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Abstract

The abrupt boundary truncation of an image may
cause bright strips on a 2-D power spectrum in
frequency domain and distortion of patterns in the
frequency domain. The traditional solutions,
including zero-padding and extension of the image by
mirroring the data inside image, are useable for
processing relatively simple, regular and stationary
images. These methods, however, are not effective for
dealing with images with holes or highly irregular
shapes. This paper proposes an algorithm of using
decay functions to handle boundary effects especially
when filtering operation is involved in image
processing. To validate the algorithm, we first employ
a geochemical image interpolated by data set from a
mineral district in Nova Scotia, Canada to analyze the
effects of decay function on boundary truncations
with the change of extension width. We then apply
the algorithm to a real-life remotely sensed image. It
is demonstrated that decay functions give superior
overall performances over the traditional method.

Keywords: Boundary effect; Decay functions; Image
processing.

1. Introduction

Filtering an image, suppressing certain information
while leaving others unchanged on the image [1], is
one of the most important techniques for information
extraction from the image. However, the filtering
analysis is often complicated by so called boundary
effects caused by sharp intensity differences on the
image boundaries and the boundaries of holes within
the study area. The noise due to the boundary effect
will lead to the roughness of density estimates
increasing towards the boundaries of a study region as
the effective size of the filter decreases in spatial
filtering, bring about a distortion of the spectrum in
frequency filtering operation [2] and produce false
information and affect subsequent operations [3~5].
Over recent years, the issue of eliminating the
boundary effect has been taken substantial efforts and
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some  excellent techniques developed by
researchers[1],[6~10]. Woods (1995) was the first to
discuss the boundary truncation artifact. Tan et al.
(1991) have discussed the boundary artifacts and
proposed optimal window techniques. Later, the well-
known zero-padding method that smoothes the
boundary to zeros using the zero-padding method has
been accepted as common solutions to eliminate the
boundary effect [1]. This method improves the
filtering results but still leave with some distortions
especially along the edges. Subsequently, Aghdasi
and Ward (1996) proposed a method to smooth the
edge by reflecting the original image to extend the
image. This method improved the result further.
Though the proceeding methods are applicable for
situations where images have regular shapes, they are
not effective for dealing with images with holes or
highly irregular shapes such as remotely sensed
images with irregular mask and the images
interpolated from the values of these samples from
unevenly distributed samples covering an irregular
area of the Earth’s surface. If we use the traditional
methods to deal with these images, it may still leave a
new boundary truncation at the irregular boundaries
of image and holes within image. The noise caused by
the new boundary truncation may still affect the
patterns of spectrum, especially high-pass filtering
operation in frequency domain where most of noise
caused by boundary effect will be mistakenly
identified as useful information.

Compared to traditional methods, this algorithm
smoothed the boundaries of the image with aid of
decay functions and it showed overall superior results
in the reduction of boundary effects. In this paper we
mainly discussed the implementation of the reduction
of boundary effect using decay functions. It is useful
for readers who want to repeat this algorithm to deal
with their data.

In section 2, a basic idea of the algorithm will be
given. Sections 3 and 4 describe two experiments to
show how to use this method with real life data. In
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section 5, we conclude the paper with a summary and
outlook for further research.

2. Description of Algorithm

2.1 Filtering in Frequency Domain

Consider an input image f(x,y) of size M x N,
0<x<M-1, 0<y<N-1. The discrete Fourier

transform (DFT) of f(x,))is given by the equation
M-1N-1

F(u,v) = ML DY exp(-27iux/ M )exp(-27ivy / N) £ (x, )

=0 y=0

=DFT(f(x,»))

M-1N-1

F,y) =2 exp(2riux/ M )exp(2zivy | N)F (u,v)

u=0 v=0
=DFT" (F(u,v))

1
S@u,v)=|F(u,v)|" = R*(u,v) + 1% (u,v)

g(x,y) = DFT'(H (u,v)F(u,v))
where g(x, y) is obtained by means of the inverse

discrete Fourier transform (DFT ™), x and y are the
image coordinates; S(u,v) is the power spectrum,

the
R(u,v)and I(u,v) are the real and imaginary

uandv are wave numbers;

parts of F'(u,V), respectively. The term spectral
density is also commonly used to denote the power
spectrum [1]. g(x,») , as a result image, is
expressed as the convolution of Fourier transform
function F'(u,V) and a filtering function H (u,v).
The filtering function can be defined according to the
research objective. In Figure 1, we give the basic

steps for reducing edge effects in Image Filtering in
Frequency Domain.

i Filt Inverse Fourier
Fourier ilter
Transform :‘> Function H(u,v) ‘@ Transform
Post-processing
Sxy) o5y)

Input image Resulting image

Figure 1. Basic steps for reducing boundary effects.

2.2 Boundary Effects Reduction Using Decay
Functions

Two-dimensional image firstly is extended around its
boundaries and within holes to a predetermined width,
and then the extended portions of the image are filled
with values calculated from decay function.

After extension to specified width A in an input image

two-dimensional array f(x,)) of size M x N , the

array of image becomes a new array f "(x, y) with
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size (M +2A)x(N +2A) >

—ASXSM+A-1,-A<y<N+A-1.
flx,y) if0<x<M,0Zy<N

= and f(x,y) <> missing data
f7(x,y) the padded value

)

where let f7““(x,»)=0, we call this the zero-

padding method for reducing the boundary effect [1].
2.2.1 Determination and Selection of Decay
Functions

However, due to zero-padding and other traditional
methods lack of capability for eliminating the
boundary effects caused by irregular shapes and holes,
decay functions are used to fill in the image extension
and holes for areas of missing data. The decay

functions we have investigated include linear,
exponential and hyperbolic decay functions:
flinear _ decay (x’y)
A X
= (=22,
A
feer decay (x y) (3)
fr(x,y) = o
=e " f 0
fh)rp@r _ decay (x y)
A
—(1—(2my2y2 ¢
(I-( A )" fo

where 2=(Inf, —In&)/A0< 5 <<1, f, represents

the value at the boundary, Ais an extended width,
and A (A, <A) represents distance from boundary

point. From the above equations, we can see that
different decay function will bring different effects on
the reduction of boundary effects. It is therefore an
important issue to decide how to select the
appropriate decay function for padding the extended
area. When the extended width is large and the
boundary value is large, one can select the hyperbolic
function because it can avoid new abrupt truncation
of extended values to be produced. When the
extension width is small and the boundary value is
large, it is better to select the exponential function as
decay function. The linear function is more suitable
for selection when the extension width is not very
small and the boundary value is not very large.
2.2.2 Determining the Status of Points
Boundaries

Before padding the extension area using decay
functions, one needs to judge the status of points at
boundaries and determine the category of pixel in the
image because different types of pixels need different
methods of padding. As illustrations in Figure 2, the
irregular image generally consists of 5 different types
of pixels: (1) pixels with meaningful values within the
image (like point A); (2) pixels with bad values
(missing data) (like point B); (3) pixels with
meaningful values on the boundary of image (like
point C); (4) pixels with meaningful values on the
boundary of holes (like point D) and (5) isolated
pixels with meaningful values (like point E). If a
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point (like point B) falls in a hole, we consider this
point as representing missing data. This case will not
be analyzed further in this paper because by assigning
the point a numerical value such as —9999 it can be
casily identified as missing data.

After ascertaining the type a pixel belongs to, what
we do next is to judge where this pixel is situated, that
is, at the left boundary/boundary of image/hole, the
right boundary/boundary of image/hole, the upper
boundary/boundary of image/hole or at the bottom
boundary/boundary of image/hole. For convenient
understanding, we provide an approach to judge the
status of a point along x coordinate. Similarly, we can

Figure 2. Five different types of pixel: (1) pixels with
meaningful values lying within image (point A); (2) pixels with
bad value (missing data) (point B); (3) pixels with meaningful
values on the boundary of image (point C); (4) pixels with
meaningful values on the boundary of hole (point D) and (5)
isolated pixels with meaningful values (point E).

deal with points along y coordinate using this
algorithm.
Suppose xB(1) and xB(2) are values of left

bottom and right bottom of array of image along x
coordinate; yB(1) and yB(2) are values of left
bottom and left upper of array of image along y
coordinate. Let MissingData be —9999. Variables
Rows and Cols are numbers of rows and columns
from the left bottom corner along with
X, ¥ coordinates respectively. Point (Rows, Cols) » also

denoted f, (Rows,Cols) in equation 3, is a point to

be judged. In Equation 4, we give the algorithm of
judging the status of a pixel.

(1) (2)
o
B
o
= A
(3) (4)
B e U —
(5) 6)
S — - B .

Figure 3. Pixel status.
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1 If f,(Rows,Cols)=Missing Data
Then it does not need treatment
2 (If xB(1) <Rows <xB(2) AND f,(Rows ,Cols)
= Missing Data AND f(Rows —1,Cols ) =
Missing Data) OR (If yB(1) < Cols < yB(2) AND
fo(Rows ,Cols +1) = Missing Data AND
fo(Rows ,Cols —1) = Missing Data)
Then Pixel isisolated data
3 If Rows =xB(l)
Then Pixel on left boundary of image
4 If Rows =xB(2)
Then Pixel on right boundary of image
5 If Cols = yB(1)
Then Pixel on bottom boundary of image
6 If Cols =yB(2)
Then Pixel on upper boundary of image
If xB(1) <Rows <xB(2) AND f(Rows +1,Cols)
=Missing Data AND f;(Rows —1,Cols)
<> Missing Data
Then Pixel on right boundary of hole
8 If xB(1) <Rows <xB(2) AND f,(Rows +1,Cols)
<> Missing Data AND  f(Rows —1,Cols)
= Missing Data

Judge _ Point =

Then Pixel on right boundary of hole
9 If yB(1) < Cols < yB(2) AND f,(Rows ,Cols +1)
= Missing Data AND f(Rows ,Cols —1)
<> Missing Data
Then Pixel on bottom boundary of hole
10 If yB(1) <Cols <yB(2) AND f,(Rows ,Cols +1)
<> Missing Data AND
fo(Rows ,Cols —1) = Missing Data
Then Pixel on upper boundary of hole
11 If Other
Then Pixel is interior of image or others
(1) Pixel on Image Boundary
If Judge Point equals 3, 4, 5 or 6, then pixel should
lie on the boundary of image. Suppose we choose
hyperbolic decay function here, then the padded value
at any point that is within the extended width in the

input image can be expressed as follows

(1- (AA—L)Z)ZfO(Rows ,Cols )

“)

If Judge Poin t=3

(1= A89) fy(Rows ,Cols ) (9)
pad If Judge Poin t=4
IR
1- (Tﬂ)z)zfo(Rows ,Cols )

If Judge Poin t=35

a1- (%)z)zfo(Rows ,Cols )

If Judge Poin t=6

where £, (Rows, Cols) is boundary pixel; (x,)) is a
point to be padded, A is an extended width; A,
means the distance between pixel on the left boundary
of image and £y (Rows , Cols) » A g means the distance
between pixel on the right boundary of image and
f,(Rows ,Cols) , A, means the distance between
pixel on the wupper boundary of image and
fy(Rows,Cols) , and A, means the distance

between pixel on the bottom boundary of image and
fo(Rows, Cols) respectively.
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Due to the irregular shape of an image and the
holes within it, a location to be padded as seen in case
1 of Figure 3 may be calculated twice in two different
directions. In that situation, we choose the average of
the padded values as the final padded value. This
treatment ensures the padded value is continuous at
the join point. It may still leave an irregularity but the
overall boundary effect is minimized.

(2) Pixel on Boundary of Hole

If Judge Point equals 7, 8, 9 or 10, then pixel should
lie on the boundary of hole. As before, we choose
hyperbolic decay function here. The expression is
almost the same as equation (5). The difference is that,
in most cases, the point within hole will be calculated
more than twice.

(1- (%)2 )’ f, (Rows,Cols) If Judge Point=7

A (6)
- (XR)Z ) £, (Rows,Cols) If Judge Point=8
fr(xy) =

A
(1 7(TB)2)2fO(Rows,Cols) If Judge Point=9

(- (%)2 )> f,(Rows, Cols) If Judge Point=10

where A, ,A,, A, and A have the same meaning
as in equation (5).

If the width of hole is smaller than A, a
point within a hole may be padded four times from
four different directions as seen in case 2 of Figure 3.
Each direction has its corresponding padded value.
For the same reason as mentioned above, the final
padded value is obtained by averaging these four
values. If the width of hole is much greater than A, it
is possible that the middle part with missing data left
within the hole becomes a new hole. However, this
new hole may not create many more boundary effects,
because the boundary values are either zero or equal
to small positive value O much less than 1 if
exponential decay function is used.

(3) Isolated Pixel

If Judge Point equals 2, then pixel should be
isolated pixel. In this case, we need to judge the status
of pixel further. In Figure 3 (cases 3, 4, 5 and 6), we
describe four types of status a pixel may be in.
(D): If there is no other pixel to the right of this pixel
except missing data between itself and the very right
of image and there is another pixel between itself and
the very left of image, we define this pixel as the first
status (case 3 in figure 3). The treatment then is as
follows: assume the isolated point denotes
f,(Rows,Cols) and another point to the left of this

isolated point denotes £, (Rowsl, Colsl) -

Agn (2o
(- (T)') So (Rows , Cols )

If x > Rows

- pad _ _ A 2ya )
f (x,y)=1(1 (7A Y?)? fo (Rows ,Cols ) +

Augh/l 2.2
(1 - (T) )" fi(Rows 1,Cols 1))/ 2

If Rowsl < x < Rows
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where A, is the distance between point (x, ) and

f.(Rows,Cols), and point (X,y) is to the left of

fo(Rows,Cols) along x coordinate; A is the

right
distance between point (X,y) and f,(Rows,Cols),
and point (x,)) is to the right f,(Rows,Cols)

along x coordinate; Arightl is the distance between

point (X, y)and f (Rowsl,Cols1), and point (X, ) is
to the right of £, (Rowsl, Cols1) along x coordinate.

(IT): If there is no other pixel to the left of this pixel
except missing data between itself and the very left of
image and there is another pixel to the right of this
pixel between itself and the very right of image, we
define this pixel as the second status (case 4 in figure
3). The treatment then is as follows: assume the
isolated point denotes 1. (Rows,Cols) and another point

to the right of the
denotes £ (Rowsl, Colsl) -

isolated  point

A
« _(%)2)2]"0 (Rows, Cols)
If x <Rows

Ao 252
S y) = ((1—(%) )" fo(Rows,Cols) +

A
(1- (’T"f“)2 )2 f,(Rows1,Cols1)) / 2

If Rows < x <Rowsl

where A i1 18 the distance between point (x,y)and

f,(Rowsl,Colsl) , and point (x,)) is to the left
of f;(Rows1,Cols1) along x coordinate.

(III): If there is another pixel to the left of this pixel
between and the very left of image and there is
another pixel to the right of this pixel between and the
very right of image, we define this pixel as the third
status (case 5 in figure 3). The treatment then is as
follows: Assume the isolated point
denotes f,(Rows, Cols) » the point to the right of the
isolated point denotes £, (Rowsl, Colsl) and the point

to the left of the
denotes £, (Rows2, Cols2).

isolated  point

Aleft 242
Q- (T) )* fo(Rows , Cols ) +

A
- (%)2)2 f,(Rows 1,Cols 1))/ 2

If Rowsl < x < Rows

f pad (x’ y) — A
(- (%)z)zfo(l?ows ,Cols ) +
Aleﬁ‘z 2N2
(1_(T) ) £, (Rows 2,Cols 2))/ 2
If Rows < x < Rows2
where A, is the distance between point (x,y)and
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f.(Rowsl, Colsl), and point (x,) is to the right of
f,(Rowsl,Cols1) along x coordinate; Aleﬁz is the

distance between point (X, ) and f,(Rows2,Cols2),
(x,») the left of

£, (Rows2, Cols2)along x coordinate.

(IV): If there is no other pixel to the left of this pixel
between and the very left of image and there is no
other pixel on the right of this pixel between itself and
the right of image, we define this pixel as the fourth
status (case 6 in figure 3). The point to be padded is
treated as follows:

and  point is to

A
(1—(%)2)2 fo (Rows , Cols )
pad If x < Rows
f (xs y) = A
(1- (ZA“) 2)2 £, (Rows , Cols )

If x > Rows

where Aleﬁ is the distance between point (X, ) and
fi(Rows,Cols), and point (x,)) is to the left of

fy(Rows, Cols) along x coordinate; A is the

right
distance between point (X, )) and Jfo(Rows, Cols),
and point (X,y) is to the right f,(Rows,Cols)

along x coordinate;

2.2.3 Padding Irregular Image using Decay
Functions

Based on the proceeding treatment, we can obtain an
extended image f'(x, y) (as described in equation 2)
which has new boundary values close to zero. If the
image has a regular shape, then the padded surface is
smooth. Otherwise, if the shape is irregular, at sharp
corners and within small holes some discontinuities
can still be expected and these may cause boundary
effects. Because these locations at sharp corners and
other discontinuities do not usually occupy a large
portion of the image, the preceding treatment usually
provides satisfactory results. One of advantages of
this method is that one can view the extended image
prior to application of the Fourier transform and get
some idea of how much smoothness the treatment has
added to the image. This can help one to decide how
large the extended image portion (A) should be. An
alternative treatment would be to expand the image
during the calculation of the integral of the Fourier
transform. From a programming point of view, the
treatment described in here can be added
independently without altering the Fourier transform
and inverse Fourier transform steps in processing.
2.2.4 Obtaining the Resulting Image Using the
Algorithm

Given the expanded image f'(x, y), we can apply the
Fourier transform (F) to calculate the power
spectrum (S*) and to define filter functions (H) (in
this paper, a multifractal filtering function was
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defined the filter). Then the resulting image g(x, )
of size MxN , 0<x<M —1 can be clipped
from  DFT'(H(u, v)F (u,v))
(M +2A)x(N +2A).

with  dimension

3. Case One: A Geochemical Image

For validating the proceeding argument, here we first
chose a lake sediment geochemical data from Nova
Scotia, Canada.

3.1 Study Area

The study area is located in western Meguma Terrain
of Nova Scotia, Canada. The map created from the
lake sediment sample point values has a dimension of
359 x 425 and cell size 500m.

3.2 Defining the Filtering Function

There are various ways to define H (u,v) . For

example, simple low-pass filter, high-pass filter and
band-pass filter commonly are constructed on the
basis of ranges of frequencies. We here choose a
multifractal filter which is called spectrum-area
fractal method (S-A) for separating geochemical
anomalies from background patterns. The S-A
method, which has been implemented in GeoDAS
(GeoData Analysis System, a GIS software system
developed by the Geomatics Research Group at York
University, Canada, in collaboration with the
Geological Survey of Canada and US Geological
Survey, is a newly developed filtering method that
has been successfully used for processing
geochemical patterns with anisotropic and singular
properties [11],[12].

The S-A method defines filter functions on the
basis of power spectrum levels as follows:

H () 1 if S(u,v) > S,
u,v) = _
i 0 otherwise

1 if S(u,v)<S,
0

where S, is the cutoff power spectrum level

(7

otherwise

HA(u,v)z{

separating the wave numbers into two groups either
with S(u,v) > S, or < Sy The cutoff Sy determined by
means of S-A plot is such that distinct power-laws are
observed between the distribution of power spectrum
and the wave numbers(more about S-A method can
be found Cheng et al., 2000). S-A method takes into
account both anisotropic scale invariance of power
spectrum and singularity in defining filter functions
H(u,v). The filter functions Hg(u,v) and Ha(u,v)
generally correspond to low- and high-pass filters but
they are fundamentally different from the commonly
used frequency-based filters. The function Hg(u,v)
and Ha(u,v) are not sharply bounded by range of
frequency. These two types of filter functions can be
used for separating anomalies from background for
mineral exploration [11].
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3.3 Experimental Procedure

For demonstration purposes we choose Zn
concentration values as an example to implement the
boundary-effect reduction method. Figure 4 shows the
spatial distribution of Zn concentration values in the
area denoting f(x, ) . For better understanding, a

flowchart of the experimental procedure is given in

["4996630N 250664E

|7 [ -e3.3930.10
[ 130.10-37.53
[ 37.53-44.96
[ 44.96-52.38
[ 52.38-59.81
[ 59.81-67.24
[ 67.24-74.66
[ 74.66-384.21
[__|No Data

i 5 4817130N 463164E
Figure 4. The spatial distribution of Zn element
concentration in lake sediments, western Meguma

Terrain, Nova Scotia, Canada.

Input image f(x, y)
T

‘ N

0 10 20 Kilometers
——

Clipped Image with hole
S (% 9)

l

Extended image with padded

value f*(x, y)

Reference Image with hole

S (%)

Fourier Transform  F* (u,v) Fourier Transform £ " (u,v)

‘_I<_
I I

Filtered Image in Frequency Filtered Image G, (u,v)

domain G (u,v)

|

Inverse Fourier Transform

Inverse Fourier Transform

2 (6) 2, (x)

!

Shrunk filtered image
g(x,y) with the same size

of £,(x,»)

Comparison and discussion

Figure 5. Flowchart of the experimental method.

Figure 5.

3.3.1 Input Image

To demonstrate the boundary effect problem, we
clipped the central area of size 140 x 132 and with
cell size 500m as highlighted by the rectangle in
Figure 4. This will be used as the experimental

data f,(x, ) . Furthermore, in order to discuss the

boundary effects of missing data, we artificially made
a hole of size 14 x 15 in the input image

f1(x, ) denoting it as f,(x, ). Figure 6 (A) and

(B) show f,(x,)) and their corresponding power
spectrum distributions, respectively. On these two
images of power spectra we can clearly observe the
bright cross along the axes that is due to the boundary
truncations. The artificially made hole also creates the

&
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high frequency noise on the power spectrum image.
The high frequency noise has to be removed prior to
further filtering.

3.3.2 Reference Image

To compare the results of boundary-effect correction
using different methods and to assess the
performances of different methods, it is convenient to
define a reference image. Based on the preceding
experimental data, we first calculate the power

spectrum of an image, which denotes f,(x,) ,

clipped from the original image f(x, y) around fi(x, y)
with each side extended by 45 pixels. This treatment
is needed in order to calculate a power spectrum close

==

16 Kalometers

Figure 6. (A) Clipped small area from Figure 2 and artificially
created hole in central area of map; and (B) power spectrum of
image (A). The value is log-transformed (e based). It was
calculated using fast Fourier transform in GeoDAS.

to that of f1(x, y) with minimal boundary effects.

Applying the S-A method to the power spectrum
produces the S-A plot on log-log paper shown in
Figure 7. Different straight-line segments with
different slopes represent different self-similarities,
which usually correspond to different patterns in the
spatial domain. For example, two straight-line
segments were fitted to the data by least squares

yielding a cutoff value S, =11.62. The power
spectrum S < S, may represent anomalies and the

power spectrum S > S usually corresponds to

background [11]. For the current purpose, we are only
interested in checking the anomalies in order to assess
the boundary effects. Applying the high-frequency

filter Ha(u, v) defined in Eq. (7) with S;=11.62 to

the Fourier-transformed results and inverse Fourier

ETT— =Iolx|
] N N B [ S0 Sl m e Sw|S T ]

Log (Area)
S I

M A IR A Y

Log (Value)

Figure 7. Log-log plot (S-A) showing the relationships between
power spectrum value S and “area” A(=S). Straight lines are fitted
by means of LS. The power spectrum was calculated from an
image clipped from the whole image f{(x, y) containing fi(x, y) but
larger than f(x, y) by 45 pixels around. Two straight line segments
yield a cutoff value Sy = 11.62. The details about how to determine
breaks can be found from Cheng et al. (1999). The cutoft value
will be used as threshold to construct filter Ha(u, v) in Equation 5.
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transform, the filtered image g(x,») can be

generated.
As a result of the characteristics of the spatial
distribution of the Zn concentration values used for

the example, we can regard g_.(X,)) as an ideal
filtered image, which means g.(x,y) is free of
boundary effects, clipped from g(x, ) . The size and
spatial position of g (X, ) are completely the same
as those of f,(x,»). In order to compare the results
with objectivity, we artificially clipped a hole in the
image g_(x, ) with the same size and position as the
hole in f, (x, y’). This image with the hole, which is
illustrated in Figure 8, was called g, (x,)) as the

reference image of the input image f, (X, ).

[]-154.84-12.28
11228653
65378
[ 78497

[ 4.97-10.72
[ 10.72-1647
B 1647-22.22
[ 22.22-300.93

Figure 8. The reference image which was obtained using inverse
Fourier transform with Ha(u, v) applied. It was clipped according
to the extent of fi(x, y) for further comparison purpose.

3.4 Comparison of Performance of Zero-padding
and Decay Functions

In this experiment, we compare the performances of
two methods, Zero-padding and Decay Functions, in
reducing edge effects. For analyzing the reduction of
edge effects with different extended portion A in each
method, we set A ranging from 5 to 45 pixels with an
interval of 10 pixels. The patterns in figure 4 show
low values in boundary areas, but are high in the
central area, so we select hyperbolic decay function.
In figure 9, we describe the extended images with A
from 5 (case A), 15(case B), 25 (case C), 35 (case D)
and 45 (case E). We can compare these images with
Figure 6 (A) and observe the change of extension part
and hole in these images.

The results of filtered images obtained using zero-
padding and hyperbolic decay function methods with
the similar S, determined in comparison with S-A plot
in Figure 7 are presented in Figures 10 and 11
respectively. Since the difference between the two
distinct power-law relationships fitted to the S-A plot
(Figure 7) is related to the actual different patterns
(anomalous and background values), the slope
distinction between these two power-law relationships
is relatively independent of the edge -effects.
Experiments using fi(x, y) with various expansions
have demonstrated that the scaling break (slope
change between different power-law relationships)
stays relatively unchanged. In this example, we adopt
high frequency filters (see Equation 7) with the

&
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predetermined value of Sy. The results obtained with
the filters are shown in Figures 10 and 11,
respectively. By visual comparison of the results with
the reference result in Figure 8, we can conclude
intuitively that the decay function method overall
provides results superior to zero-padding method. In
particular, the decay function method provides

(D)

-83.39 - 30.10
30.10-37.53
37.53-44.96

2.38

(E)

-93.39 - 30.10

()

-93.39 - 30.10
7.53

Figure 9. The extended images with A from 5 (case A), 15(case
B), 25 (case C), 35 (case D) and 45 (case E)

Figure 10. Filtered results obtained with high frequency filters
using the zero-padding boundary effect correction method; (A)-
(E) zero padding with extended widths A =5, 15, ..., 45 pixel,
respectively.

—ma= (8)

Figure 11. Filtered results obtained with high frequency filters
using the Hyperbolic Decay Function; (A)-(E) Hyperbolic Decay
Function with extended widths A =5, 15, ..., 45 pixel,
respectively.
satisfactory results for reducing the edge effects of

holes.
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4. Case Two: A Remote Sensing Imagery
In order to further substantiate the conceptual
arguments, remotely sensed data was exampled. In
this case, reducing boundary effect is accompanied
with the process of extracting ocean eddies from
remotely sensed data using multifractal filtering
function.

4.1 Study Area

This remotely sensed data is chosen from NASA
MODIS as seen in Figure 12, which is located from
34°N-42°N, 66° W-78°W in the Gulf Stream. The
size of SST image is 359 x 425 and cell size is 1000m
and the SST image was acquired on June 21, 2004.

Figure 12 the study area chosen from NASA MODIS (satellite
data set)

4.2 Implementation of Zero-padding and Decay
Functions

Based on the self-similar and scale invariant
properties of ocean eddies, we used S-A extract ocean
eddies from remotely sensed data. Since the noise due
to the boundary effect will affect subsequent
operations such as frequency filtering, it is essential to
eliminate boundary effects as much as possible. In
this example, we still use decay function to reduce the
boundary effect.

Applying the S-A method to this image to extract
ocean eddies from remotely sensed data, we get the
breaks like Figure 13. The segment between the
second and the third straight lines would be the
spectrum information of ocean eddies. The process of
determining which segment represent the spectrum
information of ocean eddies is tentative. The values of
spectrum show in the table in the top right of Figure
13. From Figure 13, we can see that ocean eddies lie
neither within high frequency region nor within low
frequency region, is within middle frequency region.
So we select band-pass filter to get the spectrum
information of ocean eddies in frequency domain.
Given the expanded image /' (x, y), we can apply S-A
filtering method to get information of ocean eddies in
frequency domain. Through inverse DFT, the
filtered image, ocean eddies in space domain, is
obtained. The results from S-A equipped with the
zero-padding and hyperbolic decay function are
presented in Figures 14 and 15. The boundary effect
on extracted patterns is reduced greatly in Figure 15,
especially around boundary areas.

&
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5. Conclusion

We have proposed an algorithm of using decay
functions to smooth the boundaries of the image. The
algorithm is particularly advantageous to deal with
irregularly shaped images and those with missing data
(holes). The implementation of the reduction of
boundary effect using decay functions has been
elaborated. Two case studies of filtering an image

1 I I I "
Seg [L0GVae] [Vae A B Enos
1 [T00RET | 416374025520 29057 2108676  6mEdm | 'O
2 [ 1304725 | 1006129156572 2381403 1342654 | 16MSUE® o
3| 1501607  32196023051243 1776103 93735 | 226651E03
4| 1560701 | G2t M0 2136572 1141 | STSMOBE®R  |°
5] 17.08127 2000784651806 7

1
Log (Vaue)

Figure 13 Log-log plot (S-A) showing relationships between
power spectrum value S and “area” A(=S). Straight lines are fitted
by means of least squares.

[ ] 140592 ~44.865
44.865-23.52
] 2352 -2.175
Bl 2175 -3.161
I 3161 -24.506
I 24.506 ~45.851
45.851 -67.195

[ ]-40.592 ~-44.865
[ 44.865-23.52
0 2352-2.175
B 2.175-3.161
I 3161 -24.506
I 24.506 -45.851
I 45851 -67.195
I 67.195 - 144.91

Il Vo Data

Figure 15 Ocean eddies extracted by S-A with the reduction of
edge effect

created from lake sediment geochemical data and a
remotely sensed imagery have demonstrated that S-A
filtering method equipped with the boundary effect
correction treatment significantly improves the
filtering results. The performance of the decay
function method has been shown to be superior in
comparison with the zero-padding method. Issues
worthy of further investigation include comparison of
different decay functions on the reduction of
boundary effects. Different detection technique for
judge points, isolated points, boundaries/edges points
need to be further investigated[13]. Other filters such
as Wavelet and Gabour filter should be further tested
to demonstrate the reduction of boundary effects.
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