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Abstract

In Hus paper, Ve presend @ rohust image Bliee that provides
proservation af fae details and effeciive sipprcasied of imbersine
mafiicative medse. The filter is based on the use of M (roduei
PR Ry In'lae-]'nhw:d_l' esdimarary aed § frafmi ) paitananars derivged
Srom the siaristical theory of vank fegts, A7 e et v, o provide
IRRLIE e WeEe Pefection, the prevemed image Rifer usek an adoamive
apike detector angd a re-deseeading M-esiimator comiired with the
median estimatar fo remove outliers in the center of the firering
wirdaw, At the second stape, o peedde Hhie mifiplcamitve woise
snppwession, o modified sipma [ler cowdnec with deteil preserving
scheme of a Lee filter, (s weed Visuel and guartifaiive aralvsis of
the simlafion resulls sihows that the proposed (mage flter
demonpirates pood preservation of fine detoils, offective
munlEpliomitve Rovse SHpresEion o imprlone soine remma)

Keywerds:image processing. nenlinear filters, detail preserving
wimeage Tiklcrs,

Resumen

En este rabio presentmmos wa filtee rebeste porg imdgeaes Qe
permte pregeivar detalles fas v supeimir de monere sfecinag ruis
da dpiense de tpo sudtiplicanva. £ fiva s base en of ure de
exlimadares rofurior de profatulided mdvime festisradare fipicd
My enrttrraniores o rarge (tpe 8 derivados g lo deoria extadin-
o e cowiuray orclieaon, B amr primeen e, para proparci e
mar rechaza de ruida fipo imgrleiosnd, ¢f Tl proseniads wee an
detecior de riens aoapiariieg p e stimundor oo 8 ee-deiee e
covmbirerdn Conm MR eTimader medlone ard remaeer s wnloees
algfados feutiters) en ef contrn de b veatara de firada. Ke usa
sepnadi SrAPE, farkd PERCTorEr sapiresida de rvido o
medcplicarive, s s e fNee sieon oo e o timdo coor i
filtro preservader de detalles de Lee, Un andlisis visan! v comirina-
Sivee e fox resulindor de simulecidn muestran gue of fltva peopoes-
fo preeserva havtante e dedelles finos, avi como fo efectiva upre-
sicha de ruvala miltiplicetive i e resmosioa de rdia impderamai
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tros de imagen gue preservan decalles
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1 Introduction

In many practical situations the quality of digital images is
nol acceptable due to random noise presence. 11 is highly
desirable to get 0 good image enhancement providing both
effective noise suppression and fine detail preservation. Li-
near filers are commaoniy used 1o atlenuate Gaussian noise i
images. However, they fail when the fmage data contains
impulsive noise, they tend also to blur the onginal image.
On the other hand, nonlinear filters have become very
mtractive in signal and image processing because of their
ahility 1o suppress noise of different nature, in particular, 1@
remove impalsive nedse, Monlinear filiering is also a wells
known detail-preserving method. However, nonlinear filiers
are main |y designed 1 preserye edges of image objects only,
hut not fine details such as thin lines and small-scale objects.
In particular, the median, Wilcoxon (see Crimon { 19859} and
the ee=trimmed mean {see Bednar (19843 Niers, which pre
completely described in the book on nonlinear image fillers
af Astola {1997), can remove small size objects considering
them as outliers. As a result. they often occur to be unable 1o
preseryve Thke degalls
A lincar median hybrid {LMH) filler was introduced by
Heinonen ond Meuve in 1985 o simulfaneously provide edpe
preservation with impulsive noise removal. [is subclass, the
FIR-medinn hybrid fliers (FMH), proposed by Neiminen,
Heinonen and Mucva {1987}, provides the preservation of
thin lincs s well (see Astola ] F99T1, Impulse rejectmg filters,
also described in the book of Astola [ 1997), suppress
imipulisive nokse elffectively and avoid unnecesany distorions
of noise-free pisels. These filters wse dilferent impulse
detectors to decide if the current pixel can be ¢l bed as an
outlier and be filbered by some nonlinear filter or 0 can be
unaltered otherwise. To provide simultaneous detail
preservadion. rather complicated impulse detecrors have 1o
be wsesd. For example, Mitra et ol {see Abrew { | 996)) sugsesied
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& ROM impulse rejecting filter combined with a sophisticated
fuzzy detector that can be optimized using image training data,

Besides, the sigma and Lee filters, proposed by Jong-Sen
Lee (see Lee (1980) and (1983)), can preserve fine details
well, but their robustness is insufficient to provide desired
suppression of impulsive noise, as il was explained in the
literature, see Astola (1997), Pitas and Venetsanopoulos
(1990} and Fong (1989). Atempts to get more appropriate
robust versions of two latter mentioned techniques are known.

For example, the modified locally adaptive sigma filter {see
Lukin et al {1996])) possesses some rabust features but it does
mot perform well in the case of spikes with a probability larger
than 0.05.

Recently, we introduced the robust KMNM-type filters
(Ponomaryov (1%98)), which provide bath good fine detail
preservation and appropriate impulsive noise suppression.
Unfortunately, they do not possess effective suppression of
additive and multiplicative noise. [n this paper we present a
madification that allows to effectively suppress multiplicative
noise s well as impulsive noise removal and 1o preserve fine
distails.

2 Image Noise Model

Different impulse noise models were proposed and described
in the literature (Pitas and Venetsanopoulos {1990), Astola
(19%7]). We use the following image degradation model in
the case of impulse noise presence (see Ponomaryov (1998))

ulx, ¥)=n,, lex,»)) (1)

where elx, y) is an original (true) image, u(x, y) is the
distorted image, and n {E{x _1-'}] i the functienal

e(x.»)

We assume that the spikes have uniformly distributed
random valwes between O and 235 for byte-represented
Images.

Om the other hand, the images are often corrupted not only
by impulsive noise, but by multiplicative noise as well. From
this point of view, the noise model, Equation {17, has 1o be
modified to take this feature into account:

)y {mulu::m valued spike with pml:l:l.hi]t}i P
otherwise

ulx, ¥)=n,, (n, (x,v) elx,v)) (2)

where n_ {:-:,_].-'] denotes the multiplicative noise assumed to
be Gaussian.

With this model, the problem of noise removal is to design
arobust filtering algorithm able to remove the impulsive noise
added to the image, to suppress the multiplicative noise and
to preserve fine details as well. From this point of view, the
image filter has to be a nonlinear filter and to use a robust

mean estimator of pixels within the scanning window mstead
of the local average.

3 Structure of the Proposed Filter

Recently, we introduced a novel robust image filter that can
both remove impulsive noise and preserve fine image details
as well (Ponomaryov (1998)). It uses combined robust rank
and M estimators to calculate the robust point estimate of the
pixels within the filtering window. As it was shown in our
previous paper (Fonomaryoy (1998)), good results for byte-
represented images were provided by the filter modification
invelving a median estimator combined with an M estimator
{the theory of M estimators i3 completely given in a book of
Hampel (1986)). Such a combination of robust estimators is
a combined RM estimator, as it was presented in our previous
paper dedicated toea study of such estimators { Ponomaryov
(19995}, In this paper, we consider the combined RM estimator
that uses the redescending function similar to the well known
K-nearest neighbor filter (KNN filter), proposed by Davis
and Rosenfeld (1978),

The operation of the proposed filter can be described as
fiollows. The filter uses an iterative caleulation scheme derived
from the basic M estimator. In opposite to a classic M-
estimator that uses the median of sample data, the proposed
filter uses the value of the central pixel of the filtering window
a5 the initial estimate to provide preservation of image fine
details. At the current iteration indexed as g, o sample of the
pixels nearest by value to the previous estimate is formed and
then the median value of the sample is calculsted. Next, the
calculated median value is used as the previous estimate at
the next Meration with the index g+/. The number of the
nearest neighbors K. is calculated before performing the
iterations and it does not change in the next iterations, This
number reflects the local data activity in the presence of spikes.

Therefore, the K. value is cabculated for every (i,j) pixel o
adjust the filter performance to the local image data
characteristics that results in better detail preservation. It was
shown in the aforementioned paper {Ponomaryoy { 19987) that
such an image filter effectively removes spikes and preser-
ves fine image details, Additionally, it was determined that
the use of the proposed iterative schemie decreases the number
of nearest pixels K necessary to remove spikes, and with a
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lower K. value, the filter preserves fine detalls significantls
better. The iterations are stopped when the current estimate is
equal to the previous one. Usually, 3 1o 4 steps are enough to
satisfy this condition.

The operation of the proposed image filter. called MM-
EMNN filter, can be formuloted a:

"?mmrm {‘.=J.h'r-’d {-F-’Iillj +m, i+ !i'}_lr {3

where g"”l:.i'+ m, f o+ r.-} 15 a sel of K. pixels within the
filter window that are the closest by value to the estimation

= s lg-11 T
obtained ar the previsus step Elr:_'.ll..l;ﬁ!\-l 'I-_I:- where

e (L Fh =t ) mom ==L L (2L 41) der
nes the filer scanning window size. The curreni number of

the nearest neighbor pixels, K {7, 7} is determined as

K (ii)= K, +aSuli, Nk,

where the parameter controls the filter sensitivity (o local
data variance in order to provide a proper detail detection.

The minimal number of the neighbors & determines the
filter noase removal ability in homegencous image regions,

and the maximal number of the neighbors K resricts the

eddpre and detail smoothing. During various simulations, it was
found that the filter behavior ks very sensitive 1o the spike

detector Sl{ufi,jl_l} efficiency. Thus, this detector was
modified tw produce betier results in the filtered images as

med| uli, /)-uli+m. j+n) |
MADMuli. ;)

o MADM (i, f +)]
© med{uli + k. j+1)] W2

S{uli, 7)) =

where m-ed!ul{j + ik, I+ !}} is the median of the pixels

within the filtering window, &, J = =L L | and MADM {the

median of absolute deviations from median in our terms) 15
calculated ax

MADM uli, i)} =
nmd{ medfuli + &, j+ 1) —uli+m, i +n) @)

M was shiown belore (Fonomarvos, 19985, the windiw
e Fx dor this Tiler s opgsmal for different impu isive noise
percenthge and different tvpe of images and for this window
size the mummal numiber of the neyphbors HN“ =5 prany ides
both pood fine detadl preservation and impulsive noise
(N L L

Far emhanee the impalsive nomse removal abilite of the
described filler. one can invoive the standard median filwer
owtpul. Thus, when K. is high the filer. Eq{3), output s
substituied by the output ol the median filter. Using

simulations it was lound that when Kk > 7 the outpur of
the filter cam be substituted by the outpur of the 3x3 median

finerand when K = 250 such a substitution sheld be done

with 5x5 miedian filte

Ihie eonsidered filler. Equation i 3), is not able to suppress
efficiently notse ol dilflerent nature. m panicutar multipleative
moise, This [eads s 10 elaborne o new detmil preserving robus;
filter. which a5 able w0 both remove spikies wind SUPPress
multiplicative noise. For this purposs, the outpun of the
impulsive noise removal filter can be wsed ns the initial
estimate for another M-cstimator suitable for image filters as
it wis consdered inoour paper (Poaomacyoy {19948

Y ¥kt —medi )} 2 Xl - mediX])

Fy

» 22 i7)
.EII -,:{q.'-"ll.". —mued|X )} ZI! __,d.".'_—lm:d[i,l‘!l

where f?!, is the M-estimate of the sample logation
paremeter &, deaotes 8 normalized function
I;.'-f'[_'ll.'] = XwlX)and X:X.r=1.n isaduasampie.

The presented estrmator is comrect with the simplest l.v.-'[![:ll
functions only, such as Huber's lmiter tvpe M estimator or
skipped median (see Hampel, 1986),

To supply the proposed image iler the ability of
multiplicative noise suppression, we proposs 1o use the
following redescending Tunction for Meestimator

XX -8 <h o med!X)

MJ']':i

0. otherwise 18)
where X is the vector of image dafa within the filtering

window, @0 = &, . (4, ), med{X]} and is the median
of the paxels within 5x5 [ilering window. Thus, an M-tvpe
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image filier that uses the re-descending defined by Equation
(8} can be written as

I L

D Dl bl + g+ )= (i)

'El_r |:r-j:| iy B, r:--n'.‘

ZE\"'{liF+ m, j+n)— ot {J.TH (%)

For— [

where

w'gu[h m. j+ H]—'-"r'"'{f...f'}; -

_ L i+ m j+n)= 2™ (i ) <b-mediul, j)}
i, otherwise

med{u{i, ,r]} i the median of the pixels within the filtering

window, Coefficient b controls the multiplicative noise

suppression, g, 0 = —L..L .Z[L + ]}I is the filtermg window

size, 'Em{f:.-’-] = & amnn {’Innf-l

It was proved by simalation that the filter given by Equidion
(9) possesses good suppression of multiplicative noise,
However, it provides mappropriate detail preservanion only
when the moise level (relative variance) is small, To avoid
this drawback an adaptive scheme similar to that one wsed by
the local statistic Lee filver (Lee (19800 was applied.
According to this scheme, the putput of the image filter can
be represented as

'E{jﬁfl} = Eirlfx.v.-.[‘:aj]mj'-j] _“ _H'{Fs.f}kif“aﬂ[ 1)
where

o o [l &, i, 7)
vihH=1 [mcd{i'"{i,j}-u{:'+m.j+n” )

is & robust estimator of the local data actwvity, CoefTicient ¢
controls the detail preservation and m, = —L..L . Since

the estimator (i, j) has a nonlinear nature, sometimes il

gets negative values, Usually, this fact occurs at homogeneous
image regions, In such siuations, the sutput of the filter given
by Equation { [0}, hould be substituted by the output of the
multiplicative noise suppressor given by Equation (%).

With the implementation of the adaptive detail-preserving
scheme given by Equation (10}, it was found during

simubations that the filtering resulis do not depend significantly
on the value of coefTicient . In order to simplify the adjustment
of the filter behavior this parameter can be treated as a
constant. It was Tound that this optimal consiant value is
b=2

Thus, the proposed image filkter given by Equation {10},
represents the consequential connection of two detail-
preserving filers: Sx5 MMENN filter, Equation {3} 1o {5},
for impulsive noise removal, and the M filter, Equation {99,
for multiplicative noise suppression. The M filter given by
Equation (%), is similar to the well-known detail preserving
sigma mmage filter except the fact that it uses locally adaptive
data weighting. Finally, the outputs of these filters are mixed
i the way similar 1o the Lee filter taking into account the
image data lecal activity, Equation (11}, to achieve betier detail
preservation. Figure | shows the structure of the proposed
filter,

i 8.}

i

[
= wi g

W
| o rmrde el a
; |imw kscal i rnty
rarrdey of bl oy -1i ruiroaon (11} B

Bl el ’T
b—a  Spbeddnae it Ly | I

LW

Fipure I, Stnacture aof he proposad [iler

4 Simulation Results

We performed a number of different tests to study the
progertics of the novel algorithms given by Equations (3],
(5,0 100 and (1 1), and to compare them to the standard meThe
criterion used o compare performance of various filters was
the menn square error {M5E]

To determine the noise suppression properiies of the
proposed filters, the standard test prayvscale images * Mandnifl™
and “Lenrn” shown in Figure 2{a) and (b} were cormupted by
the mixture of muattiplicative Gaussian and impalsive noiss
according to Equation (2], These images were chosen becase
they are of different tvpe in the sense of small detal
porcentage. The test image “Mandrill”™ i5 characterized by the

L1
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presence of a number of small details, Their preservation after
filtering has a great influcnce on the resulting MSE value. On
the other hand, the test image “Lena” is characterized by the
presence of homogeneous regions. Therefore, the MSE values
of the filtered image reflect, mainly, the noise suppression
ability of the proposed filter. As a result, the joint analysis of
the MSE values of the fillered images gives the possibility to
estimate the fine detall preservation and noise suppression
properties of the designed filter. This is mainly due 10 the
absence of objective universal criteria to estimate these
characteristics in general and 1o measure filter performance
in fine detail preservation in particular.

The parameters of the contaminating noise mixture were
varied: the percentage of impulsive noise and the relative
variance of the multiplicative noise. Filter parameters o from
Equation (4) and ¢ from Equation (11 were varied in each
case to adjust filter characteristics and to find the optimal {in
minimum MSE sense) filtered images, both “Mandrill™ and
“Lena".

The minimal MSE values were determined by simulations
and analyzed. Their analysis shows that the optimal (in the
MSE sense) values of parameters ¢ have almost the same
values for both images of different local data activity.
However, the analysis detected small differences in coefTicient
values in the case of low variance of multiplicative noise.
The optimal values of parameter ¢ for the filtered “Lena”
image were a little greater than the values of the filtered
“Mandrill” image. Such a performance of the filer can be
explained by the fact that greater ¢ values provide betier
miultiplicative noise suppression in homogeneous areas and
result in a smaller MSE value, while the fine detail preservation
performance is almost nof decreased and not influence much
in this case, Inthe pther hand, since the image “Mandrill” kas
much more fine details, the decrease of the fine detail
preservation performance is much sensible in the resulting
MSE value.

The same situation occurred with the values of coefficient
a when the variance of the multiplicative noise was high
{ = 0.1 ). This can be explained by the fact that in the case of
sirong multiplicative nodse, the impulsive noise suppression
part of the filter treats some of the noisy pixels as outliers and
is able to remove them. In such conditions, the noise looees
its Giaussian nature because of the restricted dynamic range
of byte-represented images. Under such restrictions, the noise
distribution changes from an exponential distribution at dark
regions to salt-and-paper noise at bright regions. Generally,
the proposed image filter does not take inte account the
specific features of the aforementioned distortions. In such
conditions, image enhancement is provided due to the robust
properties of the designed filter that resulis in greater values
of the coefficient a.

30

Thus, the minimal MSE values of the filered “Lena” images
result in slightly greatest values for @ in comparison to those
ofthe image “Mandrill” to previde better multiplicative noise
suppression ability when the nodse variance is high, With
respect to the fine detail preservation, in this paper are
presented the lowest values of the coefficients a and ¢, Those
comrespand to the optimal resules of the filtering of the image
“Mandrill”,

Impalse Variance of mubsplicative Goaussinn noise
Nolse

peTceniape i .03 i1 0.25
0 W) | DO10.06) | 6020.35) [ 003404}
i DO Eey | S0 T) [ 0T 25) [ R0y |
3 IO7(0) | (G0 TH) [ 0075037y | 0095043

T 10 | DOK0Z) | 0.080.239) | 0.15(0.45
15 [ 0400 | 0400.27) | 03R0.32) | 0.75045) |

Table 1. Optimal volues of filter parameters | Equation (43} and
(in parenihesis, Eyuation [9))

Tes Irmgrulse Varignce of mulliplicative Usussian
fmape nniss risise
percentage | 0 0os [ o (.25
[ 4.7 | 3243 | 4690 | 7457 |
] 391 |33 [ 4764 | 7508
Munelrill 3 1002 | 3770 | 5102 | TRL2
T 1755 | 4303 | 55085 | 2139
15 2399 | 445 | 6014 | =494
0 | 34 | EI.7 | 1169 | J6k4
I [ &4 [ 792 [ 1208 | 2659
l.ena ] N [T% g2 127.1 IR0}
[ 0 N9 | 1048 | 1437 | 2883
| 15 W6 | 1151 [ 1553 | 2974

Tahde 2, MSE values determined by simulstions with ihe
desipned image filer corresponding bo dhe values of filuer
paraneicrs and given in Toble |

= lmpulse | Varionce of multiplicative Gaussian
imnpe Mg kse
percentage | () 0.0% 01 035
i 4845 | 5551 | 6221 | #0232
] 4849 | 5565 | 6235 | B03IA
Mandrill 5 4505 | 5637 | 6326 | #13.9 |
n 4038 | 5T 6 | 6435 RI6 R
1% 500.7 | 579 | 6628 | #3004
] 375 | HI0 | 1298 | 2504 |
I 378 | 877 | 130K | Zal6
L.enn 5 s 1.1 1355 L2380
10 418 | Ghih | 1423 | 2663
i 15 454 [ 1038 | 530 | =IO

Table 3. MEE values determined by simulations

wiilh #x5 medean (ilier
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The optimal values for the parameters o are ghown in
Table 1. The MSE values determined by the simulaticns for
filtering noised images “Mandnll™ and “Lena™ are presented
in Tables 2 and 3, respectively. To make the quantitative
comparison of the characteristics of the designed filter, Table
3 shows the resulis of noise suppression when a 5x5 median
filier is applied.

Analyzing Tables 2 and 3 one can see that the proposed
filter provides better quantitative results (in comparison to
the standard median filter), when the relstive variance of the
multiplicative noise is leas than 8,25, However, when the
relative variance of the multiplicative noise is significantly
large (0.25 and more), the proposed filter does nol SUPPress
the noise well enough. This fact can be explained by the strictly
nonlingar siruciure of the proposed filter, which fails when

lest imnpes used in sl laions
() shdandrills amd (b} «Lenam

Figure 2

the neighbor pixels ke min/max dynamic range values too
aften, i when the noise relative varianee is oo large. The
filter “recognizes™ these corrupled regions as the image objects
trying to preserve these “false” fine details. These “mistakes"
can be observed in a filiered image a5 dark and bright doix, In
ather words, the proposed filter possesses the robust properties
but they are not sufficient enough in the case of very intengive
multiplicative nojss,

Figure 3 shows the noisy versions of the test images shawn
i Figure I Figures 4 shows the output of the standard 5x5
mredian filter, while Figure 5 presents the resulting images
processed by means of the proposed filler. Analyzing these
figures, one can see that the designed filter provides more
effective noise suppression in homogeneous image regions
im comparison o e median Glter. The fine details of the
image are preserved signifcantly betber as well.

Figure 3. Mimsy versions of the st imsages of Figuns 2.
Paramusiers of noise mixiare: 5% impubsive nodse, multiplicative

Cloussizn noise of variznce 4.1

Figure 4. Resulis chuained by means of a 535 median filser

S5 Conclusions and future work

A robust BM-type filter for imoge processing applications
hits been presented. The designed filter is able both to remove
complex noise mixiure and 1o preserve edge and fine details,

Figuare 5, Results abinined by means of the proposed filier using
the paramesier vilues given in Table |

The statistical propertics of the Glter are described, The fiher
optimal porameters for different parameters of the noise
mixiure are obtamed and given

The designed filer provides good viseal quality of the

|1||||.'|:'.'.:1|:'\d: 1MLAgES whien the vartance of the ml,lllipl;il_'m'iw: s
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15 not too large, and the impulsive noise percentape i at the
middle level. To improve the filter performance, the methods
for impulsive noise removal from highly cormupted images
can be also used, for example, the running Min and Max
operation {see Han (1997)) or the ROM filter, proposed in
Abreu ( 1006).

Another way to improve the filler performance s 1o apply
better spike deteciors and data local activity estimators, and
to take into account the peculiarties of the mubtiplicative noise
with high values of the relative variance that can be certainly
a subject for further investigations.
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