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Abstract. In the paper a fast technique of impulsive noise removal in
color images is described. The proposed method is assigning to pixels of
the filtering window the sum of the distances to their k£ nearest neighbors.
The difference between the trimmed sum assigned to the central pixel and
to the pixel minimizing the cumulated distances is treated as a measure of
pixel’s distortion caused by the impulsive noise process. If the difference
exceeds a global threshold value, then the central pixel of the processing
window is replaced by the mean of the pixels from the window, which
were found to be not corrupted, otherwise the central pixel is retained.
The new filtering design is able to effectively suppress impulsive noise,
while preserving fine image details. The performance comparison shows
that the proposed filtering design yields significantly better denoising
results than the most efficient filters developed for the impulsive noise
suppression in color images.
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1 Introduction

Quite often the quality of color images is deteriorated by various types of noise
disturbances, whose reduction is indispensable to enable the success of subse-
quent image processing steps. Noise, arising from a variety of sources, is an
undesired feature of the imaging sensors and therefore the distorted signal has
to be processed by a filtering algorithm that reduces the noise component, while
preserving original image structures |1, 2].

Quite often color images are corrupted by the so called impulsive noise, caused
mainly by malfunctioning sensors in the image formation pipeline, faulty memory
systems, aging of the storage material or transmission errors due to natural or
man-made sources [3]. The suppression of the impulsive noise in color images is
the subject of the proposed restoration algorithm.

The color image will be treated as a two-dimensional matrix consisting of NV
pixels @; = (41, T2, Ti3), where the index 4 = 1,..., N indicates the pixel posi-
tion on the image domain. The vector components z;i, for £ = 1,2, 3 represent
the RGB color channels values quantified into the integer domain.

Generally, filtering operators work on the assumption that the local image
features can be extracted from a small image region centered at pixel x; which
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is called a sliding filtering window, W. Thus, the output of the filtering op-
eration will depend only on the n samples contained within the moving win-
dow centered at the pixel x;, which will be also denoted for simplicity as a1,
(W =A{z1,22,...,2n}).

The most popular family of nonlinear filters used for impulsive noise removal
in color images is based on the order statistics [4]. These filters perform the vector
ordering of the set of pixels from the filtering window in order to determine the
filtering result.

(a) test image (b) map of Dy
(c) map of Dy (d) detected noise: § = D1 — Dy

Fig. 1. Illustration of the noise detection scheme: part of test image LENA (a), map
of Dy (b), map of corresponding D(1) values (c) and the image depicting the strength
of the impulses: D1 — D(y), (d)

The widely used reduced vector ordering is based on assigning a dissimilarity
measure to each color pixel from the filtering window [1, 15, l]. The aggregated
dissimilarity measure assigned to pixel x; is defined as

n
Ry =) plawi,x;), @i x; €W, (1)
=1

where p(-) denotes the distance between pixels in a given color space. The values
of R;, (i = 1,...,n) are then sorted and the vectors x1,xs,...,x, are corre-
spondingly ordered
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R(l)S--~§R(n) = 1) < ... X)), (2)

where < denotes the order relation between vectors and R, denotes the r-th
smallest value of R.

Many denoising methods define the vector @y in (2)) as their output, since
vectors that diverge significantly from the samples of W appear in the higher
indexed locations in their ordered sequence. Using the Euclidean distance as
a dissimilarity measure, the Vector Median Filter (VMF) is obtained [4]. The
VMF output @ ;) is one of the pixels from the filtering window for which the
sum of distances to all other vectors from W is minimized.

The drawback of the VMF and other filters based on vector ordering lies in
introducing too much smoothing, which results in an extensive blurring of the
output image. This effect is caused by uniform processing of every image pixel,
regardless whether it is noisy or not, which leads to the unnecessary replacement
of pixels which were not disturbed by the noise process. This effect results in the
distortion of image details and generation of color artifacts.

In order to alleviate the problem of excessive image smoothing various switch-
ing filters, that replace only the corrupted pixels, have been proposed ﬂ—lﬂ] The
efficiency of a switching filter depends both on the quality of the impulse de-
tection scheme and on the applied restoration framework, which replaces the
detected impulses with estimates derived from the samples belonging to a local
processing window.

(a) GOLDHILL (b) LENA

)0

(e) MOTOCROSS (f) RAFTING  (g) FLOWER (h) GIRL

Fig. 2. Color test images used for the evaluation of the restoration results

In ﬂQ, @] the cumulated similarity measures were assigned to the color samples
from the filtering window. The filter was made adaptive by adjusting its param-
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Fig. 3. Dependence of the optimal PSNR values on the k parameter for the LENA and
GOLDHILL color test image distorted by impulsive noise process of intensity p = 0.1
and p =0.3

eter using a simple noise intensity level estimator in which a pixel is considered
as not disturbed by the noise process, if there exist at least two pixels whose
distance to the central pixel does not exceed a predefined threshold. The concept
has been further extended in NE, @—lﬁ]

The sum of the k smallest distances between the central pixel of the filtering
window and the remaining pixels was used as a measure of pixel corruption in

|. This concept is an extension of the statistics introduced in [@]

In [B], the distance between the central pixel of the window and the a-trimmed
mean was chosen as a dissimilarity measure. If the value of the distance exceeds
a predefined threshold, then the central pixel is declared as corrupted and is
replaced by VMF, otherwise it is kept unchanged. A filtering scheme, utilizing
the angular distance between vectors was presented in HE]

In , @] the concept of the Vector Sigma Filter has been proposed. The
switching filtering scheme is utilizing the cumulated Euclidean distances between
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a pixel and all remaining samples belonging to the filtering window as a measure
of the dispersion of vectors, which is further used for the detection of outliers
introduced by the impulsive noise.

An efficient family of filters utilizing the concept of a peer group was
introduced in |21, 22] and extensively used in various filtering designs
[19, 10, 23-27]. The peer group associated with the central pixel of a filter-
ing window denotes the set of k close pixels whose distance to the central pixel
is not exceeding a predefined threshold. In this way, the pixels are classified as
similar to the central pixel or declared as outliers, which should be replaced by
a suitable robust filter.

In this paper a novel switching filter based on the peer group concept is
proposed. The main advantage of the novel approach is its ability to suppress
the noise component, while preserving fine image details. The structure of the
filter is based on the reduced ordering statistics and is characterized by a low
computational complexity, which enables the adoption of the novel technique in
real-time applications.

The paper is structured as follows. In the next Section the proposed filtering
technique is described. In the next Section we analyze the influence of the filter’s
parameter on the effectiveness of the proposed enhancement design. In Section
@ the comparison with the state-of-the-art denoising filters is performed. At the
end, some conclusions are drawn.

2 Proposed Switching Filter Design

The reduced ordering schemes are based on the sum of the dissimilarity measures
between a given pixel and the samples from the filtering window W. In this way,
the output of the vector median filter is the pixel whose average distance to
other pixels is minimized.

The distances p;; = p(x;,x;) between the pixel x; and all other pixels x;
belonging to W (5 = 1,...,n) can be be arranged into a sequence

Pils Pi2s - -+ Pin = Pi(1)s Pi(2)s - - -5 Pi(n)s (3)

where p;(,y is the r-th smallest distance and r is the distance rank.

The ranks of the ordered distances can be used for the evaluation of the
aggregated distances in (I]). Instead of the aggregated distances in (I]) a weighted
sum of distances, utilizing the distance ranks, can be composed

D; = ; () pigrys (4)

where f(r) is a weighting function of the distance rank 7.
Then, the rank weighted sums of distances can be sorted and a new sequence
of vectors is obtained

Dy, Dy, .-y Dy = (1), (2 - -+ T(n), (5)



Reduced Ordering Technique of Impulsive Noise Removal in Color Images 301

where the vector (1) is the output of the Rank Weighted Vector Median Filter
(RWVMF) [28431]. Applying a step-like function

f(r)—{l’ for r <k, k<n, (6)

0, otherwise,

the Sharpening Vector Median Filter (SVMF) presented in [28] is obtained.

The rejection of large distance decreases the influence of the outliers injected
by the noise process, which enables to efficiently remove the impulsive noise while
enhancing the image edges. Performed experiments revealed that satisfactory
denoising results are achieved using k = 2 or k = 3.
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Fig. 4. Dependence of the PSNR on the threshold T for k = 2 obtained using the color
test image LENA

In order to decide whether a pixel of a color image is corrupted by impulsive
noise, the difference between the cumulated weighted distance D assigned to the
central pixel of the filtering window and the value of D(;) corresponding to the
rank weighted vector median filter output can be used [29-31] and the strength
of the impulsive contamination can be estimated as the difference between Dq
and D(yy. In other words, the difference 0 between the sum of the k smallest
distances to the neighbors of the central pixel of W and the smallest sum of k
distances assigned to a pixel from W will be treated as a measure of the pixel’s
impulsiveness
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k

k k
5= pitry = Y Pu(r) = D_(Pi(r) = Puir))s (7)
r=1 r=1

r=1

where v is the position of the pixel in W for which the sum of the k smallest
distances to the pixels of W is minimized. Of course x, is the output of the
SVMF defined through (@) and (@).

Figure [l depicts the noisy test image contaminated by impulsive noise (a),
values of the sum of k smallest distances D, assigned to the central pixel of the
filtering window (b) and the smallest value D(y) (c). The differences § = D1 —Dy)
depicted in (d) serve as measures of impulsive noise contamination. It can be
observed that the map of the detected impulses correlates well with the real
contamination.

44 —A— Lena
—H— Motocross

42 —6— Flower
—&— Parrots
—®— Peppers

40 —k— Rafting

—&— Goldhill

PSNR [dB]

10 20 30 40 50 T 60 70 80 90 100

Fig. 5. Dependence of the PSNR on the thresholding parameter T for various images
depicted in Fig. 2] contaminated by impulsive noise of intensity p = 0.1

The structure of the proposed switching filter is quite simple. If the difference
0 = D1 — D(y) exceeds a threshold value T', then a pixel is declared as corrupted
by a noise process, otherwise it is treated as not disturbed.

(®)

k2 if §>1T,
Y= x1, otherwise,
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where y; is the switching filter output, x; is the central pixel of the filtering
window and & is the mean of the the pixels declared by the detector as not
corrupted by the noise process. If all neighbors of the central pixel x; of the
filtering window are found to be corrupted, then the SVMF applied to all pixels
from W is taken as the filter output.

3 Filter Parameters

For the evaluation of the optimal parameters k& and T of the proposed filter-
ing technique, color test images depicted in Fig. 2] were corrupted by a noised
modelled as

9)

N with probability p,
*" 1 o; with probability 1— p,

where x; is the pixel of the polluted image, o; is the original sample, v; is the
corrupted pixel, whose components {v;1, vi2,v;3} take on independent random
values from the interval [0, 255], following the uniform distribution.

For the measurement of the restoration quality, the commonly used Root
Mean Squared Error (RMSE) expressed through the Peak Signal to Noise Ra-
tio (PSNR) was used, as the RMSE is a satisfactory measure of the efficiency
of impulsive noise suppression and correlates well with other commonly used
restoration quality measures |1].

The first parameter of the filter which needs to be determined is the number
k of the pixels whose distance is taken to build the cumulated sum of distances.
Figure Bl depicts the dependence of the PSNR restoration quality measure on
the number of close pixels k, when adjusting the thresholding parameter T, so
that the best possible result is obtained. As can be seen, the setting k = 2 is
optimal in terms of the PSNR value. The low value of k is very beneficial, as
only two smallest distances are needed for the estimation of the degree of pixel
distortion.

Of course, the efficiency of the switching scheme depends also on the value
of the thresholding parameter. If the threshold T' is too low, the filter will be
replacing undistorted pixels. On the other hand, if it is too high, many corrupted
pixels will pass the filter without being replaced by the mean of the uncorrupted
pixels.

Figure @ shows the dependence of the PSNR on the threshold parameter T
using the LENA test image contaminated by impulsive noise with intensity rang-
ing from 0.05 to 0.3. As can be observed the optimal value of T' does not depend
significantly on the contamination intensity. This behavior was also observed for
other test image depicted in Fig. Bl For k = 2 satisfactory results are obtained
for T = 40 and this setting was used as a default value used for comparisons
with other filtering designs.

As can be observed in Fig. [ the default value of the threshold is not signif-
icantly dependent on the image structures, which guarantees satisfactory filter
behavior for natural images.
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4 Comparison with Existing Techniques

The proposed technique was compared with a various filters intended for the sup-
pression of impulsive noise in color images. Their parameters were set according
to the recommendations provided in the appropriate references (32, 133].

The following filters were chosen for the comparison:

— Peer Group Filter (PGF) [22],

Adaptive Center-Weighted VMF (ACWVMF) [34],

Adaptive Center-Weighted Directional-Distance Filter (ACWDDF) [35],
— Rank-Ordered VMF (ROVMF) [16],

— Sigma Directional Distance Filter (SDDF) [20, [19],

— Adaptive Vector Median Filter (AVMF) [7],

— Adaptive Basic Vector Directional Filter (ABVDF) [1§],

— Sigma Vector Median Filter (SVMF) [19, [20] and

— Fast Modified Vector Median Filter (FMVMF) [8, |9].

Table 1. Comparison of the PSNR values obtained when restoring the color test images
contaminated with impulsive noise using the proposed technique and methods known
from the literature

Image
NEW
PGF
ACWVMF
ROVMF
ACWDDF
SDDF
AVMF
ABVDF
SVMFr
FMVMF

0.1 37.13 36.19 3547 35.54 33.94 3494 34.74 2839 33.87 32.39
0.2 34.17 32.66 31.07 32.26 30.53 29.57 31.86 25.23 29.37 30.42
0.3 31.38 29.14 26.29 2852 26.84 24.13 28.39 22.63 24.24 27.67

Goldhill

0.1 39.78 38.56 37.87 38.12 36.34 36.07 37.28 33.17 36.18 35.50
0.2 36.47 34.54 31.93 3398 31.69 29.46 33.46 29.01 29.85 32.66
0.3 33.19 30.29 26.62 29.65 27.03 23.75 29.50 25.11 24.18 29.10

Lena

0.1 38.83 37.32 36.73 36.29 36.78 36.70 35.79 29.11 35.73 34.82
0.2 36.00 33.98 31.37 33.09 31.83 29.82 32.66 25.76 29.39 32.27
0.3 32.73 29.43 26.03 28.59 26.73 23.81 28.39 22.84 23.77 28.25

Parrots

0.1 42.24 37.56 36.71 37.07 35.09 34.36 36.75 32.54 34.75 34.71
0.2 38.50 33.42 30.79 3275 30.27 27.59 32.53 27.72 28.58 31.54
0.3 34.03 2858 25.10 27.80 24.89 21.98 27.82 22.82 22.79 27.30

Peppers
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Fig. 6. Visualization of the results shown in Tab.[Ilusing the most efficient competitive
filtering methods

The four images GOLDHILL, LENA, PARROTS and PEPPERS depicted
in Fig. @l were contaminated by the impulsive noise with intensities ranging from
0.05 to 0.3. The obtained results are summarized in Tab. [Il Due to the space
limitations only the PSNR measures are reported, however the results lead to the
same conclusions when using other quality restoration measure like
Mean ﬁbsolute Error (MAE) or Normalized Color Distance (NCD) in Lab color
space [1].
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As can be observed the proposed filtering method yields results significantly
superior to those obtained using the state-of-the-art denoising methods. The
results summarized in Tab. [[land shown in a different form in Fig.[6 in which the
best filters were chosen for comparisons, are confirmed by the visual comparison
of the results depicted in Fig. [d and Fig. Bl which show the restoration quality
achieved using the proposed filter.

A beneficial feature if the new algorithm of impulsive noise suppression is
its low computational complexity. For each pixel in the filtering, only the sum
of distances to 2 nearest neighbors has to be calculated, which are then used
to determine the measure of impulsiveness. Thus, the algorithm is comparable
in terms of computational speed to the well known vector median filter, which
needs the calculation of the sum of 8 distances, to all other pixels in W.

(c) original right eye (d) restoration result

Fig. 7. Illustration of the effectiveness of the proposed restoration technique using the
painting La Primavera by Sandro Botticelli
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Fig. 8. Comparison of the efficiency of the proposed switching filter as compared with

the standard methods, using the color MOTORCROSS image corrupted by impulsive
noise with intensity p = 0.1
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5 Conclusions

In the paper a novel switching filtering design intended for the removal of impul-
sive noise in color images has been proposed. The described filter is based on the
trimmed cumulative distances between pixels, which are used for the detection
of samples corrupted by impulses.

The experiments performed on natural, color test images confirmed the high
efficiency of the proposed filtering framework. Comparison with existing tech-
niques revealed that the new filter offers excellent efficiency of the impulsive noise
suppression while better preserving image details. Moreover, the novel filter has
a low computational complexity and simple structure, which makes it attractive
for real-time applications. Further research will be focused on the construction
of an adaptive design, capable of tuning the filter’s parameter to the intensity
of the noise corruption.
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Science and Higher Education development grant: Nonlinear methods of noise

reduction in color images and video sequences, (registration number 2012/05/B/
ST6,/03428).
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