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Abstract: An improved method which considers the use of Fourier and wavelet transform
based analysis to infer and extract 3D information from an object by fringe projection on it
is presented. This method requires a single image which contains a sinusoidal white light
fringe pattern projected on it, and this pattern has a known spatial frequency and its
information is used to avoid any discontinuities in the fringes with high frequency. Several
computer simulations and experiments have been carried out to verify the analysis. The
comparison between numerical simulations and experiments has proved the validity of this
proposed method.
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1. Introduction

In the last three decades, the idea of extracting the 3D information of a scene from its 2D images
has been widely investigated. Several contact and non-contact measurement techniques have been
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employed in many science and engineering applications to compute the 3-D surface of an object.
Basically, the aim is to extract the useful depth information from an image in an efficient and
automatic way. Then, the obtained information can be used to guide various processes such as robotic
manipulation, automatic inspection, reverse engineering, 3D depth map for navigation and virtual
reality applications [1]. Among all the diverse methodologies, one of the most widely used is the fringe
projection. Fringe processing methods are widely used in non-destructive testing, optical metrology
and 3D reconstruction systems. Some of the desired characteristics in these methods are high accuracy,
noise-immunity and fast processing speed.

Scarcely used fringe processing methods are the well-known Fourier Transform Profilometry (FTP)
method [2] and Phase-shifting Interferometry [3]. It is also well-established that one of the main
challenges for these methods is the wrapped phase information problem. The first algorithm for this
purpose was proposed by Takeda and Mutoh in 1982 [2]. Later Berryman [4] and Pedraza [5-7]
proposed a modified Fourier Transform Profilometry by carrying out global and local analyses in the
phase unwrapping. Then, unwrapping algorithms (temporal and spatial) were introduced and
modified [8-10]. Another solution is to extract the information by the use of a wavelet transform.

Due to the fact that the wavelet transform offers multiresolution in time and space frequency, it is a
tool that offers advantages over the Fourier transform [11,12]. The computation in the method can be
carried out by analyzing the projected fringe patterns using a wavelet transform. Mainly, this analysis
consists of demodulating the deformed fringe patterns and extracting the phase information encoded
into it and hence the height profile of the object can be calculated, quite similar to Fourier transform.

Different wavelet algorithms are used in the demodulation process to extract the phase of the
deformed fringe patterns. They can be classified into two categories: phase estimation and frequency
estimation techniques.

The phase estimation algorithm employs complex mother wavelets to estimate the phase of a fringe
pattern. The extracted phase suffers from 2n discontinuities and a phase unwrapping algorithm is
required to remove these 27t jumps. Zhong et al. [11] have applied Gabor wavelets to extract the phase
distribution where a phase unwrapping algorithm is required.

The frequency estimation technique estimates the instantaneous frequencies in a fringe pattern,
which are then integrated to estimate the phase. The phase extracted using this technique is continuous;
consequently, phase unwrapping algorithms are not required. Complex or real mother wavelets can be
used to estimate the instantaneous frequencies in the fringe pattern. Dursun et al. [13] and
Afifi et al. [14] have used Morlet and Paul wavelets, respectively, to obtain the phase distribution of
projected fringes without using any unwrapping algorithms. Also, Gdeisat et al. [15] have proposed
a 1D continuous wavelet transform approach to retrieve phase information in temporally and spatially
fringe patterns, moreover, several algorithms were used for ridge extraction in the phase of the
fringe patters.

Most of the previous research is focused on using the Fourier and wavelet transforms separately to
obtain the 3D information from an object; pre-filtering the images, extracting the phase information of
fringe patterns, using phase unwrapping algorithms, and so on.
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In the present research, a simple profilometrical approach to obtain the 3D information from an
object is presented. Here, the spatial frequency of the projected fringe pattern is obtained. The
mathematical description to obtain the spatial frequency is a contribution in this research. Then, a
modified Fourier transform method of an extended 1D wavelet based profilometry is applied. Later, a
robust phase unwrapping algorithm is developed and used to obtain the desired 3D information. The
main contribution of this work is the methodology. In addition, this novel approach is compared with
other similar research and the results are presented. In order to validate the methodology, some virtual
objects were created for use in computer simulations and experiments.

2. Theoretical Background

As described in the previous section, there are several fringe projection techniques which are used
to extract the three-dimensional information from the objects. In this section, a Modified Fourier
Transform is explained and the Wavelet Profilometry is introduced.

2.1. Fourier Transform Profilometry

The image of a projected fringe pattern and an object with projected fringes can be represented by:

g(x,y) =a(x,y) +b(x, y) xcos[2x 7 f,x +¢(X, y)] (1)
do (X, ¥) =a(x, y) +b(x, y) xcos[2x 7 fx + ¢, (X, y)] )

where g(x,y) and go(x,y) are the intensities of the images at the point (x,y), a(x,y) represents the
background illumination, b(x,y) is the contrast between the light and dark fringes, fo is the
spatial-carrier frequency and ¢(x,y) and ¢o(X,y) are the corresponding phase to the fringe and distorted
fringe pattern, observed by the camera.

The phase ¢(x,y) contains the desired information, whilst a(x,y) and b(x,y) are unwanted irradiance
variations. The angle ¢(x,y) is the phase shift caused by the object surface end the angle of projection,
and its expressed as:

P(% Y) =@ (X, Y) + ¢, (X, Y) (3)

where ¢o(x,y) is the phase caused by the angle of projection corresponding to the reference plane, and
@,(X,y) is the phase caused by the object’s height distribution.

Considering Figure 1, we have a fringe which is projected from the projector, the fringe reaches the
object at point H and will cross the reference plane at the point C. By observation, the triangles
DpHDc and CHF are similar and since:

(4)

This leads to the next equation:
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h(x,y)2A,d, (5)
@, (X, y) =
h(x,y) -1,

where the value of h(x,y) is measured and considered as positive to the left side of the reference plane.
Equation 5 can be rearranged to express the height distribution as a function of the phase distribution:

_ l,@, (X, Y) (6)
V= oy -2,

Figure 1. Experimental setup.

2.1.1. Fringe Analysis

The fringe projection Equation 1 can be rewritten as:

a(x,y) = S Ar(x y)exp(ing(x, y) *exp(izanf,x) @

N=—0o0

where r(x,y) is the reflectivity distribution on the diffuse object [3,4]. Then, a FFT (Fast Fourier
Transform) is applied to the signal in the x direction only. Thus, the following equation is obtained:

G(f,y) =Y Q,(f -nf,.y) ®)

where Q, is the 1D Fourier Transform of A, exp[ing(x,y)].

Here ¢(x,y) and r(x,y) vary very slowly in comparison with the fringe spacing, then the Q peaks in
the spectrum are separated from each other. It is also necessary to consider that if a high spatial fringe
pattern is chosen, the FFT will have a wider spacing among the frequencies. The next step is to remove
all signals with exception of the positive fundamental peak fo. The obtained filtered image is then
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shifted by fo and centred. Later, the IFFT (Inverse Fast Fourier Transform) is applied in the x direction
only, as well as the FFT. Separating the phase part of the result from the rest we obtain:

@, (X’ y) = (D(X, y) + (DO(X, y) (9)
= Im{log(9(x, )9, (x, ¥))}

It is observed that the phase map can be obtained by applying the same process for each horizontal
line. The values of the phase map are wrapped at some specific values. Those phase values range
between = and —.

To recover the true phase it is necessary to restore the measured wrapped phase by an unknown
multiple of 2xf, [16]. The phase unwrapping process is not a trivial problem due to the presence of
phase singularities (points in 2D, and lines in 3D) generated by local or global undersampling. The
correct 2D branch cut lines and 3D branch cut surfaces should be placed where the gradient of the
original phase distribution exceeded & rad value. However, this important information is lost due to
undersampling and cannot be recovered from the sampled wrapped phase distribution alone. Also, is
important to notice that finding a proper surface, or obtaining a minimal area or using a gradient on a
wrapped phase will not work and one could not find the correct branch in cut surfaces. From here, it
can be observed that some additional information must be added in the branch cut placement algorithm.

2.1.2. Phase Unwrapping

As mentioned earlier, the unwrapping step consists of finding discontinuities of a magnitude close
to 2w, and then, depending on the phase change, 2x can be added or subtracted to the shape according
to the sign of the phase change. There are various methods for doing the phase unwrapping, and the
important factor to consider in this step is the abrupt phase changes in the neighbouring pixels. There
are a number of 2rt phase jumps between two successive wrapped phase values, and this number must
be determined. This number depends on the spatial frequency of the fringe pattern projected at the
beginning of the process.

This step is the modified part in the Fourier Transform Profilometry originally proposed by
Takeda [3], which is considered as another contribution of this work. Another additional consideration
is to carry out a smoothing before doing the phase unwrapping. This procedure will help to reduce the
error produced by the unwanted jump variations in the wrapped phase map. Similar methods are
described in [5]. Moreover, a modified Fourier Transform Profilometry method was used in [10] that
included further analysis which considers local and global properties of the wrapped phase image.

2.2. Wavelet Transform
The wavelet transform (WT) is considered an appropriate tool to analyze non-stationary signals.

This technique has been developed as an alternative approach to the most common transforms, such as
Fourier transform, to analyze fringe patterns. Furthermore, WT has a multi-resolution property in both
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time and frequency domains which solves a commonly know problem in other transforms like
the resolution.

A wavelet is a small wave of limited duration (this can be real or complex). For this, two conditions
must be satisfied: firstly, it must have a finite energy. Secondly, the wavelet must have an average
value of zero (admissibility condition). It is worth noting that many different types of mother wavelets
are available for phase evaluation applications. The most suitable mother wavelet is probably the
complex Morlet one [2]. The Morlet wavelet is a plane wave modulated by a Gaussian function, and is
defined as:

y(x) =" exp(icx)exp(—x* / 2) (10)

where ¢ is a fixed spatial frequency, and chosen to be about 5 or 6 to satisfy an admissibility
condition [17]. Figure 2 shows the real part (dashed line) and the imaginary part (solid line) of the
Morlet wavelet.

Figure 2. Complex Morlet wavelet.
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The one-dimensional continuous wavelet transform (1D-CWT) of a row f(x) of a fringe pattern is
obtained by translation on the x axis by b (with y fixed) and dilation by s of the mother wavelet y(x) as
given by:

W (s,b) = F () (X;bjdx (11)

1 0
|
where * denotes complex conjugation and W(s,b) is the calculated CWT coefficients which refers to
the closeness of the signal to the wavelet at a particular scale.

Wavelet Phase Extraction Algorithms

In this contribution, phase estimation and frequency estimation methods are used to extract the
phase distribution from two dimensional fringe patterns. In the phase estimation method, a complex
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Morlet wavelet will be applied to a row of the fringe pattern. The resultant wavelet transform is a two
dimensional complex array, where the phase arrays can be calculated as follows:

abs(s,b) = W (s,b)| (12)
o(s,b) = tan‘l(s{w(s’b)}j
R{W (s,b)} (13)

To compute the phase of the row, the maximum value of each column of the modulus array is
determined and then its corresponding phase value is found from the phase array. By repeating this
process on all rows of the fringe pattern, a wrapped phase map results and an unwrapping algorithm is
then needed to unwrap it.

In the frequency estimation method, a complex Morlet wavelet is applied to a row of the fringe
pattern. The resultant wavelet transform is a two dimensional complex array. The modulus array can
be found using Equation (12) and hence the maximum value for each column and its corresponding
scale value can be determined. Considering that we are interested in the 1D signal:

f (X) = a(x) +b(x) cos(2f . x + p(X))

(14)
Due to the fact that:
eie +e—i9
COS(X) - ? (15)
We can re-write the Equation 14 as:
eiq:(x) + e—i;a(X) w:(x) —I o(x)
f (x) = a(x) +b(x) cos(p(x)) = a(x) + b(x) - =a(x)+ b(x) + b(x) (16)

Then, we consider the analytic function f in an open interval A, where z, € A and assuming that
D(zo;r)c A —f can be decompose into Taylor series as:

0 (k)
(@=3" ) -2,

k=0
Therefore:
P = 00+ ¢ WO -5) + ) (x-b)? + 7 2 (x-b)* 4. (17)
If:
() = p(b) +¢"(b) = 0, p"(b) = 0, @' (b) =0, ---, 0" (b) ~ 0 (18)
then, the function can be reduced as:
@(X) = p(b) + @' (b)(x - b) (19)

X2

Moreover, the Morlet Wavelet is defined as w(x) =e'™*e 2 , this wavelet will be applied to the

mother wavelet:
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W (s,b) = —J'f() [X bjdx

If s =1, then:
lw(X) —Iw(X) A x=b
W (s,b) = If() ( dx _[[a(x)+b(x) +b(x) 1//[ 5 jdx=

—b esa() —b |¢(x) A X=b
_ja(x) ( jdx+ jb(x) ( jdx+ jb(x) w( : jdx:
[
e

(20)
pilp®)+¢ (0)(x-b)] -ilp(b)+9' (b)(x-b)] _
_J'a(x) ( bjdx+ Ok w (X b)dx+ [0 W*(X b)dx:
2 2 S
eile®+o D] 1y b 2eile®rd®xD] v |y
=a ax+ — dx+ — dx
WP el )
By solving Equation 20, the following equation is obtained:
L2 1 wo+sa, 1 @o-ST )
a2ze 2" +t2)«/27re 200 iens +t2)«/27re 20T i (21)
Then the instantaneous frequencies are computed using the next Equation [17]:
2
floy= e *< c+2 5 f
2s,...(b) 22)

where f, is the spatial frequency. At the end, the phase distribution can be extracted by integrating the
estimated frequencies and no phase unwrapping algorithm is required.

3. Experimental Setup

The experimental setup shown in Figure 1 is used to apply the methodology proposed in Figure 3.
The first step is to acquire the image. Due to the nature of the image, sometimes a filtering to eliminate
the noise is necessary. In this research, only a 9 <9 Gaussian filter is used in the Fourier transform. In
the wavelet transform application, no filter is applied. Next, the number of fringes is estimated due to
the fact that has a direct relationship with the fundamental frequency fo. Then, the fo is obtained by
applying an algorithm. At this point, it is necessary to decide whether the Fourier or wavelet method
would be applied. Both methods, Fourier and wavelet analysis use the algorithms described in the
previous section.

When using the Fourier method, a robust unwrapping algorithm is needed, followed by an
unwrapping algorithm with local and global analysis. The main algorithm for the local discontinuity
analysis [5] is described as follows: (a) first, the wrapped phase map is divided into regions giving
different weights (w1,ws,..,w,) to each region, (b) the modulation unit is defined that helps to detect the
fringe quality and divides the fringes into regions, (c) regions are grouped from the biggest to the
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smallest modulation value, (d) next, the unwrapping process is started from the biggest to the smallest
region, (e) later, an evaluation of the phase changes is carried out to avoid variations smaller than fo.

If the wavelet transform method is used then a simple unwrapping algorithm is enough to obtain
the three-dimensional shape from the object. The final step is to obtain the object reconstruction and in
some cases to determine the error (in case of virtual created objects).

In the experimental setup, a high-resolution digital CCD camera can be used. The reference plane
can be any flat surface like a plain wall, or a whiteboard. In the reference plane it is important to
consider a non reflective-surface to minimize the unwanted reflection effects that may cause some
problems for the image acquisition process. The object of interest can be any three-dimensional object
and for this work, three objects are considered (Figure 10); the first one is a mask, the second is an
oval the third one is symmetrical pyramid.

It is also important to develop software able to produce several different fringe patterns. To create
several patterns, it is necessary to modify the spatial frequency (number of fringes per unit area), and
resolution (number of levels to create the sinusoidal pattern) of the fringe pattern. It may also be
necessary to include into the software development a routine capable of performing phase shifting as
well as to include the horizontal or vertical orientation projection of the fringe pattern.

Figure 3. Proposed methodology.
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An object with a Buddha shape generated by computer is used to test the algorithms. The generated
Buddha in shown in Figure 4. Then, a sinusoidal fringe pattern of known spatial frequency is created
and later is added to the shape of the created object. The resulting image is shown in Figure 4. It is
worth noting the distortions of the fringe pattern due to the object shape.

Figure 4. Computer created Buddha and fringes projected on it.
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The wavelet transform algorithm is considered o obtain the shape of the Buddha. The resulting
wrapped phase and its mesh are shown in Figure 5. The reconstructed Buddha using the modified
Fourier Transform Profilometry can be seen in Figure 6. Notice that, by applying this method, the
shape of the Buddha looks almost equal, however it has an error magnitude of about 3.5%.

Figure 5. Wrapped phase (image and mesh).
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Figure 6. Reconstructed object using our Modified Fourier Transform Profilometry.
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By applying the Wavelet Profilometry, the mesh shown on Figure 7 is obtained; the whole volume
presents an error of about 1.5%. At this point, it can be seen that even the amount of error seem to be
almost equal for both methods, but the Fourier one is bigger and the final shape is more defined in the
case of the wavelet method. The computer simulation allowed us to test and validate both methods.

Figure 7. Reconstructed object using our Extended Wavelet Transform Profilometry.
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Figure 8. Reconstructed object using the methodology proposed by Gdeisat et al. [15].
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Figure 9. Wrapped phase (image and mesh).
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As a preliminary conclusion, it is clear that the wavelet transform gives a better performance than
the Fourier transform for the selected object shape. Therefore, the wavelet transform is selected and
used. The error of the wavelet method is about 1 to 2% and using the Fourier one it is about 3 to 5%.

To validate the methodology, the following experiments were conducted. Several objects with
different shapes were created by computer, where the height is known in every point in the object.
Then, the Fourier and wavelet based analysis are applied as well as the methodology proposed by
Gdeisat et al. [15]. The height of the virtual object was compared with each one of the analysis and the
results are presented in Table 1. Finally, the wavelet method has been applied to several real objects,
and the respective results of the reconstruction process can be seen in Figure 10.

Table 1. Error table.

. Error (%)
Object Fourier Wavelet Gdeisat et al.
Buddha 3.499 1.455 1.901
Butterfly 3.776 1.733 1.824
Pyramid 4.871 1.923 2.054

Figure 10. Real objects (a), (c), and (e), and their respective reconstruction (b), (d) and (f)
views by using wavelet transform.
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Figure 10. Cont.
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4. Conclusions and Future Work

In this paper, a three-dimensional reconstruction methodology was presented. The method is based
on the modified Fourier Transform Profilometry or Wavelet Transform Profilometry. In the first part
of the proposed method the high frequencies that mostly affect the performance on the phase
unwrapping in the Fourier method are obtained analytically. An object generated by the computer was
virtually created and a known spatial sinusoidal fringe pattern was projected on it. Both Fourier and
wavelet analysis were conducted, showing a good performance. In the comparison, the wavelet method
was the one that showed a minimal error. Later, a real object was selected and the wavelet analysis was
carried out and an accurate reconstruction of the object was achieved. This methodology could be
widely used to digitize diverse objects for reverse engineering, virtual reality, 3D navigation, and so on.

Notice that the method can reconstruct only the part of the object that can be seen by the camera, if
a full 3D reconstruction (360 degrees) is needed, a rotating table is can be used and the methodology
will be applied n times, where n is the rotation angle of the table. As a future work, several tests could
be carried out using objects with different shapes. Another option is to change the wavelet type and
characterize the system.



Sensors 2009, 9 10339

One big challenge is to obtain the 3D reconstruction in real time. As a part of the solution, an

optical filter could be implemented to obtain the FFT directly, or else, the algorithm can be
implemented into a FPGA to carry out a parallel processing and minimize the processing time.

Acknowledgements

We would like to thank the Informatics Faculty, Autonomous University of Queretaro for the

support. This work was financially supported by the PROMEP/103.5/08/3320 and the FIF-2008-01
project number.

References and Notes

10.

Gokstorp, M. Depth Computation in Robot Vision; Ph.D. Thesis, Department of Electrical
Engineering, Linkoping University: Linkoping, Sweden, 1995.

Takeda, M.; Ina, H.; Kobayashi, S. Fourier-Transform method of fringe pattern analysis for
computed-based topography and interferometry. J. Opt. Soc. Am. 1982, 72, 156-160.

Grevenkamp, J.E.; Bruning, J.H. Phase-shifting interferometry. In Optical Shop Testing;
Malacara, D., Ed.; Wiley: New York, NY, USA, 1992.

Berryman, F.; Pynsent, P.; Cubillo, J. A theoretical Comparison of three fringe analysis methods
for determining the three-dimensional shape of an object in the presence of noise. Opt. Lasers Eng.
2003, 39, 35-50,

Pedraza, J.C.; Rodriguez, W.; Barriga, L.; Hurtado, E.G.; Jimenezl, T.S.; Arreguin, J.M.R.; Rivas,
A. Image Processing for 3D Reconstruction using a Modified Fourier Transform Profilometry
Method; Springer-Verlag: Berlin, Germany, 2007; pp. 705-712.

Pedraza-Ortega, J.C.; Canchola-Magdaleno, S.L.; Gorrostieta-Hurtado, E.; Aceves-Fernandez,
M.A.; Ramos-Arregum, J.M.; Delgado-Rosas, M. Three-Dimensional Reconstruction System
based on a Segmentation Algorithms and a Modified Fourier Transform Profilometry. In
Proceedings of the IEEE Electronics, Robotics and Automotive Mechanics Conference,
Cuernavaca, Morelos, September, 2009.

Pedraza-Ortega, J.C.; Gorrostieta-Hurtado, E.; Ramos-Arreguin, J.M.; Canchola-Magdaleno, S.L.;
Aceves-Fernandez, M.A.; Delgado-Rosas, M.; Rico-Hernandez, R.A. A Profilometric Approach
for 3D Reconstruction Using Fourier and Wavelet Transforms. In MICAI 2009: Advances in
Artificial Intelligence; Springer Berlin-Heidelberg: Berlin, Germany, 2009; pp. 313-323.

Rastogi, P.K. Digital Speckle Pattern Interferometry and Related Techniques; Wiley: New York,
NY, USA, 2001.

Itoh, K. Analysis of the phase unwrapping algorithm. Appl. Opt. 1982, 21, 2470-2486.

Wu, L.S. Research and development of fringe projection-based methods in 3D shape
reconstruction. J. Zhejiang Univ. Sci. A 2006, 7, 1026-1036,



Sensors 2009, 9 10340

11.

12.

13.

14.

15.

16.

17.

Zhong, J.G.; Wang, J.W. Spatial carrier-fringe pattern analysis by means of wavelet transform:
wavelet transform profilometry. Appl. Opt. 2004, 43, 4993-4998.

Zang, Q.; Chen, W.J.; Tang, Y. Method of choosing the adaptive level of discrete wavelet
decomposition to eliminate zero compoent. Opt. Commun. 2009, 282, 778-785.

Afifi, M.; Fassi-Fihri, M.; Marjane, M.; Nassim, K.; Sidki, M.; Rachafi, S. Wavelet-based
algorithm for optical phase distribution evaluation. Opt. Commun. 2002, 211, 47-51.

Gdeisat, M.A.; Burton, D.R.; Lalor, M.J. Spatial carrier fringe pattern demodulation using a
two-dimensional continuous wavelet transform. Appl. Opt. 2006, 45, doi:10.1364/A0.45.008722.
Gdeisat, M.A.; Abid, A.; Burton, DR.; Lalor, M.J.; Lilley, F.; Moore, C.J.; Qudeisat, M. Spatial
and temporal carrier fringe pattern demodulation using the one-dimensional continuous wavelet
transform: Recent progress, challenges and suggested developments. Opt. Lasers Eng. 2009, 47,
1348-1361.

Huntley, J.M.; Salfity, M.F.; Ruiz, P.D.; Graves, M.J.; Cusack, R.; Beauregard, D.A. Robust
three-dimensional phase unwrapping algorithm for phase contrast magnetic resonance velocity
imaging. In Proceedings of The 5th International Workshop on Automatic Processing of Fringe
Patterns; Springer Berlin-Heidelberg: Berlin, Germany, 2005; pp. 74-81.

Dursun, A.; Ozder, S.; Ecevit, N. Continuous wavelet transform analysis of projected fringe
pattern analysis. Meas. Sci. Tech. 2004, 15, 1768-1772.

© 2009 by the authors; licensee Molecular Diversity Preservation International, Basel, Switzerland.
This article is an open-access article distributed under the terms and conditions of the Creative
Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).



