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Ligt of Symbols

th

zij - The observed brightness of the pixel of the i row
E; and the jth column '
= |
ii xij - The true brightness of the pixel of the ith row and
the jth cloumn befor noise degradafion

s2 - Noise variance

W.. - The white noise with a zero mean and noise variance

g2

xij - The mean of Xiy

Qij - The variance of xij

Elyl The expectation value of y

»

ij - The egstimate of xij

Uij - The multiplicative noise

VAR(y) - The variance of y
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1. Introduction

Noise removal is usually accompanied by image blurring
which manifests itself in smeared edges or loss of subtle
details. In general, image blurring becomes more serious as
the window size of the noise removal operator increases.
Image blurring can be divided into two kinds; blurring
edges between heterogeneous regions and blurring texturé in
a homogeneous region. To solve such'blurring problems, many
adaptive filtering algorithhs have been suggested. One of
those algorithms is discussed here. The algorithm was
originally suggested by Lee (11. (2] under an assumption
that the sample mean and variance of a pixel equal the local
mean and variance of its neighborhood. The neighborhood is
redefined adaptively according to the edge orientation in a
high contrast area such that the neighborhood contains only
one side of a possible edge. Hence noise is removed along

an edge and the edge is enhanced.

In the following section, this algorithm is summarized
and then one practical method of estimating a 1local noise

variance is presented.
2. Algorithm

Let zij be the observed brightness of the pixel (i,j) and

xij be the true brightness of the pixel before noise

degradation.

a. For the additive noise case
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I ij = Xij + Wij (l) PR

R

where wij is white noise with a zero mean and variance Sz. Zi;b

ALY

The mean xij and variance Qij are approximated by the local :SY'

L] a9

I mean and variance in a chosen window centered around (i,j). .

: Q.. = E[ (2., -3%..1)21 - g2 (3) L
l 1] 1] 1] T

The local variance Qij is thresholded such that the area

with a higher value of Qij than a certain threshold is

AL

i regarded as containing an edge. The threshold is image .
4 dependent ( e.g. for the radar images, the threshold of K
5,000,000.0 gave the best results). The estimated ture 2}
. . . ~ -
i brightness of the pixel (X;;) is obtained by minimizing the .
: i
., mean square error. g
2 S
N AN
2 - - - NN
ii where
- Q4
’ Kij = 13 3 (s)
In implementation, the noise variance s is estimated by )
i the average of the smallest five local variances in a block.
; Hence, the value of Q;4 will be always positive and the ;f&%
. S
- value Kij is in between one and zero. ,ﬁ$'
. s tas
)
z b. For the multiplicative noise case b,
"‘:-»\4:-7
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ERXNN
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zij = xij Uij (6)
where
The mean and variance of Xij are given by
Rij = Zij / DBij (8)
VAR ( 2.. 2 -
Q.. = i 5 R & I %2, (9)
1] s2 + D2, 1]
1]

The estimated ture brightness of the pixel (xij) is obtained

by applying the Kalman filtering algorithm to the above

equations.

E )

where

044 94
2 2 2

Kij (11)
]

Note that there still remains an unsolved problem; that
is how to estimate the noise variance. Because the noise
variance is unknown and spatially variant in most
situations, it is not easy to estimate it correctly.
Theoretically, the minimum local variance in the local area
may be a good estimate of noise variance. The idea is that

the 1local noise variance can be estimated by the local

variance of a flat ( or almost flat ) - area. During our
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experiments, it was found'that this algorithm was sensitive
to the estimated noise variance. If the noise variance is
obtained from too small a block there may not be many flat
areas to select on that block. Consequently the noise
variance does not reflect the true situation, and hence the
algorithm is not very effective. On the other hand, if the
noise variance is obtained from too 1large a block it may be
too global and it is not a local variance and hence the
subtle details tend to be 1lost. Another big factor for
choosing a good method of estimating a local noise variance
is the processing time (i.e. c¢pu time). In our experiments
it varied from about 1 minute to 40 minutes for processing a
256 x 256-pixel image depending on the method of estimating
a local noise variance. One possible solution to this
problem is to take one fixed estimate for every local noise
variance corresponding to every pixez\in the same row of the
input image. The fixed estimate for the local noise variance

th h column

corresponding to the pixel of the i row and the jt
can be abtained by ordering the local variances (Qil' Q4o »
ceer Qin ; n is the number of pixels in a row.) in size,
choosing several of the smallest 1local variances, and
averaging them. The local variance corresponding to a pixel
is defined as the variance of the pixel values in the
neighborhood of the pixel. Only one noise variance is
estimated for each row so that a great amount of cpu time is
saved. Although one noise variance for each row sounds too

global, it :urné out to be a computationally efficient
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page 9
method with high quality of noise removal and edge
enhancement. The definition of a neighborhood using a local

gradient is described next.

This algorithm assumes that for any pixel with a high
local variance over a certain threshold, there exists an
edge in its neighborhood. By th.s assumption, in a high
contrast region (i.e. edge area), the local statistics
obtained from either side of an edge is more reliable than
that obtained from its whole neighborhood. For such a high
local variance pixel, its neighborhood is redefined in the

following way.

1. The direction of a possible edge is obtained by applying
directional gradient masks to the window centered around
the pixel.

2. Which side of the edge the center pixel belongs to is
determined.

3. The side of the edge determined in the above step is

defined as the neighborhood of the pixel.

In implementation, four directional gradient masks were
used. Hence only four directions of an edge and eight types
of subarea as a redefined neighborhood were possible ( see
figure 1 ). The threshold €£or the local variance
determines the presence of an edge in the window centered
around each pixel such that a 1lower threshold gives more

edge areas for which the neighborhoods are redefined.
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Figure 1. Eight types of neighborhood (areas

marked by 1's) in a high contrast

region when a 7 x 7 window is used
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A set of radar images was used as test images. This set

consists of twenty eight areas in Alabama and North

Carolina. Each image consists of 512 x 512 pixels. Four
different noise removal filters were tried on each of the
images. The four filters were the weighted median filter,
the average image filter, the Gaussian filter, and the

adaptive filter which was introduced in the previous

section.

a. Weighted median filter

The weighted median filter takes the median value of all E;
the pixel values in a window centered around each pixel. Ef
The pixels are weighted such that a pixel with a weight, say i;__

3, 1is counted 3 times in computing the median value. The
traditional median filter is a special case of this filter
with equal wights. Generally this filter removes noise
without image blurring when the window size is not greater NS
than 3 x 3 pixels. However, for an image whiéh heéds a
larger size window or an image whose pixels have the values
close to the median of their neighborhood, this filter does
not work effectively. All thé images of the Alabama area
and some images of the North Carolina area appear to be such

images.

Two weighted windows were used during ;hé experiments (

see Figure 2 ). Most of the radar image noise was removed

more efficiently by using a 3 x 3-pixel window than a 5 x

e e N e Mt am ot e v e e m e e e s e e e e e e ow .
LT T T S Ay TG S R P T P
............................
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page 12
5-pixel window, It was also found that iterative
application of this filter on the images does not have a
better effect on the noise removal. than filtering once with

a largar size window.

11111
111 12221
131 12421
111 12221
11111

3 x 3 window 5 x 5 window

Figure 2. Weighted windows used in the experiments

b. Equally weighted average filter

This filter takes the average value of all the pixels in
a window centered around a pixel as'the value for the pixel.
It removes noise very efficiently on a homogeneous region
containing a coarse textural pattern at a very fast
processing speed. However, on a heterogeneous region or even
a homogeneous region with a fine textural pattern, it blurs
the image significantly. Unfortunately, most images of our
experiments contain many such regions and hence the results
were not very good. During the experiments, 3 x 3-pixel and

5 x 5-pixel windows were used.
c. Gaussian filter

The Gaussian £filter takes an average value of weighted

pixels in a window centered around a pixel as the value for

A A Al Al Al A i)
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- the pixel. Each pixel value in a window has a weight which S
2 associates with the value of a normal probabilty density ;i}f

function such that the pixels far away from the center pixel el

have smaller weights. With this filter, the contrast of the

image is maintained and the image has a good visual {oe
) ey
appearance. The noise is generally removed for any kind of ‘e

texture. However the image is easily blurred because the
filter has the property of averaging. In our experiments,
it removed the noise well on most of the images with good T
$ visual effect but with some image blurring. The 5 x S5-pixel

window with 0.75 standard deviation was used..
d. Adaptive filter

Since the neighborhood of each pixel is redefined

adaptively within a chosen window, the average number of

pixels involved in computing an output for each pixel is

relatively smaller than that of any other filter when the R
LY V8
same size window is used. Therefore it does not blur an s

image so much as the others. It enhances edges and contrast

of an image. In homogeneous regions, however, it still

- tends to blur an image and wash out details such as thin

lines, fine textural patterns, or weak edges. This

undesirable blurring in homogeneous regions can be reduced

$
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determines the presence of an edge. In our experiments,
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s
g

4

most of the radar images were contrast stretched and edge

enhanced with a minimal loss of detail.
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e. Summary of experiments

The filtering results on radar images using the above
four filters can be summarized on the basis of their visual
effect (see table 1, and figure 3a thru figure 3e). - The
visual effect 1is judged for four aspects: noise removal,

contrast stretching, edge enhancement, and preservation of

texture.
Inoise lcontrast ledge ltexture I
| removal Istretch lenhancement Ipreservation
| | I | |
Weighted | good | fair 1 fair 1 good |
median ! | | | !
Equal wgt| | I | |
averaging]! fair | fair | fair | fair |
filter ! ! ! | |
| 1 I | |
Gaussian | good - | excellent | fair | fair |
filter | | | | |
1 | | | 1
Adaptive | good | excellent ! excellent | fair l
filter | l | 1 I

table 1. Comparison of the filters based on
the filtering results of the set of
radar images

4. Conclusion

The ad&ptive filter using local gradient and local

statistics removes noise without contrast 1loss or edge

blurring. In a homogeneous region it still tends to blur an
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page 15
image because it counteracts the blurring problem only in
heterogeneous regions. The image blurring, however, can be
reduced by lowering the threshold on the local variance
which decides whether a region is homogeneous or
heterogeneous. As summarized in table 1, the weighted
median filter works better than the adaptive filter in terms
of preservation of texture. This fact suggests a study of
various adaptive filters such as an adaptive weighted median
filter, adaptive Gaussian filter, adaptive averaging filter
or a combination of them. Those are being studied now. In
the next section, the final filtering results on the set of
radar images, by the adaptive filter introduced in this
report, are displayed along with the originals. For some of

the images, the results of other filters are displayed also.
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5. Final results

Figure 3a. Radar image of the part of Elizabeth city
area, North Carolina

|

Figure 3b. Filtered image with the adaptive filter
using the threshold of 5,000,000.0
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Figure 3c. Filtered image with the Gaussian filter
using the 5 x 5 window and the standard
deviation of 0.75
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Figure 3e. Filtered image with the equal weight
average filter using the 3 x 3 window
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Figure 4a. Radar image of the part of Huntsville
area, Alabama
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.

Figure 4b. Filtered image with the adaptive filter
using the threshold of 5,000,000.0
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Figure 5a.

|
Figure Sb.

Radar image of the part of Huntsville
area, Alabama

Filtered image with the adaptive filter
using the threshold of 5,000,000.0
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|

Figure 6a. Radar image of the part of Huntsville
area, Alabama

: i

Pigure 6b. Filtered image with the adaptive filter
using the threshold of 5,000,000.0
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I

Figure 7a. Radar image of the part of Huntsville
area, Alabama
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E Pigure 7b. Filtered image with the adaptive filter
using the threshold of 5,000,000.0
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. Figure 8a. Radar image of the part of Huntsville
- area, Alabama .

o |

0 Figure 8b. Filtered image with the apdative filter
using the threshold of 5,000,000.0
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Figure 9a. Radar image of the part of Huntsville
area, Alabama
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Figure 9b,., Filter:d image with the adaptive filter
using the threshold of 5,000,000.0 ’
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Figure 10a. Radar image of the part of Buntsville
area, Alabama
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Figure 10b. Filtered image with the adaptive filter !if,
using the threshold of 5,000,000.0 I
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Figure lla. Radar image of water, shoreline, farms,
small town
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Figure 1lb. Filtered image with the adaprive filter
using the threshold of 5,000,000.0
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. Figure l2a. Radar image of the part of Elizabeth city
e area, North Carolina
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- Figure 12b. Filtered image with the adaptive filter S
N using the threshold of 5,000,000.0 N
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using the threshold of 5,000,000.0

Figure 13a. Radar image of the part of Elizabeth city
area,

Figure 13b. Filtered image with the adaptive filter

«
0
KN
T
.
L[]
K
..v
.
oQ
.
. . . o .o - . . R . .- ’
PP B R . v . o g R I LN T N LI B et e, X T Fe te e e e - e el
A e, .\.\- e S o <t .-..,....ff....‘ e e T e e .....,....,..{.. YA AL A, et e ), e N Y



EalMCoAIE SEP S e JOar MRt o Shd atte aOtias MELUNIEMS ste Sut pial uai e P g 0 Bt~ Rk S AR A Ak e At At iud aud A b U aRc Shara bt ghe She I B
. o BN - . . P . AN AERAR AR AL S e . A Pa"A b atn - $Ae Jfa T BN
P

page 29 e

Figure l4a. Radar image of the part of Elizabeth city
area, North Carolina
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Piqure 14b. Filtered image with the adaptive filter
using the threshold of 5,000,000.0
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Figure l4c. Filtered image with the weighted median
filter using the 3 x 3 window .
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Figure 15a. Radar image of the part of Elizabeth city
area, North Carolina

Figure 15b. Piltered image with the adaptive filter
using the threshold of 5,000,000.0

R T T e e e N A T A AN
AP AE RSN S, IS SRR OR SJCRT AT RN WO I SR NS RN ,\Bl’\.{f\'\.&‘. .‘1':'1:; v ¥




L Bl

Bl At Al Sh Ah Sl e d sl e g o

PR e ety

~ L
” '~. '.l -
RN
Yy
.-.:J_‘..'-

page 32 %?’“

Figure l1l6a. Radar image of the part of Elizabeth city
area, North Carolina
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FPigure 16b. FPiltered image with the adaptive filter
using the threshold of 5,000,000.0
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North Carolina

Figure 17a. Radar image of the part of Elizabeth city
area,

......

using the threshold of 5,000,000.0

Figure 17b. Filtered image with the adaptive filter
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Figure 17c. Filtered image with the Gaussian filter
using the 5 x 5 window and the standard

deviation of 0.75
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Figure 18a. Radar image of the part of Elizabeth city
area, North Carolina

Figure 18b. Filtered image with the adaptive filter
using the threshold of 5,000,000.0
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Figure 19a. Radar image of the part of Elizabeth city
area, North Carolina

Figure 19b. Filtered image with the adaptive filter
using the threshold of 5,000,000.0




g ad RS EA LAY U St ol o0e oM LB 2 SAn i Mt oA et it et i S AU Dt S s B Badulit i S U8 2k Tl LA e i dea e e a4t s o S Tl BRL S SLUS TR RSB

page 37

- I

Figure 20a. Radar image of the part of Elizabeth city
area, North Carolina
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Figure 20b. Filtered image with the adaptive filter
using the threshold of 5,000,000.0
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Figure 2la. Radar image of the part of Elizabeth city
area, North Carolina

Figure 21b. Filtered image with the adaptive filter
using the threshold of 5,000,000.0
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Figure 21c. Filtered image with the weighted median
filter using the 3 x 3 window
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{f Figure 22a. Radar image of the part of Elizabeth city

N area, North Carolina .

vl

>

.
2

a8
a's

RN

, Figure 22b. Filtered image with the adaptive filter
o using the threshold of 5,000,000.0
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: Figure 23a. Radar image of the part of Elizabeth city e
. area, North Carolina L

~ e rr
(l ,‘ Vo e X
N
"
!‘ a4 /
A\ " ’r 2 *
PR

A
2.0

-«
e

T

D
L

o0

P )

i)
.
. A

sEN
n.‘.
*

v

3
’

- Pigure 23b. Filtered image with the adaptive filter
using the threshold of 5,000,000.0
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f Figure 24a. Radar image of the part of Elizabeth city i_f

" area, North Carolina E.-
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- Figure 24b. Filtered image with the adaptive filter

- using the threshold of 5,000,000.0
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Figure 25a. Radar image of the part of Elizabeth city
area, North Carolina
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' Pigure 25b. Piltered image with the adaptive filter
using the threshold of 5,000,000.0
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Figure 26a. Radar
area,

image of the part of Elizabeth city
North Carolina
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Figure 26b. Filtered image with the adaptive filter
using the threshold of 5,000,000.0
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Figure 27a. Radar image of the part of Elizabeth city
area, North Carolina

Figure 27b. Filtered image with the adaptive filter
using the threshold of 5,000,000.0
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Figure 28a. Radar image of the part of Elizabeth city
area, North Carolina

Figure 28b. Filtered image with the adaptive filter
using the threshold of 5,000,000.0
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Figure 29a. Radar image of the part of Huntsville
area, Alabama
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Figure 29b. Filtered image with the adaptive filter
. using the threshold of 5,000,000.0
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Figure 30a. Radar image of the part of Elizabeth city
area, North Carolina
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Pigure 30b. Filtered image with the adaptive filter MO
using the threshold of 5,000,000.0 Et'\
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Figure 30c. Filtered image with the weighted median
filter using the 3 x 3 window
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