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ABSTRACT

In this article we compare image denoising algorithms applied
to laser digital holography technique. The presented work fo-
cuses on reducing speckle noise contribution. The evaluation
methodology lies on images of synthesized phases of which
one controls the level and noise type. We retain five algo-
rithms known for their efficiency in the field of image process-
ing. These are: algorithms used for SAR filtering (Synthetic
Aperture Radar), algorithms based on wavelets, the NLmeans
algorithm recently proposed, the Wiener filter and the median
filter. Three evaluation criteria are used to compare selected
algorithms: the gain of SNR and quality index; we propose
also a new one: the reconstructed phase error which is partic-
ularly relevant in the domain of digital holography.

Index Terms— denoising, image processing, speckle
noise, phase, wavelets

1. INTRODUCTION

Digital holographic interferometry is an optical technique us-
ing coherent light. It is widely used for field displacement
and surface shapes measurements. Its main advantage is that
it allows characterization of rough surfaces of objects with a
high precision by contactless measurement.

1.1. Digital Holography Principle

The principle of digital holography is based on the coherent
mixture of a so called reference wave and a so called object
wave, resulting from light diffraction of an object considered
as opaque and rough surface in this paper. Interference fringes
produced from the coherent mixing are recorded by an image
sensor (CMOS or CCD). The Figure 1 illustrates the basic
principle. Under the condition that the hologram is correctly
recorded [1] (Shannon conditions in particular), we can get
an image of the object wavefront from digital reconstruction
of the hologram. The complex field of the object is obtained
by Single Fast Fourier Transform (S-FFT) algorithms or Dou-
ble Fast Fourier Transform (D-FFT) with or without variable
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magnification [2]. The result of the numerical calculation
of the diffracted field gives access to a complex amplitude
Og(z,y) sampled on a grid corresponding to the number of
reconstruction points of the algorithm. The Figure 2 illus-
trates the principle of digital reconstruction leading to possi-
ble focus on 2 images (Hermitian symmetry property of the
Fourier transform). From the complex amplitude, one can ac-
cess to the following quantities: the amplitude image (mod-
ulus) and phase image (argument of the field). We denote
A, the reconstructed field of the modulus and ), its phase,
namely:

Ar((IJ,y) :| OO(xay) |7 (1)

Sm[Oo(z,y)]

¥ (x,y) = arctan{

The phase of the field is calculated by an arctangent function,
and consequently result is restricted on the interval [—m, +7],
modulo 27. Phase is randomly distributed for most cases
because it is linked to the roughness of the surface object.
The reconstructed object is then degraded by speckle noise.
Phase estimation of the reconstructed optical field is the key
to a large number of digital holography applications. Par-
ticularly, we are interested in studying acoustic phenomena
using a technique of ultra-fast digital holography (acquisition
of holograms up to 100kHz). Notice that the reconstructed
amplitude is amplitude modulated by a speckle pattern due to
the coherent light. This speckle is therefore a multiplicative
noise. For metrology applications, only optical phase is of in-
terest. Then, one focuses on phase changes over time. The
amount assessed is a phase difference between two instants,
allowing to follow the evolution of a phenomenon over time.
Due to Doppler effect, the phase difference is proportional to
the displacement field of the object between the two instants.
The optical phase being computed by an arctangent function,
equation (2), so it is wrapped. To access physical kinematic
quantities on the object, phase must be unwrapped.
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Fig. 2. Illustration of digital reconstruction.

1.2. Speckle noise on the phase

Commonly, when the object is distorted under any solicita-
tion, which may be mechanical, acoustic, thermal, etc ... it ap-
pears a phenomenon of speckle decorrelation [3]. This decor-
relation adds a high spatial frequency noise to useful signal.
Its spatial correlation width is related to the size of observ-
able speckle grain on the amplitude image. Thus, the phase
map requires a filtering process stage in order to be correctly
exploited for a confrontation with a physical model of the
studied object. The speckle decorrelation has been studied by
some authors [4-7]. Phase decorrelation is described statisti-
cally by second order properties. Decorrelation can be high-
lighted from differences of two phases measured at two differ-
ent instants. Raw hologram phase is random and has speckle
properties because it is directly related to the roughness sur-
face of the object illuminated by the laser. Correlation prop-
erties on phase or on phase differences are related to the sec-
ond order probability density function of phase [8]. The cal-
culation of joint probability density function of two speckle
phases 11 and 5 has been described in [9, 10]. Given ¢ the
noise induced by speckle decorrelation between two extracted
phases at two different moments and A the phases variation
due to structure vibration, then it comes 12 = 11 + £ + Ap.
Ay is considered as a deterministic variable. The probabil-
ity density function of € depends on the modulus of complex
coherence factor between two speckle fields noticed u. With
variable 3 = |u| cos(g), the probability density function on

phase noise ¢ is given by:

p(8) = 21— g2y 272 B aresin g T

(1—-5%)).
3)
The equation (3) describes the probability of noise £ on
the difference between two instants. Note that in [4] M.
Lehmann discussed the case of speckle spatially resolved and
unresolved whereas it is the case of a smooth reference wave
(digital holography) or itself speckle (interferometry ). In [4],
the probability density function of decorrelation induced on
the phase is calculated by taking into account the total num-
ber of speckle by pixel, which depends on the ratio between
the movement of the speckle sensor plane and the pixel size
sensor. Note also that ultra-fast holographic method rather
concerns case of well resolved speckle, i.e. several pixels by
speckle grain, from 3 to 4. Although equation (3) is calculated
without regard to the pixel active surface (speckle resolved or
not), it depends only on the modulus of correlation factor | /.
Curves from equation (3) and those of equations given in [4]
are similar. We can deduce that equation (3) may be used
as a relevant feature to compare decorrelation effect in the
different studied cases, correlation factor || being a marker
for quality of extracted data from holograms. For example,
the high-speed recording of holograms with low dynamics
induces fluctuations in the recording, which are reflected in
phase measurements with the same influence as the physical
speckle decorrelation due to possible deformation surface.
Various methods have been applied to smooth these digital
fringes but they have had partial success [11]. Although low-
pass filtering is effective in reducing speckle noise [12], it
does not preserve the details of phase changes. In this article,
we present a comparison between various processing algo-
rithms that we applied to the case of noisy phase. Generally,
to preserve 27 phase jumps in the wrapped phase map, the
filter is applied on sine and cosine of the phase variations.
The type of image noise to deal depends on how to proceed.

2. SPECKLE REDUCING METHODS

2.1. Spatial filtering

The median filter is a basic algorithm which is known to be
very efficient to denoise images corrupted by impulse noise.
The median filter is easy to implement and generally consti-
tutes a reference method to evaluate other more complex al-
gorithms.

2.2. Wiener filter

The Wiener filter is the solution of the minimization of the
mean square error computed between the original image s and
the filtered image, in case of linear blurring model with addi-
tive noise £. Reminder [13] the transfer function W (u, v) is
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given by:

H(u,v)*®4(u,v)

) = o) Pt o) + @)

“

In equation (4) the spreading function H (u,v) is chosen
to be neutral, i.e. unitary. The power spectrum densities of
original image and noise are not known a priori, and they are
replaced by estimators based on median filtering of noisy im-
age in place of the original image, and difference of the two
last images for noise.

2.3. SAR filtering

The SAR (Synthetic Aperture Radar) images exhibits the
same properties as that of speckle images. Especially, the
noise model is considered as multiplicative. The Lee fil-
ter [14] is an adaptive filter in which the parameters are
adapted according to local statistical properties of the image
to be processed. These parameters are estimated in a window
centered on the pixel for which one we expect restoring the
correct value:

In equation (5), d(i, j) is the enhanced image, s(i,j) is the
noisy image (s(zi j) the mean value) and « depends on the
ratio of the squares of local variations of the image and noise,
a = 1 — C?/C?. The local variation coefficient is defined
as the ratio of variance by mean square of the pixel values.
If the variation in the observed image is less than that of the
noise, « is equal to 0, and the average of the window is af-
fected to the pixel value. In the opposite case, if this variation
is greater than that of the noise, the current value of the pixel
is saved. Frost filter [11] is an adaptive Gaussian filter kernel.
Kernel parameters are adjusted according to the local statis-
tics of the image under square shape of the local variation
coefficient C2. In a region of homogeneous values the local
coefficient variation is low, the filter behaves as an averaging.
In the presence of an edge or a discontinuity, the coefficient
increases and the Gaussian kernel is concentrated around cur-
rent pixel, ultimately its original value is retained.

2.4. Wavelets thresholding approaches

The denoising method using a decomposition on a wavelet
basis associated with a threshold function has already been
discussed in the field of image enhancement [15, 16]. Its
principle consists in applying a threshold operator on wavelet
coefficients computed from the image to be processed. When
the wavelet basis is adapted to signal contents, its representa-
tion in the wavelet coefficients space is sparse, meaning that
all the information is concentrated in the highest coefficients.
The idea is then to apply a threshold and consequently leaves
off least significant coefficients which are supposed to mainly

contain noise. In this approach, noise is supposed to be addi-
tive. Considering wavelet transform, the same model applies
on the coefficients. In the case of multiplicative noise, a trans-
formation applies a logarithm before the threshold leads to an
equivalent model, this principle has been studied in the case
of speckle noise processing in SAR images [17]. Multiple
variants of solutions that we will not detail here are available
from the multiple parameters of this method: choice of the
wavelet base, number of decomposition levels, profile of the
thresholding operator, threshold values and their different as-
sociated estimator. This work was focused, on one hand, on
separable wavelets Daubechies and symlets builds from the
tensor product of their 1D release, and, on the other hand,
on curvelets [18] builds in a circular paving plan and offers a
wide range of orientation waveforms.

2.5. Non-local means method

Non local means method (NL-means), recently proposed [19,
20], is an efficient technique for the enhancement of images
corrupted by noise. Its principle is based on pixels value re-
placement by a weighted sum of values included in patches
that are chosen in the neighbourhood of the pixel to be pro-
cessed. The weighting is obtained from correlations estimated
between the local patch of the pixel to be processed and the
patch of the neighbourhood patches that are taken into ac-
count in the algorithm. Thus, when a patch is strongly cor-
related with the local patch of the pixel to be processed, the
pixel is taken into account in the weighting with a coefficient
evaluated from a gaussian kernel which argument is the eu-
clidean distance between the two patches. Such method was
already used with success for speckle images from digital
holography but with a different methodology approach (blind
criterion without a reference image) [21].

3. EVALUATION CRITERIA

The test set consists of the simulated interference fringes
phase images in which the noise level is controlled. For each
test, three evaluation criteria are computed. The first one is
the gain of SNR (GsnR),

Gsvr = Rsnr — IsnR. (6)

In this expression Rgypr and Ignyp are respectively SNR
measured at the input and the output of the noise processing
stage, given in dB unit. The residual SNR Rg xR, is defined
from original (non noisy) image s(7, j) and denoised image
d(i,7) as:

Zij 5(i,4)?
2 (s(d,5) — d(i, 5))?

Although used to evaluate numerous works on enhancement
and image restoration, SNR and its variants have a significant

Rsnr = 101og 10( )
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drawback because it is based on the calculation of an aver-
aged error which does not account for distortions affecting
structures of an image. Thus the same amount of error can
be observed between two images restored for a perceived im-
age quality very different. To this end, the ”Quality index”
criterion, QQ;ndes, proposed by Wang and Bovik [22] better
reflects the quality perceived image. Its calculation is based
on the product of three components:

Osd  2Mspd 20504

vera W18 T4

8

~

Qinde:c =

In this expression, s and pq represent the mean of pictures s
and d, respectively the original image and the processed im-
age; o, and o4 are their variances and o4 their covariance.
One can notice that () is bounded by values —1 and +1, the
latter is reached when two images are identical in every way.
This criterion was also selected by the authors of a recent pub-
lication [11] dealing with noising interferograms. Since the
ultimate goal involves reconstruction of interferogram phase
map, the third criterion is based on the error on phase recon-
struction. It is calculated from images with pure and denoised
phases reconstructed from images processed with sine and co-
sine. The phase error is then obtained from the computation
of the empiric standard deviation o of pixels amplitude dis-
tribution.

4. RESULTS AND DISCUSSION

Simulation results are reported in Table 1. on three columns:
Gsnr, 04 and Qrnpex. We can clearly see that methods
based on wavelet transforms exhibits best results in terms of
phase error. So, for low SNR until 10 dB, curvelets performs
the best, from medium SNR, Daubechies wavelets and for
high SNR (from 12.5 dB) symlets are the best. In order to
have a qualitative point of view of how curvelets processing
works, a simulation exemple is reported in Figure 3. Very
good results are obtained with Wiener filter for phase error,
which is also better than that curvelets for input SNR equal to
10 dB.

In terms of SNR gain, best results are obtained with symlets
except for the median filter at 5 dB. The NL-means method
exhibits results that are quite equivalent to those given by
SAR methods. However, the NL-means method is particu-
larly not suited to the phase restoration since it globally ex-
hibits bad results both in terms of phase error and SNR gain.
Until 10 dB the two SAR methods give worst results than
those given by simple median filter in term of phase error
and SNR gain, and this in spite of conditions of realization
of noise that are close to the two applications (SAR and digi-
tal holography).

In terms of quality index Wiener filter performs very well and
is the most efficient among all other methods. From 12.5 dB,
all methods gives results very closed each other and below,

i

i

Fig. 3. Phase denoising with curvelets method. Input SNR is
equal to 7.5 dB. From left to right and top to bottom: cosine
image of respectively pure phase, noisy phase, denoised phase
and removed noise.

except Wiener filter and curvelets, all methods degrades sig-
nificatively.

5. CONCLUSION

This paper presents a comparison of image denoising al-
gorithms applied to the processing of phase data images
degraded with speckle noise in the context of digital holog-
raphy. Evaluations are achieved on simulated interference
fringes images degraded with controlled noise level. As
main results, curvelets and symlets demonstrated most ef-
ficiency, in terms both of gain of SNR and of phase error.
These approaches surpasses algorithms used for SAR images
processing, which, however, use the same noise model as
inherent to the phase fringe patterns. We expect addressing
the reconstruction problem of locally dislocation in phase
maps, in a near future. To do this, we will consider curvelets
associated with sparse constraints.

This research is funded from the French National Agency
for Research (ANR) under grant agreement number ANR-
14-ASTR-0005-02.
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