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Generalized Multichannel Image-Filtering Structures

Damianos G. Karakos and Panos E. Trahanias

Abstract—Recent works in multispectral image processing advocate
the employment of vector approaches for this class of signals. Vector
processing operators that involve the minimization of a suitable error
criterion have been proposed and shown appropriate for this task. In
this framework, two main classes of vector processing filters have been
reported in the literature. In [1], Astola et al. introduce the well-known
class of vector median filters(VMF), which are derived as maximum
likelihood (ML) estimates from exponential distributions. In [2] and [3],
the authors study the processing of color image data using directional
information, considering the class of vector directional filters (VDF). In
this paper, we introduce a new filter structure, the directional-distance
filters (DDF), which combine both VDF and VMF in a novel way. We show
that DDF are robust signal estimators under various noise distributions,
they have the property of chromaticity preservation and, finally, compare
favorably to other multichannel image processing filters.

. INTRODUCTION

In multichannel, and especially color image processing, it is
accepted that the vector approach is more appropriate compared to
traditional approaches that have addressed componentwise operators.
This is due to the inherent correlation that exists between the
image channels [4], [5]. In vector approaches, each pixel value is
considered as am-dimensional vector:{ is the number of image
channels; in the case of color images= 3), whose characteristics,

i.e., magnitude and direction, are examined. The vectors’ direction
signifies their chromaticity, while their magnitude is a measure of
their brightness. This approach has attracted much research lately
since it is very well suited for the elimination of noise [4], [6]-[8],

and other tasks, such as restoration [9], [10], edge enhancement
[11], edge detection [12], [13] and segmentation [14]. A number
of vector processing filters usually involve the minimization of an
appropriate error criterion [1]-[3], [15], [16]. Such filters can be (b)
broadly characterized by the vector attribute they consider. One class
of filters considers the distance in the vector space between the

image vectors; typical representative of this class is/wor median . L .
~. . estimators and consequently are very effective in preserving the

the vectors’ direction, and hence the nawetor directional filters %hromatlcny of the image v_ectors [3]- A dr_awback of VPF lies in the .
(VDF's) [2], [3] fact that they do not consider the magnitude of the image vectors;
T to alleviate for that they operate in cascade with a grey-scale filter,

VMF's are derived as MLE estimates from exponential distribu-, \ : . .
. . , . . - which accounts for the vectors’ magnitude. Depending on the choice
tions [1], while VDF’s are spherical estimators (sample spherica

. . o T - S the grey-scale filter, VDF's can be very effective for various
median) when the underlying distribution is a spherical (directional) . S " )
, ._noise distributions [3]. However, the resulting filter structures are
one [3]. The former—VMF's—perform accurately when the noise A . -
. o : . . ~..complex and the corresponding implementations may be slow since
follows a long-tailed distribution (e.g. exponential or impulsive); .
they operate in two steps.

moreover, any outliers in the image data are easily detected an n this paper, a novel filter structure is introduced, tlrectional
eliminated by VMF's. The latter—VDF's—are optimal directional . . ' . o -
y P distance filterdDDF’s). DDF’s constitute a generalization of VMF's
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Fig. 2. Error surfaces fop € [0,1]. (a) Gaussian noise. (b) Impulsive noise.

criteria in the filtering process [7], [15]. However, such structurestroduce VMF's and VDF's, respectively (both definitions are valid
use local measures to select the optimal processing at each imigthe case ofn-dimensional image functionsy > 2)

site, whereas, DDF’s operate independently of such measures bfefinition 1: [1] Let the input set{f;,i = 1,2,---,n} and letL;
appropriately combining two criteria. correspond tdf; and be defined as
In the following sections, DDF’s are first introduced as a general- il )
ization of VMF’s and VDF'’s. Since DDF’s assume the product of two Li= 21 If = £l i=1.2-.n @)
1=

factors, a study is then performed to derive the significance of each of

these factors. This is based on experimental simulations under vari$(ere |||l is an appropriate vector norm. The vectrfor which
noise models and reveals the importance of directional informationfn < Lj» ¥V j = 1,2,---,n, is the output of the VMF. In other
color image processing. Moreover, it provides the operating boun§@rds: the VMF outputs the vector that minimizes the sum of the

of DDF. Comparative and illustrative results follow that demonstrafaStances to all the_o_tl_wer vectors. . L '
An analogous definition holds for th®asic vector directional filter

th t fi d lity of DDF. Concludi ) . .
© a_ccura © periormance an gengra Yo ong uding remar(lés\/DF) [2], by incorporating thevector anglesnstead of thevector
are finally presented that summarize the results of this work. distances

Definition 2: [2], [3] Let the input set{f;,i = 1,2,---,n} and
let «; correspond taf;

Il. REVIEW OF RELEVANT WORK AND DEFINITIONS
Let W be the processing window of size and letx;, ¢ = n
1,2,---,n be the pixels inW. Let also the (vector-valued) image a; = ZA(’fi‘f]v), i=1,2,--.n )
function at pixelz; be denoted a$;. The following two definitions j=1
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Fig. 2 (Continued) Error surfaces fop € [0,1]. (c) Von Misses—Fisher noise. (d) Mixture of Gaussian and impulsive noise.

where A(f;, f;) denotes the angle betwednandf;. An ordering with an exception the case when the vector at the central window
of the «;s pixel (pixel under consideration) is a candidate filter output; in this
amy < aggy < < g < < ag A3) case, .thi.s vector is given _priprity over all other gandidates.
Definitions (1) and (2) indicate that the two filters (VMF, VDF)
differ only in the quantity that is minimized. Both minimizations
£ <f® <<t < < (4) are useful, since they result in filtering structures that offer desirable
The output of the BVDF i€ i.e., the vector that minimizes the features in image processing [1]-[3]. To incorporate the properties of
sum of the angles with all the other vectors (sample spherical media?§th. we propose to combine the distance sum criterion and the angle
The set of the first: vectors in the above ordered sequence [see (£§M criterion in the minimization formula. A straightforward way of
is the output of the generalized vector directional filter (GVDF). doing that is to minimize their produdt - « (other monotonous
It is obvious from the above definition that the output of GVDHRwo-variable functions could also be used in the place &j. "
should subsequently be passed through a second filter in orde/Atthough minimization of the producf - o does not necessarily
produce a single output vector. This issue has been studied in detaply a minimum for either of the two factord.(or «), it results,
elsewhere [2], [3]; it has been shown that the second filter can bewever, in very small values for both of them. Therefore, the product
a gray-scalefilter which considers only the magnitudes of the seminimization will select as the output vector the one that results in
of vectorsf”,i = 1,---,k in the GVDF output set. Equations (1)very small distance sunij and, at the same time, very small angle
and (2) may give rise to ambiguities, since two or more vectors maym ¢). Ties in this case are resolved in exactly the same way as
result as candidate filter outputs. Such ties are resolved arbitraréjpove.

implies the same ordering to the correspondfrsy
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Fig. 3. Vector field for the window shown in Fig. 1(b). (a) Initial. (b) Mixture of Gaussian and impulsive noise. (c) DDF results. (d) VMF results.

Definition 3: Let the input sef{f;, i =1,2,---,n} and let(?; a space where equal color differences result in equal distances and,
correspond taf; therefore, it is very close to human perception of colors [I8]:*b*
Q=T o has also been used i_n many studies regardi_ng eolor imag?ng [19], [20],
‘ L N [3]. The transformation to th&*«*b* space is highly nonlinear and
Z [|f: —£; ||} : [Z A(f, ﬂ)} i=1,2,---,n. (5) Makes the optimal estimation pfeven more difficult. Consequently,
' — o we have chosen to proceed with a computational approach for its
estimation. Our approach involves the following steps.

« Four different noise models have been employed represent-
ing short- and long-tailed distributions as well as a spherical
distribution. The noise models are Gaussian, impulsive, Von
Misses—Fishér[21], [3] and mixture of Gaussian and impulsive.
These noise models were used to contaminate the test images.
For each noise model, images were contaminated at various
noise levels; the noise level has been gradually increased and,
Q=L " -af at each level, a DDF has been applied for a range vélues
n in the interval [0, 1] (the step ip was 0.05). The performance
= [Z || — f]'||} [ZA } of DDF in each case has been measured as the mean absolute
j=1 j=1 error in the L*a™b" space,E7 =+

p€{0,1}, i=1,2, (6) + The above procedure has been repeated for several color images
in order to minimize any bias introduced by the individual
characteristics of the images. Here, we confine our presentation
to two cases: the bird and peppers color images, shown in Fig. 1.

The results obtained from the above set of experiments are graphi-
ally presented in Fig. 2 in the form afrror surfaces As already
mentioned, the error (vertical axis) is measured in th&:*b*
space in order to match closely the human perception of color. The
IIl.  OPERATION TUNING two horizontal axes represent the noise level and the parameter
Referring to (6), we observe that DDF depend on the parametespectively. The noise axis is quantified in each case using the
p, which controls the importance of the angle criterion versus tlggarameter of the corresponding noise model. In addition to the
distance criterion in the overall filter structure. In the two extremesrror surfaces, a cross section (one-dimensional plot projected on
p =0 orp =1, DDF behave as either VMF or BVDF, respectivelythe E,-,+,~—p plane) is also shown in each case as a functiop of
The case ofp = 0.5 is identical with (5), givingequal importance for fixed noise level, to facilitate the visual observation of the error
to both criteria; for any other value @f, the filter is biased toward
one of the two criteria.
An optimal estimation ofp seems very difficult due to the two 1The Von Misses—Fisher distribution is the most commonly used distribu-

n in directional data analysis [21]. It is defined parametrically, according to
factors that are involved in the product. Moreover, for the SpeCIé?concentratlon parametgr For k& = 0 it reduces to the uniform distribution

case of color images, we are interested in deerIng accurate estimgj@she sphere. Large values bfindicate high degree of concentration of the
when the error is measured in théa*b* spaceL”a"b* is known as data.

The input vectof; that minimizes(2; is the output of the directional-
distance filter (DDF).

Equation (5) can be further generalized by introducing different
powers in the two factord, « (in its current form it implies the
power one for each of the two factors). Since we would like to
derive a general scheme that has (1) and (2) as special cases, we
rewrite (5) as

The above definition (6) is indeed quite general, having VMF and

BVDF as special cases. However, its main usefulness stems from the
fact that it combines both error criteria (distance sum, angle sum) in
the minimization process. As it is shown later, this results in accurate
and robust performance under different noise models.
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Fig. 4. Results on the bird image [Fig. 1(a)]. (a) Mixture of Gaussian and impulsive noise. (b) DDF results. (c) VMF results. (d) VDF results.

TABLE |
Ep+q+p#, GAUSSIAN NOISE (BIRD IMAGE)

o - Standard Deviation
Filter | 10 | 20 [ 30 [ 40 | s0
DDF | 12.78* | 13.63" 17.64 22.13 26.09
VMF 14.89 20.29 25.48 30.45 35.48
VDF 13.31 14.01 | 14.53* | 15.56* | 16.53*
Rp | 1513 | 2141 | 28.58 | 36.53 | 45.10
TABLE 1l
Ep«g+p*, GaUssiAN Noise (PEPPERSIMAGE)
o - Standard Deviation
Filter | 20 [ 20 | 30 [ 40 [ 50
DDF | 14.27" | 16.56* | 19.22* | 21.74 24.55
VMF | 15.08 17.52 20.71 24.21 28.07
VDF 14.91 16.82 19.25 | 21.54 | 23.62*
Rg 15.65 19.60 25.53 34.99 45.22

“valley” pattern is exhibited in most of these plots that follows the
direction of the noise level. This pattern illustrates the behavior of
DDF'’s for different values of the parameter better performance

is attained forp values corresponding to the “bottom” of the valley.
The observed performance is in accordance with our intuition, since
it is expected that both criteria (distance and angle) should contribute
to the filtering process. This is exactly the behavior demonstrated
by the error surfaces; increased filter performance is attained for
values ofp that consider both criteria. Moreover, since the valley
pattern follows the direction of the noise level, it is verified that
both criteria are important at all noise levels. Therefore, the effect
of the joint minimization introduced is unambiguously demonstrated
in these plots.

In order to simplify the visual detection of this valley, the points
where it attains the minimum value at the corresponding noise level
are drawn on the horizontal plane as a continuous curve. This curve
gives the (experimentally obtained) valuerothat results in optimal
performance for the corresponding noise level and model. In order
to obtain operational values that are constant at any noise level,
the average of these values is computed and used as such; this is
shown on the same plots with the dashed lines. As can be verified

surface patterns. The noise parameter for which the cross sectign$, these plots, the deviation of the continuous lines (frvelues)
have been plotted is indicated on their right-end.
The surface plots of Fig. 2 present the behavior of DDF's in @herefore, the averaged values can be safely used. Moreover, the
compact way. The value gf that gives the minimum error value differences inEy;«.+,+ When the true or the averaged values are
for each noise level represents the “operational” setting for thged are insignificant (in the order of 1% Bf +,-,~), compared to
particular noise model (and color image). As can be observedthe variation ofE; .-+ over the whole range of values which,

from the corresponding dashed lines (averaged values) is small and,
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TABLE 1l TABLE VIII
E7+q#p+, IMPULSIVE NOISE (BIRD IMAGE) E7#q#p+, GAUSSIAN AND IMPULSIVE NOISE (PEPPERSIMAGE)
% of corruption o - Standard Deviation
Filter | 2 | 6 | 10 | 14 | 18 Filter | 10 | 20 | 30 [ 40 [ 50
DDF | 11.35* | 11.563* | 11.69* | 11.88" | 12.18* DDF 16.04 | 18.47* | 21.43* | 24.14* 27.24
VMF 11.57 11.77 12.01 12.36 12.76 VMF | 15.89* 18.98 22.71 26.81 28.75
VDF 11.96 14.51 17.72 20.40 22.87 VDF 20.03 21.23 23.07 24.74 | 26.48"
Rg 21.49 33.22 41.16 47.26 52.21 Ry 50.31 51.25 53.12 57.02 62.37
TABLE IV TABLE IX
Er #g+p+, IMPULSIVE NOISE (PEPPERSIMAGE) NCRE, Gaussian NoISE
% of corruption o - Standard Dcviz;f{(;rz
Filer | 2 | 6 | 10 [ 14 [ 18 Lmage | Filtr | 10 | 20 | 30 [ a0 I
DDF | 13.04* | 13.25* | 13.46™ | 13.79* | 14.16 Bird DDF 8.68 9.93 11.18 12.20 13.04
VMF | 13.24 13.50 | 13.72 14.05 | 14.53 VDF 8.59* | 9.81* | 11.03" | 12.03* | 12.97* I
VDF 13.56 15.76 18.71 21.51 24.21 Peppers DDF 3.76™ | 4.84* 6.17" 7.51" 8.89"
Rg 25.40 39.81 49.63 57.14 63.33 VDF 5.99 6.91 8.24 9.52 10.87 1
TABLE V TABLE X
Er«q+p+, VON Misses-HsHER NOISE (BIRD IMAGE) NCRE. MpPULSIVE NOISE
k % of corruption
Filter 1 5 10 20 50 Image | Filter | 2 6 10 14 18
33
DDF | 21.01 17.68 17.05 | 16.47 | 16.44" Bird DDF | 7.44* | 7.54* | 7.64" 7.75* 7.91"
VMF | 22.27 18.70 17.98 17.57 17.27 VDF 7.76 8.90 10.40 11.71 12.89
VDF | 19.69" | 16.92" | 16.58" | 16.68 | 16.44 Peppers | DDF | 2.09° | 3.00° | 3.20° | 3.36 | 3.53°
Rp | 34.87 | 20.27 | 28.44 | 28.18 | 28.05 VDF | 3.02 | 3.10 | 321 | 335 | 3.56
TABLE VI TABLE XI
Er+ga+p+, VON MIsSES-HSHER NOISE (PEPPERSIMAGE!
Lrard ( ) NCRE, VoN Misses-FsSHER NOISE
k
- k
Fiter | 1 | 5 [ 10 | 20 | 50 .
Image | Filter ’ 1 I 5 | 10 | 20 l 50

DDF | 28.90 | 22.22* | 21.79% | 21.16* | 20.75"
VMF | 34.12 | 25.17 | 23.73 | 22.90 | 22.29
VDF | 22.54* | 22.96 | 21.80 | 21.64 | 21.66
e 45.08 | 35.58 | 33.78 | 32.80 | 32.21

Bird DDF | 14.53 | 12.19 | 11.71 | 11.44* | 11.25*
VDF | 14.06* | 11.99* | 11.66* | 11.53 | 11.46

Peppers | DDF | 12.86 9.30 8.66 8.29 8.03*
VDF | 10.78* | 8.63* 8.32" 8.20% 8.16

TABLE VII

Erp+g%p+, GaUussiaN AND IMPULSIVE NoISE (BIRD IMAGE) TABLE XIl
NCRE, aussIiAN AND IMPULSIVE NOISE

o - Standard Deviation
Filtr | 10 | 20 [ 30 [ 40 | 30
DDF | 16.08* | 19.02" | 24.79 | 29.63 | 32.89
VMF | 16.89 22.12 27.86 32.87 37.82
VDF 18.15 19.00 | 20.45* | 21.94" | 23.04"
Rg 41.42 43.09 46.28 50.78 55.82

o - Standard Deviation

Tinage | Filter | 10 | 20 [ 30 [ 40 [ 50

Bird DDF 9.44* | 11.43* | 13.28 | 14.96 16.35
VDF 16.94 | 11.76 | 12.61* | 13.38* | 13.98*

Peppers DDF 4.28* | 5.69* 7.16* 8.69* | 10.30*
VDF 5.99 6.91 8.24 9.52 10.87

for moderate noise levels, was found above 15% in most cases.

Actually, experimentation with different color images has revealed A final comment regards the error behavior in the presence of
that E,+,+,+ remains practically unchanged for a small range of different noise models. The plots of Fig. 2 demonstrate that additive

values around its mean value. Gaussian and mixture of Gaussian with impulsive noise favor higher
Another important observation refers to the consistency of the “valalues ofp (the filter tends to behave more like a VDF); very similar
ley” location in different images. The pairs of plots in Fig. 2(a)—(dpehavior is also exhibited in the case of a spherical noise distribution
present the same results for two images. As can be verified, vékpn Misses-Fisher). When the noise is modeled as impulsive (long-
similar results are obtained (for each noise model) for the twailed noise), the best filter performance is obtained for slightly
images. This can be interpreted as the fact that, for a particular nodseallerp values; in other words, a filter behavior closer to a VMF is
model, the operational value of the parametean be experimentally favored. This illustrates the fact that the vector median is an accurate
obtained. estimator in the presence of impulsive noise but still directional
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(b)

(d)
Fig. 5. Results on the peppers image [Fig. 1(b)]. (a) Mixture of Gaussian and impulsive noise. (b) DDF results. (c) VMF results. (d) VDF results.

information is very important (when the error is measured in thend 5% impulsive noise, and the result is given in Fig. 3(b). DDF'’s
*a*b* space). and VMF's have been applied to the noisy image. The results are
Based on the values suggested by the plots of Fig. 2, we havpresented in Fig. 3(c) and 3(d), respectively. The accuracy of DDF's

adopted a constant operational valpe= 0.75. This represents in restoring the vector field is demonstrated in this example.

a compromise between the (slightly) different values implied by Some selected results from our evaluation experiments regarding

the different noise models. More importantly, however, since tHeDF's, VMF's, VDF's, and R filters are presented in tabular form

performance measures remain practically unchanged for a rangdnofables I-VIII; in these tables the values Bf - .-, are given. The

p values, which includes the valye= 0.75, this is a “safe” value results refer to two color images, bird and peppers, corrupted with

independent of the noise distribution. the four noise models mentioned in the previous section. For a fair
comparison, VDF’s were combined with thestgrey-scale filter with
IV. EXPERIMENTAL RESULTS respect to the noise model, resulting in very accurate performance [3].

The performance of DDF's has been experimentally assessed Aar asterisk (*) in a table entry indicates the best filter performance
various noise models. The error figures, measured inlthev* for the corresponding noise level. As can be verified, DDF’s result
space, have shown the accurate performance of DDF’s and thsirbetter, or at least equal performance, in most cases. In some
superiority compared to VMF’s and their variation, tif&; filters cases, VDF's perform slightly better but still they involve two steps
[16]. When compared to VDF'’s, they perform at least comparable aird the filtering process (directional and magnitude processing) and
in some cases slightly better, but still they have the advantage oteeir performance depends on the selection of the gray-scale filter.
VDF's in that they operate in one step without involving any greypDF’s on the other side, are very simple filter structures and operate
scale filter. Many different color images were used in our simulationaccurately independent of the underlying noise model.
here, we present sample results regarding the two images, bird and@he chromaticity preservation of DDF's has been experimen-
peppers, shown in Fig. 1(a) and (b). tally demonstrated by measuring thermalized chromaticity error

In order to get a subjective impression of the performance @NCRE), introduced in [2]. NCRE measures the error as a distance on
DDF's, Fig. 3 illustrates their application to a (part of a) color imagehe Maxwell triangle, i.e., the triangle drawn between the three color
shown as a vector field. This vector field is exactly the :8024 primaries: red, green, and blue [18]. Since the point of intersection
window shown in Fig. 1(b). The initial vector field is shown inon the Maxwell triangle serves to characterize the chromaticity of a
Fig. 3(a); this has been corrupted by a mixture of Gaussiaas 0) given image vector, NCRE gives an indication of the chromaticity
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error? The results referring to NCRE are tabulated in Tables IX—Xlthe VDF operators. Therefore, DDF's may be a very useful and
for exactly the same noise models as the ones used i¥'the-,« general tool in color image processing.
measurements (Tables I-VIIl). Since VDF's have been shown asin this paper, DDF’s have mainly been studied in the framework
very accurate chromaticity preserving filters [2], [3], only the DDFf color image processing. More work is needed, however, in
and VDF results are presented here. The other filters have generaliger to address the processing of other multispectral images (i.e.,
inferior performance regarding color chromaticity. On the contrargatellite images and multispectral medical images). Moreover, the
Tables IX—XIl demonstrate that DDF's and VDF's have comparabiesue of joint minimization in the filtering process should be further
performances in this sense. This is in accordance with our intuitianyestigated; the incorporation of other factors, besides the distance
since both filters include the angles between the image vectors in trgim () and the angle suma), in the minimization formula (6) might
minimization criteria, thus resulting in accurate chromaticity filtersresult in even more effective filtering structures.

Since the topic ixolor image processing subjective assessment
of any filter's performance is the ultimate criterion regarding its
usability. Figs. 4 and 5 present filtering results for the bird and pep-
pers images, respectively. Fig. 4(a) shows the bird image corrupted REFERENCES
with a mixture of Gaussians(= 30) and 5% impulsive noise. The
filtered versions of the image with the DDF, VMF, and VDF are[1] J. Astola, P. Haavisto, and Y. Neuvo, “Vector median filtePsgc.
given in Fig. 4(b), (c), and (d), respectively. As can be observed, IEEE vol. 78, pp. 678-689, Apr. 1990. o _
filtering with the DDF has resulted in a better recovery of the initiall2] P- E. Trahanias and A. N. Venetsanopoulos, “Vector directional fil-
. . ters—A new class of multichannel image processing filtetEEE
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