on-line phase measurement profilometry.
However, the arbitrary phase-shifting step of Stoilov’s algorithm depends on the captured de-
formed patterns, in which the digitized errors of digital light projector or CCD camera, and the dis-
turbance of surrounding light could be introduced, it will lead to some abnormities in wrapped
phase, such as the denominator in Stoilov’s algorithm could be zero, which could cause the recon-
structed 3D profile of the measured object appear burr, distortion or aberration, even could not be
reconstructed. So an on-line phase measurement profilometry based on improved Stoilov’s algo-
rithm is proposed. The arbitrary phase-shifting step is retrieved by both pixel matching and fringe
cycle calibration rather than the captured deformed patterns. Experiments verify the feasibility and
effectiveness of the proposed on-line phase measurement profilometry.

Keywords: information optics, Stoilov’s algorithm, phase measuring profilometry (PMP), on-line phase
measurement profilometry (OPMP), phase-shifting, pixel matching.

1. Introduction
With the development of industrial automation, the application of industrial production
line is getting more and more popular. In order to improve the efficiency of production
line, and to make sure the high quality of products, the research of three-dimensional
on-line measurement with high precision should be paid more and more attention. In
the production line, the measured products are transported by the conveyor automati-
cally to several appointed working procedures successively. One of the working pro-
cedures is the 3D shape measuring procedure. In this procedure, the measurement must
be done on-line while the measured product is just being transported and the measured
results must be of real-time to determine which working procedure should be appointed
next. At present, phase measuring profilometry (PMP) [1–4] has the highest precision
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in 3D profile measurement based on structured-light because its phase calculation is
a point-to-point performance, but in traditional PMP, the measured object must remain
static and N steps (N > 2) of phase-shifting must be needed and each phase-shifting
step must be equivalent and be 2π /N strictly. It is difficult to meet the above require-
ment due to the movement of the measured object, which means the traditional PMP is
not suitable for on-line measurement. Stoilov’s algorithm [5] is an equal phase-shifting
step algorithm at an arbitrary phase-shifting step, in other words, the sum of phase-shift-
ing step does not need to be the integer multiple of 2π. The quantity of phase-shifting
steps is not necessarily controlled strictly in Stoilov’s algorithm, so the equivalent
phase-shifting step can be obtained by the movement of the measured object, which
is suitable for an on-line phase measurement profilometry (OPMP) [6–9]. However,
the phase computing of Stoilov’s algorithm depends on the captured deformed patterns,
so the errors of a digital light projector (DLP) or CCD camera, and the disturbance of
surrounding light could lead to some abnormities in a wrapped phase, which could cause
the reconstructed 3D profile of the measured object appears blurred, distorted or aber-
rant, and even could not be reconstructed [10, 11]. Therefore, WU YING-CHUN et al. [12]
proposed an active phase-shifting step OPMP method which an auxiliary positioning
device to actively control the phase-shifting step. This method can be applied in some
specific production lines with positioning device themselves. But most production
lines have no positioning device. The universality of this method faces the challenge.
So, a new OPMP based on improved Stoilov’s algorithm is proposed which does not need
any auxiliary device and is suitable for almost any production line with straight-line
movement.

2. Principle 
In traditional PMP, the measured object should remain static. While a group of
phase-shifting sinusoidal gratings are projected on the measured object separately,
the corresponding deformed patterns are captured and phase distribution can be cal-
culated from these deformed patterns. After phase unwrapping and phase-to-height
mapping [13–15], the 3D profile of the measured object can be reconstructed. In
OPMP, the measured object is moving. In Fig. 1, the projection on the measured object
is obtained by a parallel light irradiating a fixed sinusoidal grating. A CCD is used to
capture N frames deformed patterns when the object has been moved through every
equivalent moving distance S. The captured deformed patterns Ii(xi, yi) can be de-
scribed as follows:

i = 0, 1, 2, ... (1)

where xi and yi represent the coordinate of a camera coordinate, R(xi,  yi) is the object’s
surface reflectivity, A(xi,  yi) is the ambient light, B(xi,  yi)/A(xi,  yi) is the fringe con-
trast, Φ (xi,  yj) is the phase of the deformed fringe patterns modulated by the height
of the object, Δ is the equivalent phase-shifting step, which is less than 2π. 

Ii xi yi,( ) R xi yi,( ) A xi yi,( ) B xi yi,( ) Φ xi yi,( ) iΔ+cos+
⎩ ⎭
⎨ ⎬
⎧ ⎫,=
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When the measured object is moved, the coordinates of this measured object in dif-
ferent deformed patterns will be changed, so the R(xi,  yi) and Φ (xi,  yj) in different
captured deformed patterns are different. In order to calculate phase distribution, pixel
matching [16–19] must be carried out to guarantee that equivalent deformed patterns
(in which the coordinates of the measured object remain the same) can be extracted.

The pixel matching of the image frame 2–5 can be denoted as:

i = 0, 1, 2, 3, 4 (2)

where  is the equivalent deformed pattern extracted from the image frame 2
and frame 1 in Fig. 2, Π  is the pixel matching operator, which means that pixel match-
ing is carried out on the captured deformed pattern  and  to get equiv-
alent deformed patterns 

The distribution of phase should be obtained by the following equation with
Stoilov’s algorithm:

(3)

where Φ ' (x0, y0) is a wrapped phase which is restricted between –π to π, so phase un-
wrapping is used to get the continuous phase Ψ ' (x0, y0), and after phase-to-height map-
ping, the 3D profile of the measured object H(x0, y0) can be reconstructed.

However, the second formula in Eq. (3) shows that the equivalent phase-shifting
step Δ depends on the equivalent deformed patterns  which are extracted
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Fig. 1. PMP principle figure for on-line measurement. 
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from the captured deformed patterns Ii (xi , yi ). Unfortunately, the digitized errors of
a DLP or CCD camera, and the disturbance of surrounding light could let the 
contain errors, which could cause some unexpected abnormities in Δ calculation.

Firstly, because  and  contain errors, it is possible to meet the con-
dition of =  somewhere, which will result in the fact that the de-
nominator is to be zero, so as to make Δ meaningless. And the reconstructed 3D profile
of the measured object contains a regional fracture at these places where phase com-
puting is unrealizable, which means that the 3D profile of the measured object could
not be reconstructed in this situation. 

Secondly, because all of  (i = 0, 1, 2, 3, 4) contain errors, it is also possible

to meet the condition of  somewhere, which will

make Δ be a complex, so as to make Δ not consistent with its real number feature, which
means the 3D profile of the measured object could not be reconstructed in this situation.

Additionally, Δ in Stoilov’s algorithm is arbitrary and space-invariant. When Δ is
not 90°, the errors in  and  would meet the condition of =
=  somewhere to compel Δ to be 90°, so the phase computing errors will be
introduced, which means the reconstructed 3D profile of the measured object will con-
tain blur, distortion or aberration.

Therefore, an OPMP based on the improved Stoilov’s algorithm is proposed.

3. Improvement of Stoilov’s algorithm

As discussed above, the original Stoilov’s algorithm possibly contains some abnormi-
ties because of its dependence on the captured deformed patterns. With the analysis

Ii' x0 y0,( )

Fig. 2. Before (a) and after (b) pixel matching.
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of the equivalent phase-shifting step Δ in OPMP, it is found that Δ is controlled by
the moving distance S of the measured object. If the fringe cycle L on the reference
surface is known, Δ can be obtained in the world coordinate as:

(4)

If the system calibration can be done to obtain the world coordinate to the pixel
coordinate mapping K, Δ can also be denoted in the pixel coordinate as:

(5)

where T is the fringe pixel cycle of the captured sinusoidal grating on the reference
surface, M is the pixel difference between every adjacent captured deformed pattern that
can be obtained by pixel matching as shown in Fig. 2; it can be corrected to the subpixel
level. But the phase computing in Eq. (3) can be only achieved at every integer pixel,
so the non-integer of M will lead to an additional shifting phase error. Therefore,
M calibration to ensure M approximate to an integer, and T calibration are the keys to
obtain a Δ with high precision.

3.1. M calibration 

As discussed above, if the Δ is calculated in pixel coordinate, the K must be obtained in
advance by system calibration. In order to get a K with high precision, making the most
of the CCD camera field of view is very important. As shown in Fig. 3, a group of par-
ticular symmetric marks are designed to be pasted on the reference surface of the on-line
bench and made a line just particular to the X moving direction of the on-line bench,
so that the centroid of the interested mark captured by CCD can be extracted quickly
and accurately by image processing. The system calibration steps are as follows.

Firstly, the on-line bench is precisely controlled to make the interested mark Q on
the reference surface locate at the left edge of the CCD camera field of view as close
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Fig. 3. System calibration of reference plane. 
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as possible and the position X0 of the on-line bench is recorded by a metrological grat-
ing while capturing the image frame A. Secondly, the on-line bench is precisely con-
trolled to make the corresponding interested mark Q on the reference surface locate at
the right edge of the CCD camera field of view as close as possible and the position
Xi of the on-line bench is recorded by the metrological grating while capturing the im-
age frame B. Lastly, by image processing, the centroids of Q along the X direction C0
in the image frame A and Ci in the image frame B can be extracted precisely. Then,
the world coordinate to the pixel coordinate mapping K can be calibrated as 

(6)

In OPMP, as shown in Fig. 3, the strict control over the moving distance S must be
carried out to improve the additional shifting phase errors as discussed above. The dia-
gram of M calibration is shown in Fig. 4. 

A suitable infinitesimal ε > 0 is used as the ending condition of M calibration and
the expected M is initialized as an integer M0 at the beginning of M calibration. By
strict control over S repeatedly until M approximate to M0 as closer as expected, then
the S at this condition is recorded as S0. In this way, the pixel difference caused by S0
will be a good fit to the integer M0.

If the S0 is converted into the pulse number N0 of the metrological grating and is
preset in the transmitter circuit on the metrological grating electrical control device.
While the on-line bench is moving along the X direction, the transmitter circuit can
automatically trigger the CCD camera to capture deformed patterns at intervals of
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Fig. 4. Diagram of M calibration.
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a certain S0 to make sure every two adjacent captured deformed patterns have an equal
shifting phase with high precision, and the speed of the measured object may be
nonuniform as long as the CCD camera can capture clear deformed patterns during
the measurement.

3.2. T calibration

Indeed, the fringe pixel cycle T on the reference surface could be obtained by image
processing directly. However, the precision of T is somehow limited in this way, so
a new method based on PMP is proposed, in which the T can be calibrated by comput-
ing the wrapped phase of a captured sinusoidal grating on the reference surface. While
five sinusoidal grating patterns with an interval shifting phase of 2π/5 are projected
on the reference surface respectively, the five corresponding phase-shifting fringe im-
ages  ( j = 0, 1, 2, 3, 4) can be captured by a CCD camera, and the wrapped
phase Phase(x, y) of the reference surface can be obtained:

j = 0, 1, 2, 3, 4 (7)

Because the fringes are projected on the reference surface, the profile of the wrapped
phase shows a sawtooth wave as shown in Fig. 5a. It is well-known that T is well re-
flected by the cycle P of the sawtooth wave. If there are not any errors caused by
the CCD camera and DLP, the pixel difference along the X direction between any two
adjacent identical phase points in the wrapped phase can denote P. Unfortunately,
the errors caused by the CCD camera and DLP are non-ignorable, so a mean-approach-
ing algorithm of P is applied to restrain the errors efficiently. 
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As shown in Fig. 5b, J identical phase lines are drawn on the sawtooth wave and
there are Q sawteeth along the X direction. Pqj is denoted as the pixel difference be-
tween the q-th intersection and the (q + 1)-th intersection across the j-th identical phase
line, and Pj is the average pixel difference of all the intersections across the j-th iden-
tical phase line 

(8)

Then, the P can be denoted as

(9)

So, the calibrated T can be reflected by P and is denoted by T0 

T0 = P (10)

3.3. The improved PMP algorithm

With the calibration of T and strict control over S, the equivalent phase-shifting step Δ0
can be obtained and the improved Stoilov’s algorithm can be expressed as 

(11)

The digitized errors of DLP or CCD camera, the non-linear errors and the distur-
bance of surrounding light can be reduced to some extend.

4. Experimental results and analysis 

In order to verify the feasibility and validity of the proposed OPMP based on improved
Stoilov’s algorithm, a series of experiments were carried out. The experimental system
is shown in Fig. 6, in which the model of DLP is CP-H6500, the model of CCD in this
system is MTV1881EX, whose frame rate is 60 frame/s, exposure time can range from
1/50 s to 1/10000 s, and 1/500 s is selected. Figure 7 shows the comparative result of
3D profile of the measured object by the original Stoilov’s algorithm and the improved
Stoilov’s algorithm. The 3D profile of the measured object reconstructed by the orig-
inal Stoilov’s algorithm in Fig. 7a has a blur, and its surface shows a regional fracture.
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Some local profiles cannot be reconstructed because of some unexpected abnormalities
in Δ calculation. In Fig. 7b, the 3D profile of the measured object has been reconstruct-
ed completely by the improved Stoilov’s algorithm and remains smooth and realistic,
which verifies the feasibility and validity of the proposed OPMP. 
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Fig. 6. Experiment system. 

Fig. 7. Reconstructed object by original (a) and improved (b) algorithm.
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5. Conclusion

An experimental system suitable for OPMP is established, and in OPMP based on
the original Stoilov’s algorithm, the equivalent phase-shifting step depends on the equiv-
alent deformed patterns, which are extracted from captured deformed patterns. Unfor-
tunately, the digitized errors of a DLP or CCD camera, and the disturbance of surrounding
light could cause some unexpected abnormalities in the equivalent phase calculation.
Then, a solution based on pixel matching and fringe cycle calibration is proposed. With
the proposed OPMP, based on the improved Stoilov’s algorithm, the experiment results
show that there is not any abnormity in the equivalent phase calculation, and the re-
constructed 3D profile of a moving object is smooth and realistic. The validity and fea-
sibility of the proposed OPMP are verified by a series of experiments and the accuracy
of 3D on-line measurement has been improved effectively.
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