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An abnormal phase removing method in phase measuring profilometry is proposed. In the five
equal shifting phase steps algorithm, the shifting phase might be extracted from the deformed
patterns captured by CCD camera. But there may be some errors introduced by a digital fringe
projector and CCD camera in these deformed patterns. The impurity of the deformed patterns may
lead to four classes of abnormalities when extracting the shifting phase. These abnormalities may
cause the wrong shifting phase extraction by which the reconstructed object might be misshapen
or anamorphic, or even in failure. By this proposed method, the above abnormalities can be
removed, and the shifting phase can be auto-extracted precisely from the impure deformed patterns
without knowing its value. Experimental results verify the feasibility and effectiveness of the
proposed method. 

Keywords: information optics, phase measuring profilometry, phase shifting algorithm, phase error, phase
auto-extracting. 

1. Introduction 

With the rapid development of industrialization, the high measurement accuracy of
phase-measuring profilometry (PMP) [1–3] makes it useful for various applications,
such as product inspection, computer vision, reverse engineering, virtual reality, medical
diagnostics and so on [4–8]. In PMP, N (N ≥ 3) fringe patterns are recorded by CCD cam-
era and the phase distribution can be calculated. The height distribution of the object
can be reconstructed by the phase to height mapping [9–11]. However, the phase steps
must be strictly controlled by a phase shifter and the shifting phase Φ0 must be 2π/N
between each adjacent shifting step, which is difficult to operate [12]. In 1997, STOILOV

and DRAGOSTINOV proposed the five equal shifting phase steps algorithm (FESPSA) [13],
which only requires the shifting phase between each adjacent shifting step equivalent
and the total amount of shifting phases need not to be integer multiples of 2π. It is pos-
sible to obtain the phase information of the object accurately with FESPSA. 

However, the shifting phase Φ0 excessively depends on the intensity of the captured
deformed patterns In(x, y). But the digitized errors, random noises from ambient light,
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etc., are inevitably brought into In(x, y) during the process of capturing. Then the cap-
tured In(x, y) may bring an error to the shifting phase Φ0 calculation. It is especially
worth noting that, during the process of phase demodulation, In(x, y) is involved in the
operations of calculating the square root as well as subtraction and division both in the
numerator and denominator with sin(Φ0). So the operations will bring abnormalities
to sin(Φ0) calculation to some extent. For example, a complex number is found in the
operation of extracting a square root and the denominator is zero and so on. Because
of the abnormalities, the 3D reconstruction can be affected. There are some burrs on
the surface of the measured object, and the distortion is also found on the surface of
the reconstructed object, or sometimes the object cannot be reconstructed. So an ab-
normal phase removing method in phase measuring profilometry is proposed. By this
method, the abnormalities can be removed, and the shifting phase can be auto-extracted
precisely from the impure patterns without knowing its value in advance. The satis-
factory reconstruction result can be derived.

2. Basic concepts of PMP 

A schematic of the basic measuring system in PMP is illustrated in Fig. 1. When a si-
nusoidal granting is projected onto a measured object, CCD camera can capture the
deformed pattern modulated by the height of the object. According to the FESPSA, if
we shift the phase with an arbitrary nonzero Φ0 one by one for five steps using the
phase shifting device, five frames corresponding to the deformed patterns can be cap-
tured by CCD camera, which can be written as 

n = 0, 1, 2, 3, 4 

(1)
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Fig. 1. Phase-measuring profilometry principle. 
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where R(x, y) is the surface reflectance of the object, A(x, y) is the background light
intensity, B(x, y) reflects the fringe contrast, and Φ(x, y) is the phase information mod-
ulated by the height of the object. The phase distribution Φ(x, y) can be calculated as:

(2)

(3)

It should be reminded that Φ(x, y) was mistaken as

(4)

As Equation (2) shows, the atan calculation makes the phase wrapped in the scope
from –π to π. In fact, the phase distribution is continuous. So the wrapped phase should
be unwrapped. Using the diamond phase unwrapping algorithm [14], the wrapped
phase Φ(x, y) can be converted into the continuous phase distribution. This is called
the phase unwrapping procedure [15, 16]. It must be pointed out that Eq. (3) shows
that the shifting phase Φ0 depends on the deformed patterns Ι0(x, y), Ι1(x, y), Ι3(x, y)
and Ι4(x, y). Unfortunately, the digitized errors of a digital light projector or CCD cam-
era, and the disturbance of ambient light could let Ι0(x, y), Ι1(x, y), Ι3(x, y) and Ι4(x, y)
contain errors, which could cause some unexpected abnormalities in Φ0 calculation.

3. The abnormal character analyzing 

We can see that Φ0 depends on the intensity of the captured deformed patterns. Grey
value acquisition by CCD camera is just an integer between 0 and 255, so digitized
errors can be brought in. Secondly, during image acquisition, when the height of the
object changes a lot, the phenomenon of distorted stripe dislocation cannot be avoided,
and causes the corresponding pixel points of different phase shifting to be mutated. In
addition, random noises from ambient light would affect the accuracy of image acqui-
sition. It can be seen from the above analysis that some abnormalities will be obtained
when calculating sin(Φ0). For better understanding, a series of numerical simulations
have been done. A simulated object “peaks function” with the size 256 × 256 pixels
for example is shown in Fig. 2.

When the grating is projected onto the surface of the object and the phase shifting
device shifts the phase Φ0 with 2π/5 for five steps, the corresponding five frames de-
formed patterns are captured by CCD camera. Figure 2b shows one of the deformed

Φ x y,( )
2 I1 x y,( ) I3 x y,( )–

2I2 x y,( ) I0 x y,( )– I4 x y,( )–
----------------------------------------------------------------------------- Φ0( )sin

 
 
 
 
 

atan=

Φ0( )sin 1
I0 x y,( ) I4 x y,( )–

2I1 x y,( ) 2I3 x y,( )–
------------------------------------------------------

2

–=

Φ x y,( )
2 I1 x y,( ) I3 x y,( )–

2I2 x y,( ) I0 x y,( )– I4 x y,( )–
----------------------------------------------------------------------------- 1

Φ0( )sin
------------------------

 
 
 
 
 

atan=



88 XINGFEN XU et al.

patterns. In numerical simulation, sin(Φ0) = sin(2π/5) = 0.951057. However, sin(Φ0)
will not be a constant according to Eq. (3), and four classes of abnormalities will be
found in the result of sin(Φ0). 

Firstly, when calculating Ιn(x, y) with Eq. (3), we can find Ι1(x, y) = Ι3(x, y) in some
pixel coordinate positions. So the denominator is a zero in Eq. (3). Table 1 reveals
20 positions where Ι1(x, y) = Ι3(x, y) (called abnormality I). No matter what the amount
of Ι0(x, y) or Ι4(x, y) is, the calculation result of sin(Φ0) is meaningless. These abnor-
malities will result in the appearance of meaningless phase in their corresponding po-
sitions, directly affect phase measurement and phase unwrapping, or even fail to
reconstruct the 3D object. 

Secondly, there is an extraction s from Eq. (3) as:

(5)

An unexpected complex number will be found in the results in some pixel coordinate
positions when calculating Eq. (3). If s > 1, sin(Φ0) is a complex number. Table 2
shows 20 positions where s > 1 (called abnormality II). These abnormalities will result

Fig. 2. Projected sinusoidal grating (a), and one of deformed patterns (b). 

a b

T a b l e 1. Location for partial abnormalities I. 

N 1 2 3 4 5 6 7 8 9 10

x [pixel] 10 14 16 18 117 24 27 40 48 108

y [pixel] 111 167 99 175 129 183 87 195 155 27

I1 = I3 68 68 107 68 107 68 68 107 68 107

N 11 12 13 14 15 16 17 18 19 20

x [pixel] 88 90 228 115 210 194 192 194 191 184

y [pixel] 74 174 117 111 137 172 142 167 194 142

I1 = I3 107 68 68 107 68 107 68 107 107 68

s
I0 x y,( ) I4 x y,( )–

2I1 x y,( ) 2I3 x y,( )–
------------------------------------------------------

2

=
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in the appearance of a complex phase in their corresponding positions and certainly
affect phase measurement and phase unwrapping, or even fail to reconstruct the 3D
object. 

Thirdly, we can also find Ι0(x, y) = Ι4(x, y) in some pixel coordinate positions when
calculating Eq. (3) which will lead sin(Φ0) to be unexpected 1.

In this condition, Φ0 is π/2 rather than the pre-set 2π/5. So the calculation of the
phase shifting algorithm is seriously incorrect. These abnormalities will lead to the wrong
phases when unwrapping the phase and make the reconstruction object misshapen or
blurring. As is shown in Table 3, there are 20 positions where Ι0(x, y) = Ι4(x, y) (called
abnormality III). 

Lastly, after excluding the above three classes of abnormalities, the forth abnor-
mality cannot be ignored. There is a division operation in Eq. (3). So when the denom-
inator 2[Ι1(x, y) – Ι3(x, y)] is nonzero but relatively small in number, and the numerator
[Ι0(x, y) – Ι4(x, y)] makes a small change caused by some introduced errors, a major
change in division and some transnormal error (called abnormality IV) will be brought
in. The 3D reconstruction is seriously anamorphic. Table 4 depicts 20 positions in this
condition which lead to transnormal phase errors.

The above analysis is made under the condition of no disturbance of ambient light.
We can see that the above four classes of abnormalities are expected to be derived when

T a b l e 2. Location for partial abnormalities II. 

N 1 2 3 4 5 6 7 8 9 10

x [pixel] 1 11 11 15 16 18 3 4 4 26

y [pixel] 6 182 190 104 104 86 94 6 22 38

s 1.49 1.25 1.26 1.04 1.08 1.14 1.94 1.94 1.94 1.42

N 11 12 13 14 15 16 17 18 19 20

x [pixel] 95 143 192 206 209 210 212 239 240 238

y [pixel] 64 83 46 222 22 100 181 143 190 103

s 1.13 1.19 1.52 1.53 1.49 1.04 1.09 1.34 1.64 1.86

T a b l e 3. Location for partial abnormalities III.  

N 1 2 3 4 5 6 7 8 9 10

x [pixel] 10 12 10 16 21 25 28 29 32 48

y [pixel] 111 107 159 99 179 120 112 187 145 155

I0 = I4 139 36 139 36 36 139 139 36 139 139

N 11 12 13 14 15 16 17 18 19 20

x [pixel] 70 73 88 90 95 124 146 159 164 171

y [pixel] 115 99 74 174 189 23 192 95 206 202

I0 = I4 139 36 36 139 36 139 36 139 139 36
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unwrapping the phase without the disturbance of ambient light, and they will affect
the phase measurement or phase unwrapping seriously. So an abnormal phase remov-
ing method in phase measuring profilometry is proposed.

4. Description of the proposed method 

After excluding the above four classes of mentioned abnormalities, the rest sin(Φ0)
distribution values may be very close to sin(2π/5). However, there are still some small
errors in these values caused by the impurity of the captured deformed patterns. Table 5
shows the sin(Φ0) values at and around the (241, 82) pixel coordinate, they are all dif-
ferent but close to sin(2π/5). 

With the proposed method, the phase shifting algorithm can be improved effectu-
ally. To some extent, the disturbance of ambient light also can be restrained to a max-
imum. The detailed abnormal phase removing method is as follows.

1. Calculate Δ1 = I1(x, y) – I3(x, y). If Δ1 = 0, sin(Φ0) is masked as a known number
far beyond the range of sin(Φ0) such as 100 (as a token of abnormality I). 

2. Calculate s. If s > 1, sin(Φ0) is masked as another known number far beyond the
range of sin(Φ0) such as 200 (as a token of abnormality II).

3. Calculate I0(x, y) – I4(x, y). If the result is zero, sin(Φ0) is masked as another
known number far beyond the range of sin(Φ0) such as 300 (as a token of abnormality III).

4. Calculate sin(Φ0) with Eq. (3).
5. Scan successively M × N array of sin(Φ0) distribution, put the sin(Φ0) arranged

from 0 to 1 into one-dimensional array A0, and note the amount K0 of the dimension.

T a b l e 4. Location for partial abnormalities IV. 

N 1 2 3 4 5 6 7 8 9 10

x [pixel] 12 12 19 19 22 22 23 29 32 34

y [pixel] 49 201 109 149 146 149 154 142 73 110

sin(Φ0) 0.98 0.97 0.98 0.99 0.97 0.99 0.98 0.98 0.97 0.99

N 11 12 13 14 15 16 17 18 19 20

x [pixel] 222 225 230 235 237 238 172 172 28 36

y [pixel] 163 180 196 156 76 100 233 249 134 163

sin(Φ0) 0.99 0.98 0.99 0.97 0.99 0.98 0.97 0.97 0.99 0.99

T a b l e 5. Values of sin(Φ0) at and around (241, 82) pixel coordinate.

Coordinate 81 82 83

240 0.951058 0.950624 0.949328

241 0.950792 0.950957 0.952041

242 0.951221 0.950763 0.951486
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6. Calculate the mean value  and root mean squared (RMS) error δ. If δ is more
than some pre-set little value ε, it is proved there are some transnormal errors in
array A0. Mark the elements in array A0 with a known number far beyond its range such
as 400 (as a token of abnormality IV).

7. Judge whether there are some tokens of 400 in array A0. If so, then exclude them
and record the number K0 of the valid elements. Go back to step 6. Otherwise, it is proved
the four mentioned abnormalities have been excluded. Calculate the mean value 
of the remaining elements K0 in array A0. The elements in array A0 will be replaced
by  at last. 

8. Calculate the phase according to Eq. (2).
In this way, the sin(Φ0) can be extracted precisely and helpful for phase calculation.

Take the peaks function as shown in Fig. 2b, for example. Though there are so many
abnormalities shown in Tables 1–4, the mean value  is extracted to be 0.951070,
very close to sin(2π/5), and the error is less than 1.3 × 10–5. We can see that the errors
brought by the four classes of abnormalities can be removed effectually.

5. Experiment and analysis

The experiments have been implemented to verify the validity of the proposed method.
Firstly, a plane with the height of 12.00 mm has been measured. When shifting the
phase of the projected grating with an arbitrary nonzero Φ0 one by one for five steps
with the phase shifting device, five frames of the corresponding deformed patterns
can be captured by CCD camera. To be convenient for the analysis, here we set the Φ0
as 2π/5. Figures 3a and 3b show the wrapped phase with the FESPSA and the proposed
method. The height distribution of the measured plane is reconstructed as shown in
Fig. 4. Due to the above four classes of abnormalities, Fig. 4a shows plenty of blurs
or striations on the surface of the reconstructed plane, and Fig. 4b shows a better re-
construction result with the proposed method. The corresponding error distributions
are shown in Fig. 5. The maximum error in Fig. 5a is 2 mm, and the RMS error cannot
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Fig. 3. The wrapped phase with FESPSA (a), and with the proposed method (b). 
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be figured out for there are some meaningless values (labeled in NaN) somewhere.
The maximum error in Fig. 5b is less than 0.05 mm, and the RMS error in Fig. 5b is
only less than 0.008 mm, which shows a good measuring precision of the proposed
method. To verify the validity of the proposed method with an arbitrary nonzero Φ0,
we make actively Φ0 produce three different values (π/6, π/4, π/3) to measure the above
plane. Table 6 shows the results  with the proposed method. Though there are errors
in the mean value  caused by the impurity of the captured deformed patterns and
the capturing errors introduced by the digital light projector or CCD camera, we can
see that each  is very close to its theoretical value. Dealing each  with the proposed
method, the error is not more than 5.2 × 10–4. Meanwhile, the plane is well recon-
structed each time, and the measurement error and its distribution are almost the same
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Fig. 4. Reconstruction results with FESPSA (a), and with the proposed method (b).
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T a b l e 6. Result of  at different sin(Φ0). 

sin(Φ0) Error

0.50000 0.50046 0.00046

0.70711 0.70649 0.00052

0.86603 0.86643 0.00040
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as Fig. 5b. So it can be confirmed that the proposed method is valid with an arbitrary
nonzero Φ0.

Secondly, in order to further validate the proposed method feasibility, a heart-shaped
object is measured (Fig. 6a). Figure 6b shows the reconstructed object with FESPSA.
The result of the reconstruction is very poor. Figure 6c depicts the reconstructed object
after excluding the abnormalities I. There is some improvement compared with
Fig. 6b, but the effect is still poor. After excluding the abnormalities I–II, the recon-
struction result is shown in Fig. 6d. We can see that the misshapen or anamorphic effect
is still serious though it is better than the reconstruction result (Fig. 6c). The better re-
construction result is shown in Fig. 6e after excluding the abnormalities I–III. But the
distortion somewhere is still found in Fig. 6e. It is caused mostly by a transnormal er-
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ror. After further revisions of the abnormalities IV with the proposed method, the sat-
isfactory reconstruction result can be derived, which is shown in Fig. 6f. Therefore,
we can confirm that the proposed method is quite feasible and valid.

6. Conclusion

In FESPSA, there may be four classes of abnormalities in the shifting phase Φ0 dis-
tribution which may be caused by some errors introduced by a digital fringe projector,
CCD camera and the ambient light. So an abnormal phase removing method in phase
measuring profilometry is proposed. In the proposed method, the phase error brought
by the four classes of the abnormalities can be removed, and the shifting phase can be
auto-extracted precisely from the impure captured deformed patterns without knowing
its value. Experimental results show the reliability of the proposed method. The max-
imum error is less than 0.05 mm and the RMS error is less than 0.008 mm in measuring
a plane of 12 mm height.
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