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Chapter 3

FUSION OF MULTIFOCUS COLOR IMAGES
FROM MICROSCOPIC SAMPLES USING
THE MODULUS OF THE GRADIENT
OF THE COLOR PLANES
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Alfonso Padilla-Vivanco and Gabriel Ortega-Mendoza
Universidad Politécnica de Tulancingo, Division de Ingenierias,
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Abstract

Commonly in the light microscopy, the limited Depth-of-Field (DOF)
of an imaging system causes blur images when the sample is wider than
the DOF of the optical system. Additionally, the DOF decreases as the
magnification increases. In order to extend the DOF of a microscopic
system we propose a multifocus image fusion method based on the mod-
ulus of the gradient color planes. This procedure is applied to multi-focus
microscopy color images which have been acquired by the bright-field re-
flection microscopy technique. Our results are obtained using real spec-
imens and any post-processing step is done over the fused image. The
proposed method is simple, fast and practically free of artifacts or false
color.
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1. Introduction

In general, focusing is a procedure of adjusting the distance between an optical
system and its image plane until a contrast-enough image is reached. Focusing
cameras is an important problem in computer vision and microscopy, due to the
limited depth of field (DOF) of some optical systems. Particularly, images of
thick objects acquired by using a microscope system are strongly blurred in the
portion of the object that lies outside of the depth of field of the microscope
objective lens. This means that, only small regions of the field of view are in-
focus. In order to overcome this problem some techniques such as wavefront
coding [1][2] and image fusion [3] [4] have been proposed.

Typically, many digital techniques have been proposed to generate fusion
schemes. These fusion schemes are divided in (a) pixel-based image fusion
[5], (b) neighborhood-based image fusion [6] and multiresolution image fusion
[71[8]. It is well know that, image fusion schemes have been broadly used in
many context such as in optical microscopy [9], medical imaging [10], hyper-
spectral [11] and pancromatic imaging [12], anti-tank landmine detection [13],
and many others applications.

Currently, image fusion allows merging images from multiple sensors or
even multiple images from the same sensor [14][15][10]. Its goal is to integrate
complementary information to provide a composite image which could be used
to better understanding of the entire scene. A common found problem can be
to fuse multifocus images, which are acquired from optical imaging systems.
The challenge is to obtain a resulting fused image that contains enough-sharp
information.

Generally, a current solution in multifocus image fusion is to reconstruct an
image of the whole specimen by acquiring multi-focus images corresponding to
each focused plane of the sample. The important thing is to find from each slice-
image the region that is better focused in order to obtain an overall fused image
with enough contrast in all the field of view. As we will see in this chapter,
the digital image fusion methods take different in-focus parts of a sample and
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digitally or numerically combine them into a single composite image which
contains the entire focused scene.

Many works have been published related with multifocus image fusion
schemes. However, the main amount of these papers work with monocromatic
input images to get a final fused image. Only a few of them have proposed the
fusion of multifocus color images, and less common in the particular application
of using microscopic samples [3][6][16].

In this chapter, we have proposed a new method of fusion of color images by
pixels based on the Modulus of the Gradient Color planes (MGC) [17][18]. This
algorithm requires the computation of the gradient for each image-channel from
a RGB image. The procedure is fast and generate high sharply fusion images.
The main application of our method is in the context of optical microscopy.
The microscopic samples used in this chapter are metallic and biological with
several textures and with irregular surfaces.

This chapter is organized as follows: in section 2, it is described the modulus
of the gradient of color planes algorithm. This algorithm is the core of the
method. Section 3 is used to explain the image fusion scheme step by step.
Experiments and image acquisition are described in section 4. In the section
5, the fusion results including fused images are shown. Finally, in section 6
a discussion of the results and the conclusions of the method performance are
included.

2. The Modulus of the Gradient of the Color Planes
MGO)

It is not unknown that in the RG B space, color vectors of Red, Green and Blue
components are related to each pixel of a RGB image, which is commonly
given by,

C(z,y) = R(z,y)i + G(z,y)j + B(z, y)k, (1)

where R(z,y), G(x,y), and B(z,y) are the RGB space channels and i, 7, and
k the unitary direction vectors.
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Figure 1. Modulus of the Gradient Color operator | M GC[C(z, y)]| obtained by
taking the Euclidean distance between color vectors.
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A compound gradient image IZ(z,y) = |[MGC[C(z,y)]| can be recon-
structed from the resulting images of the gradient modulus of |V R|, |[VG|, and
|V B|. This compound image can be calculated by [19][20],

o= () () -G ) ()

@)

In general, the modulus of the gradient of the color planes 17, is computed
using the Euclidean distance as [18],
(ac@,y,i) ) . (ac*(x,y,i) )] 4
ox Jy

where ¢ = 1,..,band is the dimensionality of the color space and
|MGC[C(z,y)]| is the color gradient operator. In the particular case of work-
ing with the RG'B space, band = 3 is used. A vectorial sketch of computation
of the modulus of the gradient color planes is shown in the Figures 1 and 2.

=1

band
I%(z,y) = |MGC[C(x,y)]| = J >

Figure 2. (a) Input color image and (b) MGC edge map.
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Figure 3. (a) Input color images, (b)intensity channel, (c) Y channel from the
YIQ color space, and MGC edge map of (a).
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Currently, the partial derivative along the z — axis of a two-dimensional
function C'(x, y, i) can be approximated by the difference,

9C(x,y,1)

in a similar way, the partial derivative along the y — axis is given by,

0C(x,y,1)

ay %C(éﬁ,y,l)—C(fE,y—l—l,Z). (5)

Therefore, the modulus of the gradient color planes is an edge map that can
be computed by the expression,

band
Ig‘(x’y) = \l Z [(C(xayal) - C(x + 1vyvi))2 + (C(I,y,l) - C(xay+ 1vi))2]'

i=1
(6)

In the Figure 3, the edges on an individual image directly in the color vector
space are shown.

3. Image Fusion Scheme

Extended DOF in microscopy systems can increase the quantity of reachable
most structural details available in thick specimens. Extended DOF have been
obtained using different digital fusion methods. In this section, we propose
a new approach to extended DOF through the modulus of the color gradient
planes. We can start this section by establishing some definitions of the pro-
posed method.

Let Cj(x,y,1) be a z — stack of N input color images, where j = 1,.., N.
The index ¢ = 1, .., band represents the color channel. In order to highlight the
details in the input images, we have used sharpening spatial filters known as
Sobel H ,f , Prewitt H ,f , Kirsch H ,g( , and Frei-Chen ;WH ,f . The four filters are
shown in the Figure 4 and the man size in the Figure 5.

Therefore, a sharpening version gj(x,y,i) of the input color image
Cj(z,y, 1) is reconstructed by the maximum pixel values from each £ filtered
image C’f (z,y,1) as follows,
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Figure 4. (a) Sobel, (b) Prewitt (c) Kirsch and (d) Frei-chen filters in the four
cardinal directions.

Fj('mayai) = ma:ﬂk[cgk(mvyvl)] @)

Now, we can define a new fusion scheme ® given by,

N Cl(xvyvi)v |MGC[F1($7:U7’L)]| > |MGC[F2($7:U7’L)]|7
O(x,y,i) = . :
Cy(z,y,i), otherwise.
)
where |MGC[Fj(x,y,i)]| is the modulus of the color gradient planes of
Fj(z,y,1i) for j = 1,2; which can be computed by Ec. (6). Schematically

the image fusion procedure is shown in the Figure 6.
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Figure 5. Sobel filters in the four cardinal directions for different sizes.

In order to measure the performance of the fusion algorithm, we have im-
plemented the mean p of the ®(x, y, i) of the color fused image as follows,

M-1N-1

=0 y=0
This last value is related with the contrast of a color fused image.

4. Image Acquisition and Experiments

A motorized microscope Carl Zeiss Axio Imager M1 is used for the image
acquisition of the biological test samples. This system contains an integrated
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D(x,y,1)

Figure 6. Steps of the fusion scheme. (a) input color images C;(z, y, i) where
j = 1,2, (b) sharpening version g;(z, y, i) of the input color images, (c) mod-
ulus of the color gradient operator of g;(x,y, ), (d) fusion rule based on the
maximum pixel values from |M GC[F;(x,y,1)]|.

AxioCam Mid Range Color camera of 5 megapixels with an image resolution
of 2584 (H) X 1936 (V) pixels and a pixel size of 8.7mm X 6.6mm. The
microscope make uses of a x — y platform where the sample is located and a
motorized stage to control the z — focus position is employed. The numeri-
cal aperture N A and the magnification M of the objectives of the microscope
system used during the experiment are related according with the Table 1. This
parameters will be used for the determination of the depth variation z.

The depth-of-focus Az’ in the monochromatic case is defined as follows

[21],

, A
A = (;T)z’ (10)

where ) is the wavelength of the light and n the refractive index. The relation
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Figure 7. The depth-of-focus versus the NA.

Table 1.
Objective magnification | Numerical Aperture | Az (DOF)
2.5X 0.16 50 micras
10X 0.30 20
40X 0.75 3
60X 0.9 2
100X 0.9 1

between depth-of-field Az and depth-of-focus Az’ is given by [21],

/

A = M2 AL (11)
n

objective
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Figure 8. Microscopic imaging system.

where n’ and n are, respectively, the media refractive indexes in the object and in
the image space. The numerical aperture N A and magnification M are related

by the following formula,
M = cteN A, (12)

and
NA = nsin(«). (13)

where « is the angular semi-aperture on the objective side. As we can see, in
Figure 7 when the numerical aperture is increased, the depth of focus becomes
smaller. For the case of the DOF, it is sketched in the Figure 8.

In order to measure the effectiveness of our proposed algorithm, the Figure
9 shows a stack of slice-images of some real samples illuminated by means of
the bright-field technique and at different z depth positions, with z < Az.
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Image acquisition procedure

Figure 9. A z—stack of color slice-images from a biological sample which
are acquired using the bright-field illumination technique at different z—depth
positions.

5. Fusion Results

The digital color images which are taken from different focus planes of biolog-
ical and metallic samples are shown in the Figures 10 and 11.
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(d)

Figure 10. Test images acquired from biological samples of (a) bacillus of yo-
gurt, (b) amniotic fluid, (c) tape to measure the glucose levels, and (d) bee eye.
They are amplified by different objectives from amplifications of 10X, 20X,
and 40X and NA = 0.3,0.5, and 0.75 respectively.

In this part we analyze the effectiveness of using the fusion scheme imple-
mented for multifocus color images. In our first case, the biological sample
is a bacillus of yogurt. Digital images of a bacillus of yogurt are acquired at
M = 40X, N.A. = 0.75, and an axial distance of z = 3um between the two
focal planes. The fusion results using the enhancement MGC edge map with
different sharpening filters are shown in the Figures 12 to 13.

In the second example, images of the same bacillus of yogurt are acquired
but using the amplification M = 10X, and N.A. = 0.3. An axial distance of
z = 3um between the three focal planes is considered. The fusion results using
the enhancement MGC edge map with different sharpening filters are shown in
the Figures 14 and 15.

In the third case the bacillus of yogurt is now acquired at M = 20X,
N.A. = 0.5, and an axial distance of z = 3um between ten focal planes.
The fusion results using the enhancement MGC edge map with different sharp-
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Figure 11. Test images acquired from metallic samples. They are amplified by
different objectives from amplifications of 10X, 20X, and 40 X . The numerical
apertures are from 0.3, 0.5, and 0.75 respectively. (a) coin, and (b) cylindric
piece of metal.

(c)

Figure 12. Bacillus of yogurt images acquired at M = 40X, N.A. = 0.75,
and an axial distance of z = 3um between the two focal planes. (a) focal
plane A, (b) focal plane B, and (c) Result of image fusion using the proposed
enhancement MGC edge map.
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Figure 13. Results of image fusion using the proposed enhancement MGC edge
map with the sharpening filters of (a) Frei-Chen (F=1), (b) Kirsch (F=2), (c)
Prewitt (F=3), and (d) Sobel filter (F=4). (e) The results shown that the enhance-
ment MGC edge map with Kirsch filter gives a major contrast fused image.
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(a) (b)

(c)

Figure 14. The sample is a bacillus of yogurt. The images are acquired at
M = 10X, N.A. = 0.3, and an axial distance of z = 3um between the three
focal planes. (a) focal plane A, (b) focal plane B, and (c) focal plane C.

ening filters are shown in the Figures 16 to 17. A major contrast fused image is
obtained using the Kirsch filter.

An image of amniotic fluid is acquired at M = 10X, N.A. = 0.3, and
an axial distance of z = 10um between the two focal planes. The fusion re-
sults using the enhancement MGC edge map with different sharpening filters
are shown in the Figures 18 to 19. A major contrast fused image is obtained
using the Kirsch filter.

An image of a tape to measure the glucose levels is acquired at M = 10X,
N.A. = 0.3, and an axial distance of z = 10um between the two focal planes.
The fusion results using the enhancement MGC edge map with different sharp-
ening filters are shown in the Figures 20 to 21. A major contrast fused image is
obtained using the Kirsch filter.
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Figure 15. Results of image fusion using the proposed enhancement MGC edge
map with the sharpening filters of (a) Frei-Chen (F=1), (b) Kirsch (F=2), (c) Pre-
witt (F=3), and (d) Sobel filter (F=4). The results shown that the enhancement
MGC edge map with Kirsch filter gives a major contrast fused image.
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Figure 16. Results of image fusion using the proposed enhancement MGC edge
map. The sample is a bacillus of yogurt acquired at M = 20X, N.A. = 0.5,
and an axial distance of z = 3um between the ten focal planes. The results
shown that the enhancement MGC edge map with Kirsch filter gives a major
contrast fused image.

An image of bee eye is acquired at M = 10X, N.A. = 0.3, and an axial
distance of z = 10um between the four focal planes. The fusion results using
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(e)

Figure 17. (a) focal plane 1, (b) focal plane 3, (c) focal plane 6 and (d) focal
plane 9. Results of image fusion using the proposed enhancement MGC edge
map with the sharpening Kirsch filter.
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Figure 18. The sample is amniotic fluid. The images are acquired at M = 10X,
N.A. = 0.3, and an axial distance of z = 10um between the two focal planes.
(a) focal plane A, (b) focal plane B, and (c) fused image. The results shown that
the enhancement MGC edge map with Kirsch filter gives a major contrast fused
image.

the enhancement MGC edge map with different sharpening filters are shown in
the Figures 22 and 23. Also a major contrast fused image is obtained using the
Kirsch filter.

A stack-image of human tissue is acquired at M = 2.5X, N.A. = 0.16,
and an axial distance of z = 700um between the four focal planes. The fusion
results using the enhancement MGC edge map with different sharpening filters
are shown in the Figures 24 and 25. A major contrast fused image is obtained
using the Kirsch filter.

An image of a key is acquired at M = 2.5X, N.A. = 0.16, and an axial
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Figure 19. Results of image fusion by means of the proposed enhancement
MGC edge map with the sharpening filters of (a) Frei-Chen (F=1), (b) Kirsch
(F=2), (¢) Prewitt (F=3), and (d) Sobel filter (F=4). The results show that the
enhancement MGC edge map with Kirsch filter again gives a major contrast
fused image.
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Figure 20. The sample is a tape to measure the glucose levels acquired at M =
10X, N.A. = 0.3, and an axial distance of z = 10um between the two focal
planes. (a) focal plane A, (b) focal plane B, and (c) fused image. The results
shown that the enhancement MGC edge map with Kirsch filter gives a major
contrast fused image.

distance of z = 2000um between the two focal planes. The fusion results using
the enhancement MGC edge map with different sharpening filters are shown in
the Figures 26 to 27. A major contrast fused image is obtained using the Kirsch
filter.

An image of a metallic key is acquired at M = 2.5X, N.A. = 0.16, and
an axial distance of z = 2000um between the two focal planes. The fusion
results using the enhancement MGC edge map with different sharpening filters
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Figure 21. Results of image fusion using the proposed enhancement MGC edge
map with the sharpening filters of (a) Frei-Chen (F=1), (b) Kirsch (F=2), (c) Pre-
witt (F=3), and (d) Sobel filter (F=4). The results shown that the enhancement
MGC edge map with Kirsch filter gives a major contrast fused image.
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Figure 22. The sample is a bee eye acquired at M = 10X, N.A. = 0.3, and an
axial distance of z = 10um between the four focal planes. (a) focal plane 1, (b)
focal plane 2, and (c) focal plane 3, (d) focal plane 4, and (e) fused image. The
results shown that the enhancement MGC edge map with Kirsch filter gives a
major contrast fused image.
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Figure 23. Results of image fusion using the proposed enhancement MGC edge
map with the sharpening filters of (a) Frei-Chen (F=1), (b) Kirsch (F=2), (c) Pre-
witt (F=3), and (d) Sobel filter (F=4). The results shown that the enhancement
MGC edge map with Kirsch filter gives a major contrast fused image.
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Figure 24. The sample is human tissue acquired at M/ = 10X, N.A. = 0.3, and
an axial distance of z = 10um between the four focal planes. (a) focal plane 1,
(b) focal plane 2, and (c) focal plane 3, (d) focal plane 4, and (e) fused image.
The results show that the enhancement MGC edge map with Kirsch filter gives
a major contrast fused image.

are shown in the Figures 26 to 27. A major contrast fused image is obtained
using the Kirsch filter.

6. Discussion and Conclusion

We have presented a novel procedure to extend the DOF of a microscopic sys-
tem. The main contribution of our method is to obtain fused color images with
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Figure 25. Results of image fusion using the proposed enhancement MGC edge
map with the sharpening filters of (a) Frei-Chen (F=1), (b) Kirsch (F=2), (c)
Prewitt (F=3), and (d) Sobel filter (F=4). The results show that the enhancement
MGC edge map with Kirsch filter gives a major contrast fused image.
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Figure 26. The sample is a metallic key. The image is acquired at M = 2.5X,
N.A. = 0.16, and an axial distance of z = 2000um between the two focal
planes. (a) focal plane 1, (b) focal plane 2, and (c) fused image. The results
show that the enhancement MGC edge map with Kirsch filter gives a major
contrast fused image.

high-frequency information from multi-focus color images.

We have proposed the Modulus of the Gradient of the Color planes M GC,
which is commonly used as an edge detection method. The results shows that,
the proposed enhancement MGC edge map can be implemented as a fusion
scheme of multi-focus color images in the context of microscopy imaging.

Experimental results shows the effectiveness of the proposed method by
testing several stacks illuminated with the bright-field technique. Images from
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Figure 27. Results of image fusion using the proposed enhancement MGC edge
map. Using the filters (a) Frei-Chen (F=1), (b) Kirsch (F=2), (¢) Prewitt (F=3),
and (d) Sobel filter (F=4). The results show that the enhancement MGC edge
map with Kirsch filter gives a major contrast fused image.
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Figure 28. The sample is a key. The image is acquired at M = 2.5X, N.A. =
0.16, and an axial distance of z = 2000um between the three focal planes. (a)
focal plane 1, (b) focal plane 2, (c) focal plane 2, and (d) fused image. The
results show that the enhancement MGC edge map with Kirsch filter gives a
major contrast fused image.

biological and metallic samples have been used to test the performance of the
MGC algorithm. This MGC proposed algorithm is mathematically simple in
comparison with other techniques as the wavelet transform. Also, the algorithm
is fast to implement because it requires a small number of operations.
According with the qualitative and quantitative results, the final fused image
contains the main details or the high frequency information of the multifocus
input images. Also, the MGC edge map can be used as focus measure, it is
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Figure 29. Results of image fusion using the proposed enhancement MGC edge
map. Using the filters (a) Frei-Chen (F=1), (b) Kirsch (F=2), (¢) Prewitt (F=3),
and (d) Sobel filter (F=4). The results show that the enhancement MGC edge
map with Kirsch filter gives a major contrast fused image.
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Figure 30. The sample is cylindric piece of metal. The image is acquired at
M = 20X, N.A. = 0.5, and an axial distance of z = 10um between the
sixteen focal planes. (a) focal plane 1, (b) focal plane 4, (c) focal plane 8, (d)
focal plane 12, (e) focal plane 16, and (f) fused image. The results show that
the enhancement MGC edge map with Kirsch filter gives a major contrast fused
image.
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Figure 31. Results of image fusion using the proposed enhancement MGC edge
map. Using the filters (a) Frei-Chen (F=1), (b) Kirsch (F=2), (¢) Prewitt (F=3),
and (d) Sobel filter (F=4). The results show that the enhancement MGC edge
map with Frein-Chen and Kirsch filter gives a major contrast fused image.



Fusion of Multifocus Color Images from Microscopic Samples ... 79

also implemented for evaluating the contrast or sharpness of a color final fused
image.

Minimum experimental conditions are required to acquire the digital im-
ages. Each fused image is obtained from a z — stack of multi-focus images
which are acquired at the same amplification and the same NA. If the magni-
fication is constant in a specific image fusion using the MGC method then the
overall fused image does not present artifacts. Additionaly, when illumination
does not change along a z — stack acquisition the fused image results do not
present false color. The typical way to get constant illumination in the micro-
scope is by means of a kholer illumination system.

One of the important advantage of the proposed fusion method is that, it
works for different amplifications of the samples. Practically, good results are
obtained for all cases under study.

As preprocessing, we have used four different filters such as Frein-Chen,
Kirsch, Sobel and Prewitt over the input images. The interest of taking into
account these operations is to enhance input images before the MGC planes op-
erator works. With this in mind, the MGC algorithm reach a better performance.

We can conclude that, MGC method preserves contrast of the input im-
ages, it does not generate visible artifacts in the fused image and it is easy-to-
implement.
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