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Abstract—Most of the commonly used stationary filtering techniques, performed either in the spatial or frequency domains,
fail to produce good results for noisy signals with fast varying non-stationary structures. The filtering results could be
improved by using space/spatial-frequency based non-stationary filters. Hence, a robust approach to space/spatial-frequency
analysis of two-dimensional noisy signals is proposed in this paper. It is based on the two-dimensional L-estimate forms of the
short-time Fourier transform, the spectrogram and the S-method. The proposed space/spatial-frequency distributions are used
to define the L-estimate space-varying filtering procedure. It is designed for denoising of 2D non-stationary signals affected by
the strong impulsive or mixed heavy-tailed and Gaussian noise. The efficiency of the proposed procedure is tested on the

examples with interferogram-like images, textures and satellite images.

Index Terms— robust estimators, space/spatial-frequency distribution, L-estimate forms, robust space-varying
filtering

1. INTRODUCTION

In many real applications signals are often corrupted by noise. Depending on its statistics, noise is usually Gaussian,
impulse, mixed Gaussian and impulse noise, or some other heavy-tailed noise (such as Cauchy or a-stable noise) [1]. The
second classification is based on spectral density which can be used to distinguish between coloured (correlated) and
white (uncorrelated) noise. Noise is present in images as film grain, photoelectronic or salt and pepper noise, which can
be caused by transmission errors, faulty memory locations, etc. Linear filters fail to effectively remove heavy-tailed noise
and they usually produce blurred representation with destroyed lines and fine details [2], [3]. The non-linear filters [3]-
[6], such as different variations of median based filters, attempt to resolve this issue, but it is still difficult to preserve the

finer structures especially for the fast varying details.
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The methods based on edge-preserving regularization functionals are used to deal with images corrupted by noise. For
instance, the total variation method [7] (proposed by Rudin, Oshera and Fatemi - ROF) is based on an L2-norm data
fitting term, which means, from a statistical point of view, that it is adapted to deal with Gaussian noise. Hence, these
methods fail in the presence of impulse noise, since the restoration would alter considerable amount of pixels in the
image, including the non-noisy pixels. Furthermore, the ROF removes the oscillating functions and keeps the part of
image formed by homogeneous regions and sharp edges [8]. Therefore, the ROF method removes textures that, just like
the noise, represent the oscillating patterns, and thus it is not suitable for filtering of texture-like images. In order to
provide better filtering results in the presence of impulse noise, non-smooth data-fidelity terms such (e.g. L1 term) are
used together with edge-preserving regularization terms [9],[10]. Most of these filtering techniques are performed either
in the spatial or in the frequency domain. However, the joint space/spatial-frequency (SSF) domain should be used for
signals that exhibit highly non-stationary characteristics [11]-[16]. Thus, an efficient filtering approach can be obtained
by using the concept of space-varying filtering based on the space/spatial-frequency representation [16]. However, the
standard SSF representations produce poor results in the presence of heavy-tailed noise. Hence, we need a filter
formulation based on the SSF distribution robust to mixed heavy-tailed and Gaussian noise, such as the L-estimate forms
[17], [18].

This paper provides an extension of one-dimensional L-estimate robust approach [17] to the SSF representation for
analysis of highly non-stationary 2D signals. A basic idea for this approach has been introduced in [19]. Starting from a
general signal processing approach based on the robust statistics, the proposed method introduces the 2D form of SSF
based non-stationary filtering for signals in impulsive or mixed heavy-tailed and Gaussian noise. The 2D L-estimate
forms of the short time-Fourier transform (STFT), the spectrogram and the S-method are introduced. The proposed
method is suitable for different types of 2D signals that contain fast-varying details and structures. As particular 2D
signal cases that often appear in real applications, we focus on interferograms, textures and surface images. They are
characterized by a specific set of frequency components which brings most of the texture elements and details in the
spatial domain. In this case, the proposed L-estimate space/spatial-frequency approach can be used to identify important
components and isolate them from the scattered noise. However, we should emphasize that the realization and application
of SSF analysis for 2D signals are not a straightforward extension of the one-dimensional approach. Namely, the
realization depends on the type of noise, but also on the type of 2D signal (e.g., texture, interferogram, satellite image,

etc). For instance, the results have shown that the signals characterized by highly enhanced frequency peaks



(interferogram-like signals) can be successfully treated by the L-estimate quadratic distributions, while the L-estimate
spectrogram can be used for textures. Also, the window width used in the realization of SSF distribution might influence
the performance of the proposed filtering approach. The achieved filtering results are compared through the examples
with numerous existing filter forms.

The paper is organized as follows. The L-estimate 2D STFT and the L-estimate 2D S-method are proposed in Section
2. The L-estimate space-varying filtering approach is proposed in Section 3. The experimental results are presented in

Section 4, while the concluding remarks are given in Section 5.

2. TWO-DIMENSIONAL ROBUST SPACE/SPATIAL-FREQUENCY DISTRIBUTION FORMS

The maximum likelihood (ML) estimators have been used to design the best estimates for a given distribution of
observation errors. Generally, the standard STFT can be obtained as an ML estimate of clean signal in Gaussian noise
environment [17]. Thus, the STFT can be obtained as a solution of minimization problem with the loss function equal to
the square error. In the case of Laplacian (impulse) noise, the robust distributions have been introduced for loss function
equal to the absolute error. However, for the mixture of Gaussian and impulse noise, the probability density function
produces a complex form of loss function that is not suitable for minimization [17]. Also, the ML estimates are sensitive
to any deviation from the hypothetical distribution. When the resulting signal is a sum of Gaussian and impulse noise, we
can calculate the ML estimate of a discrete unitary transform by solving a certain minimization problem based on an
appropriate loss function. However, since the resulting loss function has a form that cannot be used practically, Huber’s
estimation theory [20] provides solutions based on the L and R-estimation approaches. The robust estimators can be
efficient for a wide class of the error distributions. Robust means that it is less sensitive to the unknown error distribution
(noise pdf), i.e., robustness with respect to model uncertainties. Unlike the estimators that are designed for a nominal
model and deteriorate considerably if the actual error model deviates from the one assumed, in the case of robust
estimators small deviations from the assumed model should impair the performance only slightly [20], [21].

The L-estimation filters (L-filters) and general Huber estimation theory have attracted significant attention in the signal
and image filtering, although most of the solutions provide only the low-pass characteristics [22]-[26]. Namely, to be able
to deal with impulsive and nonimpulsive noise components, the L-estimators are linear combinations of order statistics
[17],[20],[27]. In other words, the idea behind the L-estimation approach is that the small errors, that are most likely to be

Gaussian in origin, are weighted quadratically, while large errors, more likely to be outliers, are weighted heavily. For



non-stationary signals, the solutions based on the L-estimate STFT have been proposed [17]. These results are used here
for a definition of the L-estimation SSF forms of the discrete unitary transforms, which produce efficient results for a
wide range of weights in the mixed noise.

In the analysis of 2D signals corrupted by the noise, the SSF distributions have been used. The standard SSF
distributions provide good performance in the presence of Gaussian noise. However, they produce poor results if noise is
heavy-tailed. Hence, in this Section, the two-dimensional robust SSF distributions for analysis of 2D signals in heavy-
tailed or mixed noise have been proposed. Later, they will be used to design an efficient robust space-varying filtering

procedure.
2.1. Robustform of2D STFT
Let us consider a 2D noisy signal:
fxy)=x y+r(x Y, 1)

where s(xy) is a complex-valued signal corrupted by complex-valued noise v(x,y). The general form of the STFT has

been defined as a solution of the optimization problem [18], which can be extended to the 2D signal f(x,y) as follows:
STFT( x y k, I§)=argmrj]n Ixys kI )

The penalty function has been defined as:

N/2-1 N/2-1

Jxykok,m= > > wWuyR(xyk k W 3)

u=—N/2 v=— N/2

where w;, is the window function (the rectangular window is usually assumed and thus it will be omitted in the sequel),

the number of samples within the window is N, while:
—j —j2nvky /N
g% Y, ke Ky M= (% oy y 2PN T
The function F is called the loss function and its argument is an error function denoted by €. The error function &

expresses the “similarity” between the signal and a given harmonic g 12mk/ N g 2mvky [N [18]-[20]. The parameter m
within the error function is a desired solution of the imposed optimization problem, which should provide the minimal
error. It is a complex-valued optimization parameter which is an estimate of the expectation of the sample average of the
quantity f(x+u, y+ ) 127k N gI2VkyIN “rag1 1061 From (2) we might observe that different forms of STFT are

obtained as a result of minimizing different forms of F (by equalizing its first derivative to zero), which depends on the



noise statistics [20]. Assuming that the noise probability density function is p,, ML estimation is obtained by using the

loss function:
F(e)=-Inp,(s). 4)

Some special cases, such as Gaussian white noise and impulse noise will be discussed later in this Section. Having in
mind that the noise is equally distributed along the axes (x and y axis) and the same loss function F is used, we can

calculate the 2D STFT as a composition of 1D cases:

N/2-1

STREC(x y k)=argmin > K {xy y &N
M v—N2 (5)
N/2-1 _
STFT(x y k, k)=argmin > K STFP( x U, YK “BmkIN_
M u=—Ni2

This results in a computationally more efficient method, as it will be discussed in Section 2.2 for a specific case of STFT.
It means that the space-varying filtering within the 2D window can be done consecutively along the rows and along the

columns, where the separable window function is used.

According to (4), for Gaussian white noise, the loss function will be F($)=|g|2. Then, the optimum solution rh,

obtained by solving [18]:

aJ(x yi k., k. _ |
(% ¥ ko Kk ”)‘nhm):o,wlth STFTUx yk K= g .ig ©)
ont*
N/f2-1 N/2-1 . . ,
Z Z 8((f(x+u,y+v) @ 127uky/N éJZka/N_ r}‘j
U=—N/2 v=—— N2 "
on* :

yields the well-known standard STFT for 2D signals [11]:

Ngt N&? _j27/N (uks+vky)
STFTs(XyK(, IS/)Z STF(I—,X,y)k )k: Z Z (f'Q(,LH—y)VG X y.

u=—N/2 v=— N/2

()

Hence, the standard STFT is a special case of (2), which produces poor results for the impulse noise. In this case, robust
estimates are obtained by using the loss function F(&)=|¢| leading to median forms of STFT. For complex valued signals,
the robust estimate of the STFT can be obtained by using: vector median approach, where (Re{STFT}, IM{STFT}) are
considered as a vector, whose components are mutually independent. We can also use a marginal median approach which

treats real and imaginary parts separately, providing a simpler solution: F(e)=|Re(¢)|+|Im(¢)|. This function can be

combined with the concept of L-estimation. Unlike the median form which uses one central value in the sorted sequence,



the L-estimate approach takes a set of values around the median and calculates their mean. Hence, it discards only the
values at the ends of the sorted sequence assuming that they are affected by the noise. Following the concepts introduced

for one-dimensional signals [17], the 2D L-estimate robust STFT can be defined as:

STFTCH YK B=3 3 8 4 KXk b bk B ®
where,
oa(% Yok k) €{Re( ). U vel- N'2, NI2)l,
i0.q06 Y K k) €fIm( £, 00, uve[- N2, N'2)l, ®)
and
fyuy= f (XU y+ ) e 7ol (10)The elements:

roqand i, qare sorted in non-decreasing order. After the sorting operation, the coefficients corrupted by noisy pulses will
be located at the ends of the sorted sequence. Thus, these coefficients should be set to zero, and the mean value is
calculated using the remaining ones.

In order to remove impulses and to preserve good resolution, the weights a, and a, are designed in analogy with

coefficients of a-trimmed filter [17]:

1
—  f \ N-2)a,a(2 - N-1
a,=a8,=| N(—2a)+4a’ P.ael(N-2aa(2=N+ N-1] (11)
0, elsewhere,

where N is even, while the parameter o takes values within the range [0,1/2]. Higher o provides better reduction of noise,
while smaller o improves spectral characteristics. Thus, the value of parameter a should be carefully chosen. As a special
cases, for a=0 and a=1/2, the standard form (given by (7)) and median form of the STFT follow, respectively. Generally,
a, and a4 do not have to be equal, and their values depends on the number of coefficients affected by the impulse noise
along x and y coordinate, respectively. Assuming that the noise is distributed equally along both coordinates, we can use
a,=aq. It is important to note that the value of parameter o should be chosen according to the expected percentage of

noisy pulses.



2.2. Realizationof the L-estimate2D STFT

The realization of the 2D STFT_ given by (8) (which is a special case of (2)) requires complex and computationally
demanding procedure, with higher processing time and significant hardware resources due to matrix operations.
However, an appropriate and simple solution can be obtained by decomposing 2D STFT, into two sequential 1D STFT,.

Firstly, the 1D L-estimate STFT is calculated for each row of the windowed signal as follows:
b N-1 o
STFEP(x y K= a(s( xy R+ § i x y ), (12)
p=0

where r,(x, y,k,) and i, (x,y, k) are sorted elements of the following sets:

(X, ¥, Ky) e{Re( f(x+ U y) e—jZﬂUkX/N)}'
iu(X, Y, kx) € {'m( f(X+ u » éjzka/N)}.
Note that 1D STFT is calculated only for one frequency coordinate k,, and thus, k, coordinate does not appears in (12).

The calculation is performed through the following steps:
1. Eachrow of the f(x,y) is multiplied by e 127/N ‘for uc[-N/2, N/2)

2. The products are sorted in a non-decreasing order
3. The sorted elements are multiplied by the weights a,
4. The sum of weighted elements is calculated.
In order to obtain 2D L-estimate STFT, the same procedure is applied to the columns of 1D L-estimate STFT. The result

is the 2D L-estimate STFT:

N-1
STFL(xyk k)= alqd xyk B+ id xyk §). (13)
=0

where rqand i, are sorted real and imaginary part of STFTC( x y+ v k) g#y/N

, respectively.

The average processing time in Matlab for window size 64x64 is approximately 0.09 s/pixel (Processor: Intel(R), Core 2
Duo, 2 GHz), while for the window size 9x9, it is approximately 0,0015 s/pixel. Although the software simulation could
require significant processing time, an efficient hardware implementation as in [30] can solve this problem. This

hardware performs STFT for one-dimensional signal. The STFT is computationally the most demanding, while the

remaining operations in the proposed system have negligible processing time comparing to STFT. The processing time of



this hardware for a vector with 64 elements in the window is 140ns. If we use the same hardware solution in parallel for
64 rows within the 2D window, while the rest of the processing is done in serial realization, the total processing time
would be: 140ns-2-2=560 ns/pixel (we multiply by 2 because the rows are columns are processed within two passes, and
again by 2 because real and imaginary parts are treated separately). The total processing time for an 256x256 image is

36.5 ms. Note that we consider the simplest solution without any optimization regarding computational complexity.

2.3. 2D L-estimateS-method

Generally, the spectrogram is defined as a square module of the STFT. As a special case, the standard spectrogram is

obtained using STFTE given by (7). Similarly, based on the L-estimate STFT, the 2D L-estimate spectrogram follows as:

SPEG( X yk ¥)=| STRT .x vk X . (14)

The L-estimate spectrogram has a low time-frequency resolution, as it is the case with the standard one. Thus, in order
to improve the concentration, the quadratic distributions have been considered. For instance, the S-method has been used
in many practical applications [11], [31], [33]. It allows numerically efficient realization, provides good concentration of
the signal-components as in the Wigner distribution, and reduces the cross-terms for multicomponent signals. Also, the
performances in the noisy environment are improved in comparison with the spectrogram and the Wigner distribution.
Here, in order to improve the representation in the presence of heavy-tailed noise, the 2D L-estimate S-method is defined

as:

Q Q
SM(xyk k)=> > STFI xyk @ k& B STHT, x yk , a,% ) (15)
qx=*QOIy=’Q

The L-estimate S-method (SM,) is defined as the convolution of STFT, terms within the 2D frequency domain window
(window size is defined by the parameter Q). The convolution should be performed only within the same signal-term
(auto-term), avoiding different signal components being convolved. In this case, the S-method improves the concentration
of signal components and consequently increases their energy with respect to the noise level. Note that the window has to
be narrower than the minimal distance between the auto-terms, because the interactions between auto-terms will produce

cross-terms. In most practical applications, Q=2, 3, or 4 is used to provide computationally efficient results.



2.4. Analysis of biasE{Aw} and variancevar{Aw}

The question that arises when dealing with the STFT based distributions is: what would be the optimal size of the two-
dimensional window function used in the STFT calculation? Namely, it is important to analyze how the window size
influences the representation and resolution of signal components or in other words what is the impact on bias.
Furthermore, how does it influence the noise variance, and finally how is it possible to avoid the presence of cross-terms?
Hence, this subsection is devoted to the window influence on the quality SSF representation.

The bias and the variance are related to the frequency o: E{A«}and var{Aw}. Since, we have two frequency
coordinates Z):(col,a)_l), ,=27K,, a)2=27rky , we will actually analyse bias and variance along @, i=1,2. Let us
observe a 2D noisy signal model:

fxy)=s%xY+v(xy= Axy BNy x), where v(xy) is noise. Furthermore, let C be the amplitude

estimate for a considered signal harmonic, while w=(w1,®2) is the instantaneous frequency estimate. The estimation

error can be written as follows:

G = FOE ATy p - CEonTInD) "
—v(x+nT, W+ Ax Y PO T T chanFon T

where T is a sampling interval, n;,n,€[-N/2, N/2]. By applying Taylor series expansion to the phase ¢(x+n;T,y+n,T) we

have:

p(x+nT, 3 N=p( x Y+o'( X ¥ N TN Fop( X N Ty, n)

where g represents the terms producing the bias. If v(x,y)=0 and 6p=0, then by solving the minimization problem

similar as in (2):

w=(c1, 2)=argmin J(x, y,@;, @, O),
o, an
C=argmin J(X Y&y, @, O
C

with the penalty function:

I(% Yo, ap, Q=22 W(AT B T K £y,n)+ E£y )
m



we obtain @ and C as the estimates of ¢'(x,y) and A(x,y), respectively. Here, w,(nT,n =T h@ p T hn T tisa
window function, w is a real valued symmetric window, h is the window width (the STFT realization with constant h is

considered), while &, n, =Re{e, n}. © 5, =IM{ § »}. However, when v(Xx,y) =0 and 5p=0, the bias and random

errors appear in estimates. In the sequel, we focus on the analysis of bias and variance of . The necessary minimum

condition can be given by:

og 06

oJ _ 1) N, 1) 2,0,

L= %(WT,@D(M@,, )L f(g, ) ] (18)
oq) %% MR o T o

For the bias estimation, without loss of generality, we may use: w=¢'(x,y), C= A x y. By applying the linearization

with respect to small bias and small variance, the approximate expression for the bias is obtained in the form:

Sy w(nT.nDA®Be(* nT ¥y AT

E{An}="" , (19)
Y (T, (R
non
where the terms producing the bias are given by":
0 i i s 3
i=2 .
Assuming that the separable window is used: W,(nT,n T)=W R T h W f T )}, we have:
T4 2
E{Aa} %%(WT)( 17 do®¥(x y)+% e de? _dp®(x y, orin the integral form (h/T—sw):
e mnn(nTy o 2 dxdf
17]
Etaa=re| 1 &4 doP(xy)  10.2) dp®(x Y 1)
61(L2) dx 2 dxdy )’
12 12
1(L4)= [ wt)t'dt, 1(12)= [ w(t)tdt
-12 -12

Due to the window symmetry, the second phase derivative diminishes from the bias (the integral of an odd function over

a symmetric interval is zero). The variance is given in the form:

% 4o® 2 €] €] ©)
The expanded form can be written as: 5¢0=(an) de (Xy)+3(qT) BTd (x V.3 2l s -Dz b (x y+( £ f ¢ (%/xy

6 o 6 d¥ dy 6 dxd§ 6



F) 72 12y we
((F(z)))z |A42 h4 (|(1,2))2 .(Iw(l))z f

(22)

12,2)= lf w(t)t2dt, Ivv(i):]f wd, (FOY=[(FOW) da, (F2)=] F2(y dg y
-1/2 =12

where G is the distribution of noise.

A very similar expression is obtained for the Wigner distribution and the S-method. We can observe that the bias
decreases as the window width decreases, while the variance increases. Obviously, there is a bias-variance trade-off and
the window width influences the results. Additionally, the concentration achieved by the distribution has an important
impact, as well [11],[16]. For instance, for signals with fast varying periodical structures (2D chirps, interferograms, etc),
the S-method provides highly concentrated signal components. By choosing small Q (e.g. Q=2) in (15), it will be less
affected by noise than both the spectrogram and the Wigner distribution. For the calculation of the STFT (within the S-
method), we can use a wide 2D window (e.g.,1/4 of each signal dimension), which will significantly decrease variance,
while the bias is zero (for 2D chirps) or it is not influenced due to high concentration. For signals that are not periodical
in the strict sense (i.e. irregularly periodical, such as textures), the narrow window (e.g., 1/10 of each signal dimension)
should be used to provide periodicity within the window. Since the components within the narrow window are mostly
linear, the spectrogram can be used. In this case, the S-method will not improve results noticeably, due to the dominant
influence of narrow window. The influence of the window width has been examined experimentally later in Section 4

(Example 3).

3. L-ESTIMATE SPACE/SPATIAL-FREQUENCY BASED FILTERING

The stationary (space-invariant) filtering can be used in the case when signal and noise do not overlap in space and
frequency domain. Otherwise, the nonstationary space-varying filtering should be used [16]. Namely, the signal and the
noise can be separated within the joint SSF domain, which is a basis for an efficient SSF filtering procedure. The non-
stationary space-varying filtering is realized by combining STFT with the support function Ly, [16]. The corresponding
support function should be defined by using the L-estimate SSF distribution. For the noisy 2D signal

f(x, ¥)=9 x y+2( x ¥, the pseudo form of the space-varying filtering is given by:



_ U U Vo
(HE)(x, Y)—H/V(XJFZ, o Yo yL;/) (% uy )ydu (23)

where h is the impulse response of the space-varying two-dimensional filter. Space-varying transfer function in the
Wigner distribution framework has been defined as Weyl symbol mapping of the impulse response into the space-spatial-
frequency plane [16]:

Lk k)= [ HOxy uy @479 (24)

—00 —00

Where h(x y,u V=t % W2, x (2, ¥ A2, y A2). By using the Moyal’s formula for the inner product of signals and

their Wigner distributions: [WDs(x y), WD( x ¥l 6 x ¥ ,x)ﬁ, the following ideal property should hold:

7T 2
[(HS)Ox . € x 3= [ 6 XY ey (25)

=LWDL x y k, K)I=[ L( xy k K, WIs,x yk K.

Here, WD represents the mean of the Wigner distributions for different realizations of the signal and noise. However,
we usually have to use the approximated Wigner distribution in practice, from a single noisy observation (as accurate as
possible). Note that the S-method can be used in the case of multicomponent signals. By using the Parseval’s theorem, the

filtering relation (23) can be written as follows (discrete form is considered, since it is suitable for practical realizations):

(X y)=k2k2 (% ¥ K, k) STRIC X,yk JX, (26)
x Ky
where,
N/2-1 N/2-1 _ .
STFL(tw)= >, D> f(xuy yeo &
u=—N/2 v=— N2
N/2-1 N/2-1 _ .
=> > sort{ f(x+u yry e éjwyy} (27)
u=—N/2 v=— N2
N-1N-1
=2 Zapaq{rp,q(x* Y Ko K+ Jipd % ¥ Ky ks)}
p=0 ¢=0

is an appropriate approximation of the STFT in the presence of heavy-tailed or mixed heavy-tailed and Gaussian noise.
Note that due to a-trimming, the STFT_ by itself provides filtering of strong peaks, even without applying the support
function Ly. However, a significant amount of noise will be still present in the image. Hence, the STFT provides an

intermediate result, which is further processed and improved by using Ly, made as a binary map that identifies



components above a certain threshold. Hence, in order to define a support function, we consider the support region D

defined as:
D={(x .k k):| SSFR( x y § P[>}, (28)

where & represents the energy floor, SSFDdenotes a space/spatial-frequency distribution, while L indicates the L-
estimate form (the L-estimate spectrogram or the L-estimate S-method). Therefore, D contains positions of relevant signal

components within the SSFDR. The energy floor is defined as a portion of the maximal value of the SSFDQ:

§=2max{SSFO(x y k. k)}. (29)
x: Ky

Finally, the support function of the nonstationary space-varying filter can be defined in the form:

1 for (xy.k.k)eD

0 for (xykik)e D (30)

Ly (% Y, K, ky)={

Note that the space-varying filter performance will depend on the SSFD. It will be shown in the experiments that the
optimal results are achieved by using the L-estimate S-method given by (15) (SSFR=SM) or the L-estimate spectrogram
(SSFD=SPEQ) given by (14).

The proposed robust space-varying filtering of images can be observed as a three-component filter form. The first part
is based on the a-trimmed approach which is adapted to specific SSF components and removes noisy peaks. The second
part is based on the mean filter in the SSF domain (for Gaussian white noise). The third part performs additional filtering

by identifying specific and dominant signal components in the SSF domain by support function Ly and thresholding.

4. EXPERIMENTAL RESULTS
Examplel The proposed approach for the robust SSF based filtering is tested on the analytical image given by:
(% )= é’(—1047r(x2+x+y2) 4 é'(—1047z(xz+y+yz),
where [0.10x0.45], [0.10y0.45]. Note that the considered signal has a form of interferogram image that appears in the
optics [34]. The resolution of the considered sampled signal is 128x128 points. The noise is given
by: v(x y) =05v2(x Y+0.5 ¥5(x y, where v, and v, are mutually independent Gaussian white noises (zero mean, variance

0.6). The SNR is -2.5 dB. The kurtosis is calculated as a measure of noise impulsiveness and the obtained value is 13 (for

Gaussian white noise the value of kurtosis is 3).



The performance of the SSF representations, both the standard and the L-estimate forms, are analysed. The window
size is 64x64. The energy floor & is calculated according to (29) with A=0.2 (the value of A is chosen experimentally
using a large number of trials). The S-method is calculated by using Q=2. The L-estimate forms are calculated by using
o=3/8, to provide good trade-off between noise reduction and distribution concentration. The components of the standard
spectrogram selected by the support function Ly, are illustrated in Fig 1.a (for point (0.35,0.13)). Also, the S-method and
its components, identified by the corresponding support function, are shown in Fig 1.b. Note that the standard forms are

quite affected by the noise, and the corresponding space-varying filtering [16] cannot suppress the noise.
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Fig 1. Standard distribution forms: a) spectrogram (left) and its components selected by the support function
(right), b) S-method (left) and its components selected by the support function (right)

The L-estimate spectrogram and the L-estimate S-method are shown in Fig 2, for the same point. Note that the robust
distributions significantly reduce the noise in comparison with the standard ones. Especially, the L-estimate S-method
provides highly concentrated components (Fig 2.b, left). Thus, the support function can easily identify signal components
while removing the noise influence (Fig 2.b, right). Next we consider the filtering results. The original noise-free signal
s(x,y) is shown in Fig 3.a, while the noisy signal is shown in Fig 3.b. For the comparison with the proposed approach,
various existing filtering procedures are considered: spatial domain filtering based on the 3x3 median filter (Figs 3.c),
filter form proposed in [3] (Figs 3.d). In both cases, the filters produce poor results. Furthermore, the frequency domain
procedures are tested: a low-pass filter with cut-off frequency f=f,»{2 to reduce Gaussian noise, and a band-stop filter
with boundaries f,=3f./4 and fi=f..{4 to reduce impulse noise [35]. The results are shown in Fig 3.e and Fig 3.f,
respectively. The space-varying filtering procedures [16] based on the standard spectrogram (Fig 3.9) and the standard S-
method (Fig 3.h) are also considered, but they are only suitable for Gaussian noise. Finally, the proposed approach is

performed by using the L-estimate spectrogram (Fig 3.i) and the L-estimate S-method (Fig 3.j). Note that the best quality



is achieved by using the L-estimate S-method. The SNR after the proposed filtering approach has increased to 13 dB from

the starting -2.5 dB. The achieved SNR values for other considered filters are given in Table 1.

Fig 2. L-estimate distribution forms: a) L-estimate spectrogram (left) and its components identified by the support
function (right), b) L-estimate S-method (left) and its components identified by the support function (right)

TABLE 1. SNR VALUES FOR DIFFERENT FILTERS

Filter type SNR (dB)
median filter -0.9
peak-and-valley filter 5.1
low pass filter 0.66
band stop filter 0.06
space-varying filter based on the standard spectrogram 2
space-varying filter based on the standard S-method 6.1
space-varying filter based on the L-estimate spectrogram 5.8
space-varying filter based on the L-estimate S-method 13

Example 2:In this example, the proposed approach is tested for texture images (e.g. Brodatz textures), images with
fast varying non-stationary periodical structures and satellite image. The original test images are subsampled by factor 2
or 4 in order to provide variations within a few pixels. The images are then corrupted by a heavy-tailed noise (Table 2)
and mixed noise (Table 3). Non-noisy images are given in the 1* row (Tables 2 and 3), while the noisy images are given
in the 2" row. The images filtered using the median filter 3x3 and 5x5 are shown in the 3" and 4™ row in Table 2,
respectively. Furthermore, in Table 2 we include results obtained for total variation® (TV) filtering [7] in the 5" row, the

filter based on variational approach to remove outliers and impulse noise [9] (6" row, the parameter p=0.2 is used).

2 parameters: iter - number of iterations, dt - time step, A - fidelity term
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Fig 3: a) Original image, b) Noisy image; Images filtered by: ¢) median filter, d) peak-and-valley filter proposed in
[3], e) low pass filter, f) band stop filter, g) space-varying filter based on the standard spectrogram, h) space-
varying filter based on the standard S-method, i) space-varying filter based on the L-estimate spectrogram, j)
space-varying filter based on the L-estimate S-method

The results obtained by using the space-varying approach [16] are given in the 7" row. Finally, the results obtained by
using the proposed robust non-stationary filter are given in the 8" row. It can be observed that in all considered cases the
proposed approach provides better results than the other considered filters and enhances a visual quality of images. Note
that the TV and variational approach [9] remove noisy peaks, but it is difficult to deal with noisy patches that exist in this
case, and a certain blurring is introduced lowering the PSNR. Similar performance of the proposed approach is achieved
for mixed Gaussian and heavy-tailed noise (the results are shown in Table 3). For the comparison purpose, we have
included the results obtained by using TV and detail-preserving regularization method [10] for the mixed noise. This
method has two parameters ¢ and A. The parameter controlling smoothing level is 2=0.05 (different values of A are tested
and 0.05 is chosen as an optimal value). Higher . may additionally reduce the noise, but introduces more blurring. The
parameter ¢ depends on the degree at which the discontinuities in the image should be retained (c=6 is used as in [10]).

Here, it is important to emphasize that the noise is spread over all pixels, i.e., entire pixels neighbourhoods are corrupted



by noise, causing that the considered reconstruction methods cannot work properly. From Table 3, we might observe that
again the proposed filtering procedure provides the highest quality of images due to the advantages of L-estimation
approach.

The previous experiments show that the proposed method is highly efficient for signals with specific frequency
components. These signals appear in numerous real-life applications such as in optics, machine vision, automated
inspection problems, surface inspection, medical applications, defect detection, etc. Their common characteristic is based
on a set of frequency components that are more pronounced than the others. The proposed approach preserves important
frequency components, which are crucial for texture quality. In the case of natural images (Lena or Baboon), instead of
textures, we have non-uniformly distributed surfaces. Hence, we cannot identify the dominant frequency peaks, since the
components are spread over the SSF plane in the same way as the noise. This is in accordance with the principles of the

SSF analysis, which are hardly applicable in such an environment.



TABLE 2. FILTERING RESULTS FOR SOME OF THE TEST IMAGES IN THE CASE OF IMPULSE NOISE

Original
image

Noisy Image
(imp noise)

Median
3x3

‘i € ;i)

PSNR=17dB " PSNR=14 dB

Median
5x5

PSNR=145dB

TV

i s

iter=4d, dt=0:5, A=1 iter=50, dt=0.2, A.=2  iter=50, dt=0.5, A=1 ‘ iter=50,dt=0.3,A,=0.8 . iter=50,dt=0.4, A=1

PSNR=8.4 dB PSNR=7.6 dB PSNR=11.6 dB ___PSNR=14.6dB PSNR=14 dB

Variation.
approach

Standard
SSF
filtering

Proposed
filtering

PSNR=21dB




TABLE 3. FILTERING RESULTS FOR SOME OF THE TEST IMAGES IN THE CASE OF MIXED NOISE

Original
image

Noisy Image
(mixed noise)

™v —,_L___ e L ; s ke
iter=40, dt=0.5, A=1 iter=50, dt=0.2, A=2 iter=50,dt=0.3,4=0.8
_ PSNR=_7_.6_dB__ PSNR=7 dB PSNR=14.5 dB
Detail-
Presser.
regulariz e e 2 ¥ : : L . 7
2=0.05, c=<6 2=0.05, c=6 2=0.05, c=6 2=0.05, c=6
PSNR=8.5 dB PSNR=9 dB PSNR=12 dB PSNR=12.5 dB
o :‘..{" LT ..\. B
Proposed
filtering

PSNR= 21 dB PSNR=18 dB

Example 3:The influence of window width is considered in this last example. Two cases have been observed: 1) 2D
chirp signals as in Example 1; 2) sample texture image from Example 2. As it is discussed in Section 3, we aim to
demonstrate that in the case of interferograms and chirp-like signals with fast varying structures, a wide window should
be used in STFT, since it will minimize the variance, while the bias is approximately zero. The texture-like images
should be treated with a narrow window, which will linearize the spectrum and make the spectrogram suitable for
analysis and filtering. The filtering results for 2D chirp signal and different window widths: w=8, w=16, w=32 and w=64
samples, are given in Table 4. Observe that the results are improved by increasing w. An optimal choice is w=64. A wider

window (e.g., 128 samples) achieves the same visual quality and the same SNR improvement. The texture images are



considered in Table 5. The results of the proposed filtering are tested for: w=64, w=32, w=16 and w=8 samples. As

expected, the best results are obtained for narrow window w=8.

TABLE 4. 2D CHIRP: INFLUENCE OF THE WINDOW WIDTH
2D chirp, SNR,=-2.5dB

FH.I": :“::F ‘ll :I.- l:l_. 4

R AT
0.1
w
SNR
TABLE 5. SAMPLE TEXTURE IMAGE: INFLUENCE OF THE WINDOW WIDTH
Texture Image, PSNR,=9dB
20 e
40 ¥
<1}
.
w
SNR

5. CONCLUSION

In this paper, we consider denoising of non-stationary 2D signals corrupted by a heavy tailed or mixed
heavy-tailed and Gaussian noise. The considered signals/images are characterized by the specific
frequency content, which produces fast-varying details and structures in the spatial domain. Hence, to
provide their appropriate analysis, the 2D L-estimate space/spatial-frequency distributions are proposed.
Furthermore, in order to deal with strong heavy-tailed and mixed heavy-tailed and Gaussian noise, the L-
estimate form of space-varying filtering is defined. The experiments have shown that the images filtered

by the non-stationary space-varying L-estimate approach retain good visual quality and readability even



for a high amount of noise. In these cases, the proposed filter form outperforms commonly used
stationary filters, edge and detail-regularization approaches, variational approaches, etc. Note that the L-
estimate filter form in the space/spatial-frequency domain introduces slight image blurring effects.
Hence, the future research may be dedicated to an image sharpening and deblurring procedure that should

be applied after the L-estimate filtering approach.
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