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Abstract

In this paper, we propose a 2D phase extraction algorithm to retrieve optical phase from a single correlation fringe pattern by
employing the Bidimensional Empirical Mode Decomposition (BEMD) followed by the Spiral Phase Transform (SPT). The
SPT transform extracts the modal phase from every BIMF which is a zero mean 2D AM-FM component obtained by BEMD
decomposition, and then the total phase is computed adding all modal phases. The first BIMF of speckle correlation fringe
pattern is dominated by residual speckle noise. Hence, the speckle noise can easily be removed by just skipping the first BIMF.
The employ of the BEMD decomposition allowed generating an exact quadrature fringe pattern, and then generates a good
accuracy in phase extraction by SPT. Numerical simulation study demonstrate the validity of the proposed method and real
fringe patterns of carbon fiber deformation gives results in close agreement with those produced by the phase shifting method.
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by BEMD decomposition, and then the total phase is
computed from the sum of modal phases. The SPT transform
is the complex Riesz transform introduced by Larkin [7,8]
and has been pointed out in different studies such as analysis
of fringe pattern [9-11] and recently for speckle patterns
analysis [12]. It is an extension of the Hilbert transform in
higher dimensions.

1. Introduction

Many interferometry optical techniques provide the
measurement data codified in fringe pattern as the phase of a
periodic intensity profile. It has become one of the principal
world-wide research topics of optical metrology and
considered as a powerful tool for industrial measurements.
The fringe pattern analysis consists of the phase evaluation
methods [1,2] employed to measure various physical
magnitudes. The developments of more sophisticated phase
evaluation algorithms are continuously needed [3-6].

The employ of the BEMD decomposition allowed generating
an exact quadrature fringe pattern. It was developed to
minimize the specific limitations set by the Bedrosian-Nuttall
theorems and has helped to overcome many of the difficulties
of the regular Hilbert transform. The comprehensive review
can be found in [13]. The Empirical Mode Decomposition
EMD was introduced by Huang [14] for one dimensional
data and then extended to images [15] under the name
Bidimensional Empirical Mode Decomposition BEMD. The
BEMD decompose an image into a set of images called

In this paper, we consider a 2D phase extraction algorithm to
retrieve the phase from a single fringe pattern by employing
the Spiral Phase Transform (SPT) and the BEMD
decomposition. The SPT transform extracts the modal phase
from every BIMF which is 2D AM—FM component obtained
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Bidimensional Intrinsic Mode Function BIMF and a residue.
Adding all the BIMFs with the residue reconstructs the
original image without distortion or loss of information.

In this study, we consider the speckle correlation fringe
pattern that arises in the context of Digital speckle pattern
interferometry DSPI [16,17] where the displacement fields is
obtained digitally by subtracting two speckle images
recorded before and after deformation. The speckle [18]
which is a granular structure resulting from the self-
interference of a coherent waves randomly scattered from a
rough surface, is used for the measurement of displacements
with accuracy of order of wavelength.

The proposed method is validated by numerical simulation
study and then applied to real fringe patterns of carbon fiber
deformation which are compared to Wyant-Phase Shifting
algorithm which is based on four n/2 shifted images.

In order to generate the speckle patterns diffracted by a
surface, we simulate the clean imaging optical system [19] as
an out of plane interferometer. Within the paraxial
approximation, optical propagation through any complex
optical system, described by an ABCD ray transfer matrix,
can be formulated by Collins formulas [20]. Collins has
obtained an analytic form for the resulting complex field
amplitude.

To provide a continuous phase distribution over its definition
domain, an unwrapping procedure must be applied. We used
in this work, a fast phase unwrapping algorithm [21] to
unwrap the extracted phase by SPT.

The paper is organized as follows. Section 2 is devoted to a
presentation of the Spiral Phase Transform applied to 2D
AM-FM model. In this section, we expose the Bidimensional
Empirical Mode decomposition BEMD to extract BIMF
modes which are 2D AM-FM components and the Spiral
Phase Transform. In section 3 we present results from
simulated speckle correlation fringes for the validity of the
method and results of carbon fiber deformation study. Finally,
a conclusion is presented in section 4.

2. Phase Extraction Technique
by SPT from BIMF Mode

2.1. Bidimensional Empirical Mode
Decomposition BEMD

The Bidimensional Empirical Mode Decomposition BEMD
is an extension of the Empirical Mode Decomposition EMD
introduced by Huang [14] for one dimensional data. Details
of the BEMD concept are fully available in [15]. The BEMD
technique extracts, directly from the data a finite number of
zero-mean 2D AM-FM components, called Bidimensional

intrinsic mode function (BIMF). The BEMD acts as filter
bank and decompose an image into a set of images or BIMFs
obtained by sequential extraction of frequency modes
associated with various intrinsic space scale of the image
starting from the high frequency modes to low ones. Each
BIMF has two specific properties [22]: the same number of
zero-crossings and extrema, and also has symmetric
envelopes defined by the local maxima, and minima,
respectively. Each BIMF component is extracted by the
sifting process and representing the fast fluctuating and the
residue component representing a slower fluctuating. The
same sifting is then applied to the residue as new input to
extract the next BIMF and produce a new residue. Ideally the
last residue should stand for the DC component or bias of the
original image data. The total sum of the BIMFs with the
residue matches the image very well and therefore
reconstructs the original image without loss of information.
The sifting process depends on how to detect local extrema,
how to interpolate scatter data points, and what stopping
criteria to use.

In this paper we have used neighboring window to detect the
image extrema and thin-plate spline RBF (radial basis
function) to compute the surface interpolation [23]. Extremas
points are extracted by comparing the candidate data point
with its nearest 8-connected neighbors. An extension of the
image adding extra data points permit the determination of
extremas at the borders. Stopping criteria controls the
number of iterations thus balancing performance versus
computation time. We have limited the size of the standard
deviation SD [24] to guarantee that each BIMF component
retain enough physical sense of both amplitude and
frequency modulations.

2.2, Spiral Phase Transform

The Spiral phase Transform noted SPT is the complex Riesz
transform which is an extension of the Hilbert transform in
higher dimensions introduced by Larkin and has been used in
different studies such as analysis of fringe pattern and
speckle patterns analysis. The SPT operator corresponds
mathematically to

SPT(f(x,y)) = FT™'(FT(h(x,y)) FT(f(x,y)) M

Where f is an input image, (x,y) are the pixel coordinates. FT
means 2D Fourier transformation (resp. FT' means 2D
Fourier inverse transformation), j denotes complex operator
which obey the following rules j°= -1 and h is the spatial
spiral phase kernel function defined as

h(x,y) = j(x +jy)/ 2m(x" +y*)"* @)

In Fourier space, the spiral phase kernel expressed in



12 R.Rhanim et al.: Speckle Correlation Fringes Phase Extracted by Spiral Phase Transform from Bidimensional Empirical Mode
Decomposition

frequency coordinates (u,v) is given by
H(u,v) = (u+jv)/ (u” +v*)" 3)

The spiral phase kernel can also be interpreted as the
complex sum of two 2D Riesz kernels Ry and R, which are
the imaginary and real components of spiral phase kernel h,
respectively given by

R, (x,y) = =x/21(x* +y*)*"

—_ 2 2N\3/2 (4)
R (X,y) ==-y/2T(x" +y)

The spiral phase operator has the following effect on the
BIMF mode as
SPT(bcosd) = j.exp(jn).bsind 5)

The phase is an unknown quantity and therefore, it is not
possible to determine the direction map n defined as [10]

tann =0,0/0,0 (6)

Instead of the direction map 1, we can obtain the orientation
map 0 as

tan® =0 (bcosd) /0, (bcos ) @)

That orientation map 6 and direction map n are related by the
following expression as

exp(jn) = £exp(j6) )

In Fig.1 we illustrate the simulated speckle correlation
fringes and their BIMFs obtained by BEMD decomposition.
The original image can be obtained by adding all BIMFs and

The modal phase extracted by SPT from BIMF which are a
zero-mean 2D AM—FM component affected by the local sign
ambiguity is given by

¢ =z arctan((—j.exp(—j0).SPT(bcosd))/(bcosd)) (9)

3. Results

3.1. Numerical Simulation

The simulation consists in generating numerically speckle
correlation fringes of a given phase change resulting from
surface displacement. This simulation computed by
MATLAB, permits to verify the ability of our method to
extract the phase distribution.

Speckle correlation fringes are obtained by subtraction of a
reference speckled image from image of displaced surface.
The intensity distribution of speckle correlation fringes is
given by

i(x,y) = 2b,.sin(¢ /2).sin(d, +/2) (10)

Where, by is a visibility function. The terms ¢ and ¢ are the
phase (or test phase) change in the light resulting from the
displacement and the original phase from the speckle that
appears as the high frequency and apparently random pixel-
by-pixel intensity variation, respectively. The test phase
function we used is

B(x,y) = 0.0005.((x —256)" +(y —256)) (11)

»
.
(g)

Fig. 1. (a) Simulated spee correlation fringes and (b) to (g) their BIMFs obtained by BEMD decomposition.

®

residue. We noted that the first BIMF (finest mode) contains
all the residual speckle noise which can be removed by just
skipping this first BIMF and The DC component of the
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correlation fringe pattern is contained in the last BIMF that is

the residue [25,26].

(@) (b)

©) (d)

Fig. 2. The modal phases extracted by SPT from each BIMF.

Fig. 3. The wrapped phase obtained by adding all modal phases.

SSIM = (21, 1, +C)).(20,, +C,))/ (M +1; +C)).(0; +0, +C,))

where p and o are the sample mean, standard deviation and
covariance terms of X, y and xy, respectively, and C; and C,
are two small positive constants to avoid instabilities. The
maximum value 1 is achieved if and only if the image is
similar to its reference. The comparison between the
unwrapped phase and the test phase give the SSIM value
equal to 0.937 which demonstrated the agreement of the
method.

To emphasize the speckle size effect on this technique, we
conducted a series of DSPI simulations for different average
speckle sizes [29]. The results are presented in Table 1. In all
the cases of large average speckle sizes, we have found a
good agreement.

S

In Fig.4 we present the unwrapped retrieved phase and the
test phase. To judge the unwrapped retrieved phase image
quality assessment, we use the SSIM index (Structural
Similarity) [27,28] that compares local patterns of pixel
intensities that has been normalized for luminance and
contrast. In the spatial domain, the SSIM index between two
patches x and y (an image with its reference) is defined as

(12)

(®
Fig. 4. (a) The unwrapped retrieved phase and (b) the test phase.

Tab. 1. SSIM values for different average speckle sizes.

Speckle size (pixels) SSIM
1 0.937
2 0.935
3 0.932
4 0.930

3.2. Experimental Results

The performance of our algorithm was tested on real speckle
correlation fringes of carbon fiber provided by 4D
Technology, which depicted the deformation realized by
pushing with a micrometer the center of the carbon fiber
interferometer. The carbon fiber

target toward the
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deformation fringes and their BIMFs obtained by BEMD  first mode and the last mode were removed where the
decomposition are presented in Fig.6. From each BIMF, the  residual speckle noise and the DC component are localized
modal phase is extracted by SPT and illustrated in Fig.7. The  respectively.

b) ©)
(d) (e) ® ()

Fig. 5. (a) Carbon fiber deformation fringes and (b) to (g) their BIMFs obtained by BEMD decomposition.

(

Fig. 7. The wrapped retrieved phase obtained by adding all modal phases.

The wrapped retrieved phase obtained simply by adding all
modal phases is presented in Fig.8. The unwrapped retrieved

phase and phase extracted by phase-shifting method are @
illustrated Fig.9. Our extracted phase is in close agreement
with those produced by the phase-shifting method.
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Fig. 8. (a) The unwrapped retrieved phase and (b) phase extracted by phase-
shifting method.

4. Conclusion

In this work we present a method to extract the optical phase
from speckle correlation fringes. This algorithm which
performed BEMD decomposition followed by Spiral Phase
Transform, was validated on simulated correlation fringe and
tested on real fringes of carbon fiber deformation. The
proposed method can effectively extract with a good
accuracy the phase distribution from a single speckle
correlation fringes contaminated by a strong residual speckle
noise. The obtained results are in close agreement with those
produced by the phase-shifting method.
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