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Abstract — This paper proposes a structure-oriented multi-
directional Sigma filter for additive white Gaussian noise in
digital TV signals. Filtering is restricted to homogeneous
directions to reduce blurring by analyzing local structure
using directional second derivatives. The proposed filter
improves the Sigma estimate of denoised pixels by imposing a
homogeneity constraint on the noise-adaptive selection of
estimation pixels by the Sigma filter. It achieves noise-
reduction gains of up to 4.8 dB Peak-Signal-to-Noise Ratio
(PSNR) in real-time. The block size, shape and coefficients of
the filter are adapted to both structure and noise level. The
goal is to optimize the filter with regard to noise-reduction
gain and structure preservation. A possible hardware-
oriented design of the proposed filter is also presented. To
show the effectiveness of the proposed method, comparisons
between the proposed Sigma filter and referenced Sigma
filters in terms of the PSNR gain and the modulation transfer
function (MTF) are shown. Results show that the proposed
method achieves a higher PSNR gain and contrast transfer
ratio than referenced Sigma filters.

Index Terms — Real-time noise filters, Sigma filter, spatial
multi-directional filters, structure preservation, digital TV noise

I. INTRODUCTION

Video processing systems continuously increase in volume
and complexity. Since noise is an undesirable yet inevitable
phenomenon, noise reduction filters have become integral
components added to these systems to improve the overall
performance. Different system applications bring forth
different requirements for noise reduction filters. For example,
with the emergence of image and video enabled products and
services, such as in portable TV devices, mobile phones,
digital cameras, and iPods, rises the need for real-time noise
reduction filters with high algorithmic speed, low memory
consumption, and ability to handle variable noise levels. In
general, noise filters work better if they are adaptive to both
signal content, e.g., using directional filters, and to the noise
level, e.g., using the Sigma filter. The problem is how to
extract signal content and noise level information and
combine them in real-time to achieve a balance between the
amount of noise-reduction gain and the loss due to blurring.
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The noise-adaptive methods in [1-3] are capable of
achieving high noise-reduction gains in real-time, while
preserving the high frequency content of TV signals. The
method in [1] introduces a spatial filter that is based on the
Sigma probability of the Gaussian distribution. Recent real-
time noise-adaptive filters widely compare to [1], which is
known as the Sigma filter. The Sigma filter uses the noise
level to select which pixels to use or discard in estimating the
value of the denoised pixel. The drawback of the Sigma filter
is in not imposing any spatial constraints on pixels which pass
the Sigma test. Thus, any random neighboring pixel whose
value is within two standard deviations of noise from the
value of the processed pixel is used in filtering, even if it
belongs to a different population. The Sigma test can be
further impaired when measuring the difference between
pixels in the presence of high noise levels. The work
presented in [2] and [3] defines a recursive Sigma filter which
improves the Sigma filter by changing the shape of the block,
making the filtering recursive, and using a multi-level
weighting function. However, the recursive Sigma filter in [2]
and [3] is not adaptive to content.

Content-adaptive denoising filters [4—8] preserve edges and
structures by adapting to signal content. Directional filters [4,
5] achieve such adaptation through filtering along one selected
direction in the block. The filter in [4] replaces the center
pixel by the average of pixels in the direction with the
minimum variance. The problem with [4] is the variance not
being a reliable measure of homogeneity in the presence of
noise [9]. The homogeneity-based directional filter in [5]
applies filtering to the intensity most homogeneous direction
as decided by examining directional derivatives. However, it
performs filtering in only one direction and does not adapt to
noise. Rational filters [6—8] adapt to signal content through
modulating the coefficients of a linear low-pass filter to limit
its actions in the presence of image details. They can be
applied directionally for increased preservation of frame
content. For example, the filter in [7] is applied to the 0°, 45°,
90° and 135° directions, but it does not adapt to more complex
structures such as corners. The work in [7] is extended in [8]
with the rational filter applied temporally, hence requiring
multiple frame delays. The filter parameters in [7, 8] are set
manually to tune the filter’s response.

Filters in [10—17] are computationally expensive to be used
in digital TV sets. A classical approach to spatial noise
reduction is the spatial Wiener filter in [10] which introduces
residual blurring near edges [18]. The work in [11] builds a
variant of the Sigma filter with an enlarged block size and an
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improved multi-level weighting function. This variant of the
Sigma filter gives higher noise-reduction gain at the expense
of reduced performance in less noisy signals and slower
execution. The filter in [12] is another filter to trade speed
with higher gains by optimizing the filter’s parameters leading
to a significantly slow performance. The method in [13] uses
Gauss curvature driven diffusion and is computationally
expensive. Recent wavelet based methods [14-17] are also
computationally expensive as they require transforming
frames to the wavelet domain.

In this paper, a multi-directional Sigma filter, which adapts
the size and shape of the filter block to signal and noise
characteristics, is proposed. The proposed filter is adapted to
signal content by filtering along detected homogeneous
directions and is adapted to noise by utilizing the Sigma
probability of the Gaussian distribution. The aim is to
introduce a method by which multiple directions can be used
safely in filtering to increase the noise-reduction gain while
reducing the blurring side effect. The advantages of the
proposed approach include: 1) noise-robust measure of local
structure; 2) structure preservation through directional
application of the Sigma test; 3) high noise-reduction gains;
and 4) real-time performance.

Noise, in this paper, is an unwanted stochastic signal and
not deterministic distortions such as shading or lack of focus.
Generally, noise can be added to a signal (i.e., additive noise)
or multiplied by a signal (i.e., multiplicative noise). It can also
be signal dependent or independent, white or colored. The
choice of the noise model for this paper is motivated by the
several types of noise affecting charge-coupled device (CCD)
cameras such as photon-shot and read-out noise [18]. The
random arrival of photons at the sensor, which is governed by
Poisson distribution, causes the photon-shot noise. Read-out
noise is Gaussian and results from combining other sources of
noise such as output amplifier noise, camera noise and clock
noise. The high counting effect of photon arrivals leads to an
aggregate noise effect which can be well approximated by a
Gaussian distribution [19] according to the central limit
theorem. Therefore, in this paper, an additive white
Gaussian noise (AWGN) model is assumed. The choice here
is also motivated by AWGN being the most common noise
model for terrestrial TV [20]. AWGN samples are assumed
to be independent and identically distributed (iid) Gaussian
random variables. Accordingly, the noisy signal F, is
modeled as

F,=F+n. (1)

where F is the noise-free signal and # is the added noise. The
problem now is to obtain F , the estimate of F, given F, only.
Define F(m) to be the intensity value at spatial position n =
(n;, ny) in the sampling lattice {2, where n; is the horizontal
coordinate and n; is the vertical coordinate. Similarly, F,(n)
and 7(n) are the intensity value and noise component at
position n of ', and #, respectively.
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The remainder of the paper is organized as follows. In
section II, the proposed multi-directional Sigma filter is
presented. In section III, the modulation transfer function
(MTF) is used to show that the proposed filter is more
structure preserving than referenced filters. A possible
hardware-oriented design of the proposed filter is also
introduced in section III. Results are presented and discussed
in section I'V. Finally, section V concludes the paper.

II. PROPOSED SIGMA FILTER

A. Structure Measurement to Adapt to Signal Content
In this section, a method for performing an analysis of the
structure around each pixel in F is proposed. Structure around
a given noisy pixel F,(n) is measured using the magnitude of
the directional second derivatives | V2 F,]d (n)| calculated using

V2E! )= (W ~DF,(m)- 3 F,(n+m), ()
mes,

where W is the filter’s block size and S, is a set of vectors
from n to the neighboring pixels in the direction d. Eight
directions are used. Thus, S,, d €{1, 2,..., 8} when W =3 is
(see Fig. 1)

S, =1{(1,0),(-1,0)}

S, ={(0,),(0,-D}

S ={-L-D.@LD} 8 ={(0.1),01,0)}

Sy ={AD,(-1-D} S ={(0,-1),(1,0)}.
It is important that the noise susceptibility of (2) is reduced to
improve structure measurement. Let S be the set of vectors
from n to every pixel in the WxW neighborhood. S can be
decomposed into the set R of vectors to neighboring pixels
that are already noise reduced and the set N of vectors to
neighboring pixels yet to be noise reduced (see Fig. 2(a)).

S5 =1{(1,0),(0,1)}
Se ={(=1,0),(0,1)}

My M, M3 M,
0 0 0 0| -1 0 0 0| -1 -1 0 0
112 |1 0] 2 0 0|2 0 0opf2 |0
0 0 0 0o|-1]0 110 0 0|0 |-
Ms Me M5 Mg
0 0 0 0| -1 0 0| -1 0 0 0 0
11210 1] 2 0 02| -1 02| -1
0|-1]0 0 0 0 0|0 0 0|10

Fig. 1. Directions [9] along which activity is measured represented as the
directional masks Mgy.
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Fig. 2. (a) The set S separated into recursive pixels in R and non-recursive
pixels in N, (b) set K of 4 immediate neighbors of the center pixel, and (c)
set K of 4 immediate neighbors of X-marked pixel, two of which are in S.
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Instead of using noisy pixels from F), in (2), pixels from R and
smoothed pixels from N are used instead as

V2E )= (7 -1)—— Z (n+k)

‘ K ‘ kekK
> F(n+m)

meS,;NR

! Z ZF (n+m+Kk)

| K | meS; NN kekK

€)

where K is the set of four immediate neighbors as depicted in
Fig. 2(b) for the center pixel. If not all immediate neighbors of
a pixel in S;NN are in S (i.e., me S,NN but m+k ¢ S), only
available ones are used. For example, only two of the
immediate neighbors of the bottom right pixel in Fig. 2(c)
(marked with a white X) are in S. Therefore, only these two
neighbors along with the pixel itself are averaged to reduce
noise. Next, the directions d’s are ordered based on their
measured activities |V2Fq" (n)| to build the set of ordered

directions (. The first element in £, { (1), is the direction d
with the least amount of structure (the smallest absolute value
of the directional second derivative) or

¢ (1) = argmin|V’F;' (n)] - 4)
d

{ (2) is the direction with the second least structure and {(8) is
the direction d with the most structure. The first D directions
in { are referred to as the homogeneous directions which are
used in filtering, and the rest are abandoned to avoid blurring.
{ represents the structure analysis around F,(n).

B. Parameter Selection to Adapt to the Noise Level

A method is proposed in this section to find a scheme that
assigns a W (block size) or a D (maximum number of
homogeneous directions) for every noise level. The noise
level is measured in Peak-Signal-to-Noise-Ratio (PSNR) and
is denoted PSNR,,. The proposed method is trained on a set of
representative data (different levels of structure and noise) to
build such a scheme. The proposed procedure is comparable
to quantization and can be explained as reducing noise from
different noisy image and video signals and obtaining the
noise-reduction gain G/dB/, then collecting the values of W
and D which achieve the highest noise-reduction gain for
every noise level PSNR,. After the scheme is built, it is
hardcoded into the filter as a set of rules (e.g., for 28< PSNR,
<40, use W=3). This procedure is run only once offline.

The noise reduction gain G/dB] is calculated using,

G(PSNR,PSNR ) =PSNR -PSNR, , ®)
where PSNR denotes the PSNR of the noise-reduced signal
F and PSNR,, is the PSNR of the noisy signal F),. PSNR is
either measured (from F and ) if F' is available or estimated
in its absence (e.g., using noise estimation methods such as

[9]). Finding the optimal W and D can be treated as a
quantization problem. For both W and D, the region of support

B of PSNR,, B = [PSNR]"™ PSNR}™] (e.g., B = [20dB,
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55dB]), is divided into intervals. For the block size W, these
intervals are B =[p’ ,h’) where l€{1, 2, ..., L} and L is the

number of possible block sizes. For the number of directions
D, the intervals are B” =[p”,b”) where i €{l, 2, ..., I} and [

is the number of possible directions. Then, a level w; is
assigned from possible values of W (e.g., w; €{3, 5, 7, 9}) and
a level h; from possible values of D (e.g., hie{l, 2, ..., 8}).
The optimal values of w; and their corresponding intervals
B,W [21] which completely define the adaptation of W to the

noise level can be found by solving the two equations

B ={PSNR, : G, (PSNR,PSNR, ) > G, (PSNR,PSNR )} -(6)
w, =argmax E{G, (PSNR,PSNR,)|PSNR, € B} » (7
where GW/ and Gw/ denote the gain in PSNR for using W = w,
and W =, , respectively, and E{.} is the conditional mean.

Similarly, the optimal values of %; and their corresponding
intervals B[D which define the adaptation of D to the noise

level are found through solving

B/ ={PSNR, : G, (PSNR,PSNR ) > G, (PSNR,PSNR, )}  (8)

h, = argmax E{G, (PSNR,PSNR, ) |PSNR, € B"}> ©)
, ,

where G, and G, denote the gain in PSNR for using D = 4;

and D= };l., respectively. Equations (6) and (8) are known in

quantization theory as the generalized nearest neighbor
conditions and (7) and (9) as the generalized centroid
conditions [21]. With absence of information about the
probability density function of the PSNR,, the Llyod
algorithm for optimal scalar quantization [22] can be used on
a representative set of training data to find the optimal noise
adaptation schemes.

C. Proposed Multi-Directional Sigma Filter

The proposed structure analysis from section IILA and the
noise level adaptation in section II.B are integrated to propose
the multi-directional Sigma filter. The Sigma filter [1] is based
on the Sigma probability of the Gaussian distribution. It
smoothes noise by averaging neighborhood pixels which have
intensity values within a fixed Sigma range of the center pixel.

Multi-directional ﬁltering can be described using

-0
F(n CF,(n)+

(n) = CF, (n) ;m;” D(W ot
where C defines the filter’s coefficients. Note that (10)
generalizes directional filtering since it allows filtering
by defining the structure analysis scheme ¢, the directions of
interest S,’s (as sets of vectors from the current pixel to the
neighboring pixels in the direction), and filter’s block shape
and size using W, D and C. Next, by combining the D most
homogeneous directions and the Sigma probability, a block is
created which best fits the image structure and noise level.

F,(n+m) (10)
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Specifically, the filter:
o Step 1: Populates the ordered set of mask indexes {
based on the homogeneity | V2 Fﬂd (n)| of the direction

d using (3) and adapts D to the noise level a; using

b :b) <o, <b’
D=4h, :b’<o,<b)- (1)
1D 2 D
hy :by <o, <b;
e  Step 2: Adapts the block size ¥ to 0'5 as
:b) <ol <b
=" 0 =S (12)
w, b’ <o, <b,

e Step 3: Changes F,(n+m) in (10) tof(F,,(ner),o;)

based on the Sigma probability to make pixel
selection noise level adaptive as follows

S(F,(n+m),0,)=
F,(n+m):F,(n+m)-yo, <F,(n)<F (n+m)+yo,
0 : otherwise

» (13)

where vy is a parameter controlling sensitivity to noise.
e Step 4: Adapts the center pixel weight C as follows

PSNR,,

2557
:W, PSNR, = 1010g]0[o_;} (14)

PSNR';“”‘ =55dB.

Non-center pixel weights C’ can be calculated using
(1-O)/(D(W—=1)—u), where u is the number of zeroed
coefficients by the Sigma test in (13).

III. ANALYSIS OF THE PROPOSED SIGMA FILTER

A. Structure Preservation

In this section, the structure preservation capabilities of the
proposed multi-directional Sigma filter are analyzed using the
MTF [24] to illustrate the relative degradation of contrast due
to blurring by the proposed multi-directional Sigma filter, the
conventional Sigma probability filter [1], and the directional
filter [5]. To approximate the MTF from a local region Z in a
single image F, let H(x) be the normalized local histogram
calculated from pixels in Z as

T
H(x)==%, 0<x <255,
where T, is the number of pixels with gray level xeZ and T is
the total number of pixels in Z. H(x) approximates the
probability mass function p(x) of region Z in F. By finding the

5)
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cumulative sum of H(x) with

P(x)=) H(u), 0<x<255, (16)
u=0
an estimate of the cumulative distribution function (CDF),
P(x), of region Z is obtained [23]. P(x) is related to the Edge-
Spread Function (ESF), defined as the response of the system
to an ideal edge [24], by P(x) = x(ESF), when it is known that
the locality of region Z on which the histogram was calculated
represents an edge. The MTF measures the degradation of
contrast due to blurring at different spatial frequencies. It can
be calculated as the Fourier transform, #{.}, of the first

derivative of the ESF, that is,

MTF () = ‘F{M} .

a7
Ox

Fig. 3 shows the MTF of the local region Z in Fig. 4 (Saturn

image) for the proposed multi-directional Sigma filter and the

filters in [1] and [5]. The proposed Sigma filter achieves a

higher contrast transfer ratio than [1] and [5] due to using

(11)-(13).
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Spatial Frequency (cpd)

Fig. 3. Estimation of the MTF of region Z in Fig. 4 for the proposed muli-
directional Sigma, the conventional Sigma filter [1] and the directional
filter [5].

Local histograms shown in Fig. 4 are used to explain the
improved structure-preservation capabilities of the proposed
Sigma filter. The local histogram at area Z shows two distinct
sample populations. The rectangles superimposed on the
Saturn image are magnified blocks. If filtering takes place
over pixels in region Z, the assumption being that they belong
to the same population, blurring occurs. The multi-directional
application of the Sigma probability acts as a low-pass filter
which isolates one population so that less cross-population
averaging takes place, hence, effectively reducing the blurring
side effect. This is shown in Fig. 5.
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Fig. 4. Local histograms at structured and unstructured areas of the noisy
Saturn (see Fig. 5).

aH

300

Sl

Fig. 5. The multi-directional Sigma probability isolates a sample
population to prevent blurring. Assuming the block on region Z in Fig. 4
is centered on a high-intensity pixel.

Moreover, the improved structure-preservation capabilities
of the proposed multi-directional Sigma filtering over the
Sigma filter [1] is due to the fact that two criteria are used in
the proposed method as opposed to one in the Sigma filter.
The proposed method imposes an extra constraint that pixels
have to be spatially grouped in a direction rather than
scattered as in the Sigma filter. The proposed method ensures
exclusion of pixels which randomly pass the Sigma
probability without being part of the same population as the
center pixel.

Fig. 6 shows the change in the shape of the filter’s block at
different noise level ranges between the proposed Sigma filter
and the directional filter [5]. In Fig. 6(a,b), all pixels in the
homogeneous direction are assumed to belong to one
population and are used in filtering. Fig 6(c,d) illustrates how
the proposed filter adapts the block size, shape and weighting
to the frame and noise characteristics.

B. Complexity Analysis

This section discusses the hardware implementability of the
proposed filter and suggests a hardware-oriented design for it.
Fig. 7 shows such possible hardware-oriented design. The
filter control parameters W, D and C come from an external

IEEE Transactions on Consumer Electronics, Vol. 53, No. 4, NOVEMBER 2007

noise adaptation unit which compares the noise level g; to

preset registers initialized to the boundary values 5" and p”

'
1 C

(c) Proposed Directional Sigma

(a) Directional Filter window at PSNR > 28 dB

window at PSNRn > 28 dB

ok

1 Cl
1 clcle
1 C!

(b) Directional Filter Il
window at PSNRn < 28 dB

(d) Proposed Directional Sigma
window at PSNR > 28 dB

Fig. 6. Fixed directional filter [S] block size compared to the proposed
variable block size, shape and weighting for the multi-directional Sigma
filter at different noise levels. Pixels in gray belong to the W =5 and not to
the W = 3 block. The coefficients of these pixels are set to zero to reduce
the filter’s block size in hardware.

in (11) and (12), respectively. The noise adaptation unit
outputs the corresponding levels w;, /; and the coefficients C
and C’in (14).

DSPE
Fy(n)
nesS
Fy(m)

My
nesS

. DSPEO

- +{cPE0}- » F(n
DSPE1 J | icPeo - FIL1 % ™
. {cPE1}— =

(@]

9

m

o0

A\ /
XNW

1
w

W

Fig. 7. A possible hardware design of the proposed multi-directional
Sigma filter.

The design has three processing engines, namely, direction-
selection processing engine (DSPE), coefficient-processing
engine (CPE), and directional-filter engine (FIL). The input to
the filter is a WXW two dimensional array extracted from a W
(e.g., W=5) line delay buffer. At the first stage, the DSPEs
compute the directional derivatives using the My masks (see
Fig. 1) and feed them to a sorting unit. The sorting unit
outputs the indices d of the D most homogeneous directions to
the control unit (CU) of the filtering stage. Each one of the
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FIL engines will output an estimate of F(n) for pixels in the
direction d. The CU will pass the multiplexers’ outputs which
correspond to the selected directions only to the adder. Each
one of the filtering engines uses a coefficients mask denoted
Cq4 (e.g., Fig. 6(d)) which is computed for each direction by
the CPEs based on the Sigma test in (13), the noise sensitivity
parameter y, and the block size W. The design is based on the
larger block size W=w,. If the noise adaptation unit selects a
smaller size block (e.g., W=w,) instead, the outermost pixels
are set to zero in the CPEs to reduce the mask size without
much complexity due to the variable block size.

Table 1 shows the execution time and the time ratio
(averaged over images in Fig. 8(a-h) for all noise levels) for
the referenced Sigma filters compared to the execution time of
the proposed multi-directional Sigma filter to process a
512x512 image when implemented using C++ under an
Intel(R) Xeon(TM) CPU 2.40GHz machine running Linux. As
shown in the table, the proposed multi-directional Sigma filter
is faster than the conventional Sigma [1] and recursive Sigma
filters [2]. It is more than three times faster than the modified
Sigma filter [11] while producing higher gain.

TABLE I
TIME COMPLEXITY COMPARISON.

Time Ratio Time (Seconds)
Algorithm /512x512 /512x512
Frame frame
Proposed Multi-Directional Sigma 1.00 0.1090
Conventional Sigma [1] 1.44 0.1567
Recursive Sigma [2] 1.67 0.1820
Modified Sigma Filter [11] 3.21 0.3489

IV. EXPERIMENTAL RESULTS

For related work comparison, the proposed Sigma filter was
compared to other Sigma filters including the conventional
Sigma filter [1], the recursive Sigma filter [2], and the
modified Sigma filter [11].

To experimentally evaluate the proposed method, the PSNR
gain at different noise levels is used. Eight images (Fig 8(a-h))
and five video sequences (Fig. 8(i-m)) are used in simulation.
The images are selected to represent different levels of
structure. The video sequences are selected to represent
different types of video motion and levels of structure. Video
sequences Car and Pricar represent tracking camera motion.
Video sequence Train represents translational object motion
with fixed camera. Video sequence Wheel represents
rotational object motion and video sequence Kiel represents
zoom motion. The images are corrupted with noise levels
ranging from 20-40 db PSNR in steps of 5 dB and the video
sequences with levels 20-40 dB in steps of 10 dB.

To adapt the proposed method to the noise level as in
section II. B, the training set: images Fingerprint, Boat, Zelda,
and Peppers and video sequences Flowergarden, Hall, and
Coastguard, is used.

A. Implementation Parameters

To maintain the fast algorithmic speed of the filter during
execution, the block size is adapted to the noise level using
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(12). As shown in Fig. 9, B can be divided into two
B/ intervals and two corresponding block sizes w;. The first
range B =[b,,b) = [20, 28) and the corresponding block
size is w; = 5 (note in Fig. 9 the higher gain of the W=5 over
the W=3 in this interval) and the second range
BY =[b/",b))=[28,%) and the corresponding block size is w»
= 3. Similarly, the maximum number of directions D is
adapted as in (11) using B” =[p”,b"”) = [20, 22) and &, = 5,
BP =[b",b")= [22, 32) and h, = 3, and B =[b" b") =
[32,0) and A3 = 1. y in (13) can range from 1.5 to 2.7 and it
controls the sensitivity to noise. y is set to 2 because it

provides a compromise between noise reduction and structure
preservation.

. y.:‘Q
N/

(a) Gray (b) Cos1 ( Co

iy S

(d) Treés (e) Lena

(f) Aerial (

" Kiel

Fig. 8. Images and video sequences used in simulation.
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Fig. 9. Average PSNR gain at different noise levels fora W =3 and a W=
5 block sizes. This figure represents an example of the training results

used to obtain the intervals BIW for block size adaptation to noise.

B. PSNR Gain

The average gain (in PSNR dB) over time for the proposed
multi-directional Sigma and referenced Sigma filters [1,2,11]
is shown in Fig. 10 averaged for the first 50 frames of the
video sequences in Fig. 8(i-m) corrupted with 25[dB] noise. It
can be seen that the proposed filter outperforms the referenced
methods. Fig. 11 shows a comparison of the gain achieved by
the proposed multi-directional Sigma filter and referenced
Sigma filter at different noise levels for the test images and
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Fig. 12 shows the comparison for test video sequences. The
proposed multi-directional Sigma filter outperforms the Sigma
filter [1], the recursive sigma filter [2], and the modified
Sigma filter [11] in terms of PSNR gain at different noise
levels.
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Fig. 10. Gain (in [dB]) over time achieved from applying proposed and
referenced methods to 25[dB] noisy video sequences in Fig. 8(i-m).

C. Visual Comparison of the Proposed Sigma Filter

Fig. 13 shows how the proposed multi-directional Sigma
filter has improved structure-preservation capabilities
compared to the conventional Sigma filter [1] for a 25 dB
noisy Baboon image. With the conventional Sigma filter, the
mustache hair of the Baboon in Fig. 13(a) is merged together
due to blurring. The hair lines are more visible in the output of
the proposed multi-directional Sigma filter in Fig. 13(b). Fig.
14 shows the subjective improvement in an enlarged highly
structured part of the noise-reduced Lena image from 20 dB
noisy input. It can be seen again that with the proposed multi-
directional application of the Sigma filter, the lines separating
the hair are more visible in Fig. 14(b). The reason why the
proposed filter introduces less blurring than the conventional
Sigma filter is the proposed integration of directionality and
the Sigma test.

V. CONCLUSION

This paper proposed a multi-directional adaptive spatial
Sigma filtering of AWGN in digital TV signals. The
adaptation to signal content is achieved through combining
most homogeneous directions to tailor a block that best fits
image structure. The adaptation to noise level is achieved
through controlling the coefficients of the filter using the
Sigma probability. The proposed filter is a low cost noise
filter suitable for fast noise reduction. It achieves higher gains
(up to 4.8 dB PSNR) and is faster than referenced Sigma
filters. The proposed filter is analyzed with regard to its
hardware-orientation and it was concluded that the proposed
filter can be easily implemented in hardware due to its regular
block-based parallel design. The MTF was used to measure
the relative structure preservation capabilities of the proposed
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and referenced methods. It was shown that the proposed
Sigma filter has a higher contrast transfer ratio than referenced
filters indicating improved structure preservation. This is
attributed to the multi-directional application of the Sigma
test. Moreover, the proposed filter reduces the short tailed
noise artifacts caused by the conventional Sigma filter.

Gain [dB]

-3| —©— Proposed Mult-Directional Sigma |- —— -+ - — — A\: -0
----- -+ Recursive Sigma Filter : \\
4| ===~ Conventional Sigma Filter e N
5 ~"E¥=" Modiied Sigma Filter } *\ |
20 25 30 35 %0
PSNR“ [dB]

Fig. 11. Applied to images in Fig. 8(a-h), the average gain achieved by
proposed multi-directional Sigma, conventional Sigma filter [1], recursive
Sigma filter [2], and modified Sigma filter [11].

Gain [dB]

—6— Proposed Multi-Directional Sigma Filter
=--EF-- Recursive Sigma Filter

=-=e=-= Conventional Sigma Filter

===+ Modified Sigma Filter

20 25 30

PSNR [dB]

Fig. 12. Applied to video sequences in Fig. 8(i-m), the average gain
achieved by proposed multi-directional Sigma, conventional Sigma filter
[1], recursive Sigma filter [2], and modified Sigma filter [11].

13.

Fig.
directional Sigma filter over the conventional Sigma filter for an enlarged
part of the noise-reduced Baboon image from a 25 dB noisy input.

Improved structure-preservation in the proposed multi-
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(a) Sigma filter [1] (b) Proposed Multi-Directional Sigma
Fig. 14. Improved structure-preservation in the multi-directional Sigma
filter over the conventional Sigma filter for an enlarged part of the noise-
reduced Lena image from a 20 dB noisy input.
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