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Abstract. Wavelets shrinkage is the most illustrative of wavelets transform for speckle noise reduction. We aim
to study the performance of a monogenic wavelet transform to reduce the speckle noise in digital speckle pattern
interferometric fringes. The proposed method is implemented on simulated and experimental speckle fringe
patterns and its performance is appraised on the basis of peak signal-to-noise ratio (PSNR) and quality index
(Q). The ability to reduce the speckle noise by the proposed method is compared with other classical speckle
denoising methods. The obtained results corroborate the effectiveness of the proposedmethod for speckle noise
reduction in speckle fringes in terms of PSNR and Q. It is also observed that the method provides better quali-
tative and quantitative results. Furthermore, the proposed method preserves the edge information of the speckle
fringes, a feature that is quantified by the edge preservation index. © 2019 Society of Photo-Optical Instrumentation Engineers
(SPIE) [DOI: 10.1117/1.OE.58.3.034109]
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1 Introduction
Digital speckle pattern interferometry (DSPI) has evolved
to become one of the most accurate optical technique that
is widely used for industrial measurements to study object
deformations, vibrations, temperature gradients, material
properties, defects, damage assessment,1–8 among many
other applications. It enables the full-field measurement of
optical phase variations from the acquisition of speckle pat-
terns. The main challenges in speckle interferometry mani-
fest on phase distribution extraction leading to the direct
determination of surface deformation. Furthermore, speckle
fringe patterns are characterized by a strong speckle noise.9

This undesired noise influence on the phase distribution esti-
mation accuracy, and therefore, a denoising scheme is nec-
essary in order to reduce the speckle noise from speckle
fringe patterns before data analysis.

Several different denoising methods have been reported
so far to reduce speckle noise in DSPI.10–22 Various
approaches for speckle noise reduction including gray-scale
modification, frame averaging, low-pass filtering, and short
space spectral subtraction image restoration technique have
been suggested by Lim and Nawab.10 Another considerable
work by Varman and Wykes11 presents a demonstration of
curve fitting and fast Fourier transform techniques to reduce
residual speckle noise. Tang et al.12 gave an overview about
the exploitation of partial differential equations (PDEs) and
the anisotropic filter-based method for DSPI fringes de-
noising. Bernini et al.13 exploited bidimensional empirical

mode decomposition to reduce speckle in DSPI, which gives
high- and low-frequency mode called intrinsic mode func-
tions (IMFs): the technique recommends to remove the first
IMF that contain speckle noise and then reconstruct others
IMFs to obtain despeckled fringe patterns.

Several other filtering methods have been demonstrated
for noise reduction, such as Lee’s filter14 based on mean and
variance computation; Tomasi and Manduchi15 presented a
bilateral filter, and Frost et al.16 suggested a filtering method
based on local statistical characteristics. Recently, Tounsi
et al.17 reported a detailed study about the performance of
a nonlocal means filter and its related kernel-based methods
for speckle denoising in DSPI. Further, various studies
have exploited wavelets transform for speckle noise
reduction.18–22 In Ref. 18, the wavelets transform showed its
ability to reduce speckle noise in DSPI fringes and preserve
the fringe quality. In the wavelets domain, the thresholding
technique was proposed by Shaker et al.19 They investigated
symlet wavelets to enhance DSPI fringes. Barj et al.20 sug-
gested the stationary wavelets transform thresholding tech-
nique, whereas Tounsi et al.21 proposed the Riesz wavelets
transform thresholding technique. Kaufmann and Galizzi22

proposed a wavelet method based on the thresholding of the
wavelet coefficients of the transformed image to reduce
speckle noise in synthetic aperture radar images.

Memmolo et al.23 proposed sparsity denoising of digital
holograms speckle noise reduction method, which does not
require any prior knowledge of the statistics of the noise. The
performances of different speckle noise reduction algorithms
digital holographic phase imaging are reported by Montresor
and Picart.24 An improved variational mode decomposition
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for speckle noise reduction in the DSPI phase map is dem-
onstrated by Xiao et al.25 In this method, the noisy phase map
is decomposed into mode components, and then, according
to the mode components characteristics, an adaptive mode
threshold method is adopted to process the mode compo-
nents. Finally, the denoised mode components are recon-
structed to obtain the noise-free DSPI phase map.

The purpose of this paper is to study the performance of
nonredundant monogenic wavelets transform introduced
recently by Unser et al.26 for speckle denoising in DSPI
fringes. In what follows and to begin with, we provide a brief
overview of monogenic wavelets transform by presenting
monogenic signal theory based on Riesz transform and
wavelets analysis; then we explain the monogenic wavelets
algorithm for speckle noise reduction; and finally, we pre-
sent the results obtained using numerical and experimental
DSPI data.

2 Monogenic Wavelets Algorithm Description

2.1 Riesz Transform

The Riesz transform is the extension of the Hilbert transform
for higher dimensions.27 The impulse responses of n’th-
order complex Riesz operator are defined in spatial represen-
tation as28

EQ-TARGET;temp:intralink-;e001;63;477rnðx; yÞ ¼ ninðxþ iyÞn∕2πðx2 þ y2Þnþ2∕2; (1)

where ðx; yÞ is the spatial coordinate position, n refers to the
order of the Riesz operator, and i is the square root of −1.
Therefore, the first-order two-dimensional (2-D)-Riesz ker-
nels along x and y directions are expressed as

EQ-TARGET;temp:intralink-;e002;63;402rx ¼ x∕2πðx2 þ y2Þ3∕2; ry ¼ y∕2πðx2 þ y2Þ3∕2: (2)

The application of the first-order Riesz transform to an image
fðx; yÞ gives two components t1 and t2 defined as

EQ-TARGET;temp:intralink-;e003;63;347t1 ¼ rx � fðx; yÞ; t2 ¼ ry � fðx; yÞ; (3)

where ∗ refers to the convolution product.

2.2 Monogenic Signal

The monogenic signal was introduced by Filsberg and
Sommer and is defined as the multidimensional extension
of the analytic signal introduced by Gabor.29 According to
Filsberg and Sommer,30 the monogenic signal for any 2-D
intensity distribution fðx; yÞ is defined as the linear combi-
nation of fðx; yÞ and its Riesz components along the x and y
directions.30,31 Mathematically, the monogenic signal of
image fðx; yÞ is expressed as

EQ-TARGET;temp:intralink-;e004;63;189fm ¼ f þ it1 þ jt2; (4)

where fm is the monogenic signal of fðx; yÞ, t1 and t2 are the
Riesz components of fðx; yÞ and i, j are the complex units
with i2 ¼ j2 ¼ −1. Geometrically, the monogenic signal of
fðx; yÞ noted as fm is a vector represented in a Cartesian
coordinate system illustrated in Fig. 1.

The conversion to spherical coordinates results in the
appearance of three essential image related parameters,
viz., local amplitude Aðx; yÞ, local phase φðx; yÞ, and local

orientation θðx; yÞ, so that the components of the monogenic
signal can be rewritten as

EQ-TARGET;temp:intralink-;e005;326;509f ¼ A cos φ; t1 ¼ A sin φ cos θ; t2 ¼ A sin φ sin θ: (5)

From this equation, the three parameters can be computed
easily as

EQ-TARGET;temp:intralink-;e006;326;457

8>><
>>:

Aðx; yÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f2 þ t21 þ t22

p
φðx; yÞ ¼ a tan 2

� ffiffiffiffiffiffiffiffiffiffiffiffiffi
t21 þ t22

p
∕f

�
θðx; yÞ ¼ a tan 2ðt1∕t2Þ:

(6)

2.3 Monogenic Wavelets Transform

A nonredundant monogenic wavelets transform was intro-
duced by Unser et al.26 It is based on the computation of
Riesz wavelets; as the definition of the monogenic signal,
monogenic wavelets are the linear combination between
wavelets coefficients and their Riesz transform along the
x and y directions. Considering the analysis wavelet ψ s;k,
we have the wavelets coefficients at each scale expressed as

EQ-TARGET;temp:intralink-;e007;326;291csðkÞ ¼ hf;ψ s;ki; (7)

and its Riesz transform of order one is computed as

EQ-TARGET;temp:intralink-;e008;326;249cRs ðkÞ ¼ hf; R−1ψ s;ki ¼ hRf;ψ s;ki ¼ ½Rðψ s � fÞ�; (8)

where R is the Riesz operator. The combination between
multiresolution aspect is given by the wavelets and the mon-
ogenic signal perform a called multiresolution monogenic
signal defined as26

EQ-TARGET;temp:intralink-;e009;326;173fm;s ¼ ðψ s � fÞ þ i½Rxðψ s � fÞ� þ j½Ryðψ s � fÞ�; (9)

EQ-TARGET;temp:intralink-;e010;326;130fm;s ¼ csðkÞ þ itx;sðkÞ þ jty;sðkÞ: (10)

Using the anisotropic mother wavelet, the monogenic wave-
let decomposition of an image gives two sub-bands, such an
approximation and details defined as follows:

Fig. 1 Geometric representation of the monogenic signal.
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EQ-TARGET;temp:intralink-;e011;63;752

�
hs;k ¼ hf;ψ s;ki ¼ ðψ s � fÞ½2−ðsþ1Þk�
gs;k ¼ hf; Rψ s;ki ¼ fRðψ s � fÞg½2−ðsþ1Þk� ; (11)

where hs;k and gs;k are the approximation and details coef-
ficients at scale s, respectively.

The main feature of the monogenic wavelets decomposi-
tion is that it gives three monogenic components at each
scale/location index. The fact that the Riesz transform is
steerable28 and the necessity of anisotropic mother wavelets
make the monogenic wavelet analysis an essential rotation
invariant.

The three monogenic wavelets components defined in
Eq. (9) give access to the local orientation, local amplitude,
and local phase at each scale/location index. These param-
eters are specific to the monogenic formalism and are not
accessible in a conventional wavelet transform. The wavelet
domain amplitude, local phase, and orientation are, respec-
tively, computed as

EQ-TARGET;temp:intralink-;e012;63;550

8>><
>>:

AsðkÞ ¼ ½csðkÞ þ tx;sðkÞ þ ty;sðkÞ�1∕2
φsðkÞ ¼ arctan

h ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tx;sðkÞ þ ty;sðkÞ

p
; csðkÞ

i
θsðkÞ ¼ arctan½ty;sðkÞ; tx;sðkÞ�:

(12)

2.4 Monogenic Denoising Algorithm

The monogenic wavelet analysis contains decomposition of
an input image and reconstruction or synthesis of selected
monogenic wavelets. Two perfect reconstruction filter banks
are used separately in parallel: polyharmonic wavelets and

Riesz wavelets transform.26 Figure 2 shows a block diagram
of monogenic wavelets analysis/synthesis of an input image.

At the decomposition stage, a low- and high-pass filtering
with downsampling with a factor of two are applied to the
input image. From the obtained monogenic wavelets coeffi-
cients [approximation and details defined in Eq. (11)], local
amplitude, local phase, and local orientation defined in
Eq. (12) are computed at each scale. Figure 3 shows the mon-
ogenic information computed at scale 1, 2, and 3 of an input
speckled fringe patterns.

It is clear that the three multiscale information is influ-
enced by residual speckle noise. In general, speckle noise
of DSPI fringes is modeled as multiplicative noise. After
applying the monogenic wavelets to the input image, the ob-
tained monogenic wavelets coefficients are selected by their
amplitude and thresholded using an appropriate soft thresh-
olding technique.22 The coefficients characterized by low
amplitude are replaced by zeros, then the processed coeffi-
cients undergo to a reconstruction step, at this stage, a regres-
sion module which produces a critically sampled output,
low- and high-pass filtering with upsampling by a factor of
two are applied and given in output denoised speckle fringes
pattern.

3 Results

3.1 Numerical Simulation

The effectiveness of the proposed monogenic wavelet trans-
form (MWT) was first tested using computer-simulated
speckle fringes with size 256 × 256 pixels containing 256
gray levels and a speckle size of 2 pixels. We evaluated the

Fig. 2 Block diagram of monogenic wavelets transform analysis/synthesis.

Fig. 3 Monogenic filter bank output (local amplitude, local phase, and local orientation) of speckle
fringes.
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performance of MWT algorithm when fringe densities
increase and for wavelets scale decomposition s ∈ f1; 2; 3g.
Figure 4 represents the simulated speckle fringe patterns with
different fringe densities and their corresponding edge maps.
The filtering results on the simulated speckle fringes ob-
tained by the proposed MWT technique are shown in Fig. 5.

We compared the performance of the proposed MWT
technique for speckle noise reduction with other filtering
techniques such as Lee filter,14 bilateral filter,15 Frost filter,16

and stationary wavelet transform (SWT).20 Figures 6–9
present, respectively, the filtered speckled fringe patterns by
SWT, bilateral filter, Frost filter, Lee filter, and the corre-
sponding edge maps.

3.2 Performance Study

The effectiveness of MWT is evaluated using peak to signal
noise ratio (PSNR), image quality index (Q), and the edge
preservation index (EPI).

3.2.1 Peak to signal noise ratio

The PSNR is defined as the ratio between the maximum pos-
sible power of a signal and the power of filtered noise and is
given by32

EQ-TARGET;temp:intralink-;e013;63;162PSNRðfout; fÞ ¼ 10 log10

�
L2

MSEðfout; fÞ
�
; (13)

where L ¼ 28 − 1 ¼ 255 is the maximum possible value of
the image pixels when pixels are represented using 8-bits
per sample; and MSEðfout; fÞ represents the mean square
error between noised and denoised speckled fringe pattern
defined as

EQ-TARGET;temp:intralink-;e014;326;425MSEðfout; fÞ ¼
1

N:M

XN
i¼1

XM
j¼1

½fði; jÞ − foutði; jÞ�; (14)

where f is the original image value at pixel ði; jÞ, fout is the
denoised image, and M, N represents the image size.

3.2.2 Image quality index (Q)

As a comparison method, we use a well-established image
quality index Q calculation.32,33 It is defined as

EQ-TARGET;temp:intralink-;e015;326;312Q ¼ 4σxyhfihfouti
ðσ2x þ σ2yÞ½ðhfiÞ2 þ ðhfoutiÞ2�

; (15)

where hfi and hfouti represents, respectively, the average of
the speckled and despeckled image; and σx and σy are the
standard deviation of the two images, respectively. The Q
index is calculated locally using an 8 × 8 sliding window and
averaged to obtain a single value from the range ð−1;1Þ, with
1 corresponding to the perfect match.

3.2.3 Edge preservation index

The EPI corresponds to the edge saving capability of filters.
It is defined as

EQ-TARGET;temp:intralink-;e016;326;144EPI ¼
P

m
i¼1

P
n−1
j¼1 jfoutði; jþ 1Þ − foutði; jÞjP

m
i¼1

P
n−1
j¼1 jfði; jþ 1Þ − fði; jÞj ; (16)

where fout and f represent, respectively, denoised and origi-
nal images. The higher value of EPI means better edge

Fig. 4 Computer-simulated speckle fringes with different fringes densities and corresponding theoretical
edge maps.
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Fig. 5 Denoised speckle fringes and corresponding edge maps for Riesz order (n ¼ 1) and scale
decomposition s ¼ 1 (rows 1, 2); s ¼ 2 (rows 3, 4); and s ¼ 3 (rows 5, 6).
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Fig. 6 Denoised speckle fringes by SWT and corresponding edge maps for scale decomposition s ¼ 1
(rows 1, 2); s ¼ 2 (rows 3, 4); and s ¼ 3 (rows 5, 6).
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Fig. 7 Denoised speckle fringes by the bilateral filter and corresponding edge maps.

Fig. 9 Denoised speckle fringes by Lee filter and corresponding edge maps.

Fig. 8 Denoised speckle fringes by Frost filter and corresponding edge maps.
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preservation. Table 1 provides the obtained three metric val-
ues computed between clean fringe patterns and denoised
speckled fringe pattern.

According to Table 1, it is observed that the proposed
technique provides good results at scale 3 in terms of PSNR,
Q, and EPI despite the fact that the fringe density increases.
The main objective of speckle denoising is improving phase
distribution. Figure 10 shows phase demodulation at scale 1,
2, and 3 before and after denoising of speckle fringe pattern
presented in Fig. 3(a1).

Further, the performance of the MWT technique for dif-
ferent speckle sizes (4, 3, 2.5, and 1) is also evaluated.
Figure 11 presents some simulated DSPI fringes with differ-
ent speckle size and their corresponding denoised DSPI
fringes by the proposed technique. The denoised DSPI
fringes for different speckle sizes by the proposed technique
reveals that the proposed technique effectively denoise the
DSPI fringes and provides promising results as the speckle
size increases, which is evaluated on the basis of PSNR, Q,
and EPI. The calculated values of (PSNR, Q, EPI) for the
denoised DSPI fringes shown in Figs. 11(e)–11(h) are

(18.1253, 0.69, 0.89); (28.2395, 0.78, 0.97); (36.9561,
0.787, 0.94); and (37.2510, 0.798, 0.96), respectively.

3.3 Experimental Results

In order to illustrate the performance of the speckle noise
reduction by monogenic wavelet, the algorithm was imple-
mented on various experimental speckled fringe patterns
recorded by the optical setup shown in Fig. 12.

In this experimental setup, a 15-mW He–Ne laser is used
as the light source. The laser beam is split into reference and
object beams by a beam splitter (BS1). The beam expander
directs the object beam to illuminate the object surface under
study and due to its roughness produces the speckle field.
The speckled image of the object is formed on the camera
sensor with the help of the imaging lens L. The reference
beam is spatially filtered by a spatial filter and collimated
with lens (C) and then interferes with the object beam via
the beam combiner (BS2), on the camera sensor. The inter-
ference of the object and reference beams forms a speckle-
gram, which is recorded by the sensor, with 640 pixels ×

Table 1 Performance of MWT and other techniques for speckle reducing in terms of PSNR,Q, and EPI for different speckle fringe densities shown
in Fig. 3.

Filtering techniques

Fig. 3(a1) Fig. 3(a2) Fig. 3(a3) Fig. 3(a4)

PSNR Q EPI PSNR Q EPI PSNR Q EPI PSNR Q EPI

Monogenic wavelets
transform

s ¼ 1 28.3256 0.6823 0.9218 27.2384 0.6711 0.9101 27.4256 0.6722 0.8979 27.3298 0.6692 0.8946

s ¼ 2 32.5896 0.7123 0.9293 32.5126 0.7120 0.9216 32.1542 0.71098 0.9145 31.9526 0.71050 0.9056

s ¼ 3 37.9961 0.7879 0.9516 37.9961 0.7879 0.9448 37.9961 0.7879 0.9426 37.9961 0.7879 0.9414

Stationary wavelets
transform

s ¼ 1 32.0708 0.7570 0.9208 32.1205 0.7565 0.9224 32.0325 0.7511 0.9207 31.2518 0.7510 0.9314

s ¼ 2 36.2873 0.7691 0.9285 36.1284 0.7611 0.9215 31.5849 0.7634 0.9236 32.5813 0.7545 0.9363

s ¼ 3 36.8727 0.7716 0.9536 36.6953 0.7698 0.9428 31.8506 0.7681 0.9418 31.9526 0.7413 0.9400

Bilateral filter 39.4602 0.7502 0.9206 39.4602 0.7502 0.9206 39.4602 0.7502 0.9206 39.4602 0.7502 0.9206

Lee filter 37.9395 0.7812 0.9352 37.9395 0.7812 0.9345 37.9395 0.7812 0.9348 37.9395 0.7812 0.9355

Frost filter 30.3516 0.7532 0.9422 30.6520 0.7511 0.9411 30.2106 0.7498 0.9399 30.1128 0.7458 0.9354

Fig. 10 Phase distribution of speckle fringes before (a) and after (b) denoising by MWT.
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640 pixels; pixel size—9 μm, at the 8-bit dynamic range. In
DSPI, two specklegrams corresponding to the two different
states of the object are recorded. These two speckle-
grams are then subtracted to obtain the speckle fringes.
Figures 13(a) and 13(b) show typical DSPI fringes and
Figs. 13(c) and 13(d) show the normalized intensity profile
plotted along the white line corresponding to Figs. 13(a) and
13(b), respectively. Figures 13(e) and 13(f) show the filtered
DSPI fringes by the proposed method, whereas Figs. 13(g)
and 13(h) show their normalized intensity profiles.

The performance of MWT to denoise real DSPI fringes is
evaluated using the signal-to-noise ratio (SNR). This metric
is defined as the ratio of the mean to the deviation of the
denoised DSPI fringes. It compares the level of the desired
image to the level of background noise. The higher the ratio

is, the less obtrusive the background noise is. The obtained
SNR values are 20.23 for Fig. 13(e) and 20.48 for Fig. 13(f).

4 Conclusion
The objective of this work is to study the contribution of
nonredundant MWT in the field of residual speckle noise
reduction. After monogenic wavelets decomposition of the
speckle fringe (DSPI fringe pattern), the obtained wavelets
amplitude coefficients undergo to thresholding technique,
and then the new coefficients are synthesized in order to
get the output denoised fringes. The obtained results are
analyzed on the basis of several image quality assessment
metrics such as PSNR, quality index (Q), and EPI. These
matrices evaluate the quality of the processed DSPI fringes
and the calculated values of these matrices reveal that MWT
is able to reduce the residual speckle noise effectively from
DSPI fringes. Moreover, the proposed speckle noise reduc-
tion method provides better results in comparison with other
technique such as stationary wavelets transform, bilateral fil-
ter, Lee filter, and Frost filter, evaluated on the basis of these
metrics and presented in Table 1. A close examination on the
metric values obtained for proposed and the other aforemen-
tioned filtering methods accommodated that the proposed
filtering method provides promising and more pleasing
results, e.g., the PSNR, Q, and EPI values for the filtered
DSPI fringe pattern, shown in Fig. 3(a1), are higher in com-
parison to other filtering results performed on the same DSPI
fringe pattern. However, the bilateral filter provides better
PSNR value but at the cost of lower image quality (Q) and
edge-preserving details (EPI) at the same time. A similar
trend is observed for the DSPI fringe pattern with increased
fringe density; however, the metric values also decrease for
the obvious reasons. Finally, it is demonstrated that the appli-
cation of the proposed MWT filtering method in reducing
speckle noise from the experimentally obtained DSPI fringes
also provides favorable results, which are evaluated on the
basis of SNR values.

Fig. 12 Schematic experimental setup of DSPI.17

Fig. 11 Speckle size effect study. Row 1 (a)–(d) simulated DSPI fringes with different speckle
sizes = 4, 3, 2.5, and 1, respectively. Row 2 (e)–(h) corresponding denoising DSPI fringes by MWT
technique.
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Fig. 13 (a) and (b) Experimental DSPI fringe patterns, (c) and (d) normalized intensity profile, (e) and
(f) filtered DSPI fringes by the proposed method, and (g) and (h) corresponding normalized intensity
profiles.
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