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Abstract: The uneven illumination phenomenon caused by thin clouds will reduce the
quality of remote sensing images, and bring adverse effects to the image interpretation. To
remove the effect of thin clouds on images, an uneven illumination correction can be applied.
In this paper, an effective uneven illumination correction algorithm is proposed to remove
the effect of thin clouds and to restore the ground information of the optical remote sensing
image. The imaging model of remote sensing images covered by thin clouds is analyzed.
Due to the transmission attenuation, reflection, and scattering, the thin cloud cover usually
increases region brightness and reduces saturation and contrast of the image. As a result, a
wavelet domain enhancement is performed for the image in Hue-Saturation-Value (HSV)
color space. We use images with thin clouds in Wuhan area captured by QuickBird and
ZiYuan-3 (ZY-3) satellites for experiments. Three traditional uneven illumination correction
algorithms, i.e., multi-scale Retinex (MSR) algorithm, homomorphic filtering (HF)-based
algorithm, and wavelet transform-based MASK (WT-MASK) algorithm are performed for
comparison. Five indicators, i.e., mean value, standard deviation, information entropy,
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average gradient, and hue deviation index (HDI) are used to analyze the effect of the algorithms.
The experimental results show that the proposed algorithm can effectively eliminate the
influences of thin clouds and restore the real color of ground objects under thin clouds.

Keywords: HSV transform; wavelet analysis; remote sensing images; uneven illumination;
thin clouds

1. Introduction

Due to illumination conditions and other factors (such as cloud cover, large shadow, etc.) during the
acquisition process, an optical remote sensing image may not have the same luminance. Meanwhile, the
atmospheric impact will affect the quality of remote sensing products, such as vegetation index map,
land cover map, and other thematic maps [1,2]. In order to eliminate the atmospheric impact, it is
important to perform the atmospheric correction. For optical remote sensing images, the uneven
illumination phenomenon caused by thin clouds is one of the atmospheric impacts. Applications of
massive amounts of optical remote sensing images are suffering from thin clouds. Therefore, it is important
to eliminate the influence and improve the applicability and usability of optical remote sensing images
affected by thin clouds. In order to eliminate the uneven illumination effect, it is necessary to perform the
uneven illumination correction for optical remote sensing images [3].

Recently, there are many uneven illumination image correction algorithms proposed to meet the
requirement of high-quality remote sensing images, such as model-based methods and image-based
methods. The model-based methods are absolute atmospheric correction methods, which can eliminate
the atmospheric attenuation if the knowledge of the sensor profile and the atmospheric properties are
available and accurate [4]. However, the atmospheric properties are usually difficult to acquire, and the
model-based methods cannot eliminate the locally-concentrated thin clouds well [5,6]. The image-based
methods are independent of the model, and perform the color correction for single optical remote sensing
images. Nowadays, the image-based methods are widely used to solve the uneven illumination
phenomenon. These image-based methods can be divided into three categories: methods based on
Retinex theory, methods based on homomorphic filtering (HF) and methods based on MASK.

The Retinex theory is a theory about color constancy represented by a model of the lightness and
color perception of human vision. The Retinex theory was proposed by Land and McCann in 1971 [7],
and was discussed in more detail in 1997 [8]. After that, the Retinex theory was applied into the field of
image processing. Jobson proposed Single-scale Retinex (SSR) [9] for digital imaging processing, and
then proposed multi-scale Retinex (MSR) [10] to eliminate the halos in SSR. Now the Retinex theory
has become a hot topic in the image enhancement field [11-15], and been used for uneven illumination
correction [16]. The core of Retinex theory is that the amount of visible light perceived by eyes depends
on the product of reflectance and illumination [7]. The methods based on Retinex theory successfully
eliminate uneven illumination, however, these methods change the real hue of ground objects in remote
sensing images [16].

Based on the assumption that the low spatial frequency component is dominated by haze [17], the
homomorphic filtering-based methods were adopted to suppress the low frequency information, so as to
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remove thin clouds in remote sensing images [5,18]. However, the homomorphic filtering may degrade
the image quality because of the Gaussian filtering process [19].

Some researchers proposed methods to eliminate the uneven illumination phenomenon inspired by
the MASK technique, which is a traditional optical image printing technology [20]. In the MASK
algorithm, an uneven illumination image can be described by the sum of the background image and the
uniform illumination image [21]. Thus, the uneven illumination phenomenon of the image can be
removed by subtracting the background image from the original image. The critical step of these methods
is how to obtain the background images. Wang et al. [20] and Yuan et al. [21] obtained the background
image by Fast Fourier Transform (FFT). Zhang et al. [22] used wavelet transform instead of Fourier
Transform, and proposed a modified MASK algorithm based on Wavelet Transform (WT-MASK). Due to
the background subtraction, the processed image may lose information of background objects.

In this paper, we propose an uneven illumination correction algorithm based on HSV color space
transform and wavelet domain enhancement. We use two optical remote sensing images captured by
different satellites for experiments, and three state-of-the-art algorithms are tested for comparison. The
proposed algorithm can remove the thin clouds and eliminate the uneven illumination phenomenon. The
image quality is improved and the real color of ground objects is restored.

2. Imaging Model of Remote Sensing Images Covered by Thin Clouds

While thin clouds appear in dry seasons, the imaging model of remote sensing images covered by
thin clouds are illustrated as Figure 1. An image captured by sensors could be referred to part of the
sunlight reflected by thin clouds and part of the sunlight penetrating thin clouds but reflected by the
surface. The imaging process of remote sensing images is shown in the following equation:

S(x,y)=a-L-r(xy)-t*(x,y) +a-L-L-t(x,y)) 1)

where S(x,y) is the image captured by the sensor. r(x,y) denotes the surface reflectivity. t(x,y) represents
the cloudy transmissivity. L denotes the sunlight intensity, and a denotes the beam attenuation coefficient.

Figure 1. Imaging model of remote sensing images covered by thin clouds.
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After analyzing the above process, we can conclude several influences on imaging of remote sensing
images covered by thin clouds.

(a) The transmission attenuation of the imaging light by thin clouds. This type of light refers to the
effective imaging, but the cloud reduces the contrast of the ground objects.

(b) The reflection and scattering of the non-imaging light by thin clouds. This type of the light
increases the brightness but decreases the saturation.

(c) The scattering of the imaging light by thin clouds. This type of light causes blur of ground objects
and decrease in contrast.

All of these three aspects finally lead to increases in brightness of areas covered by thin clouds, but
decreases in saturation and contrast. In this paper, we aim to reduce brightness of areas covered by thin
clouds, and raise saturation and image contrast, according to these characteristics.

3. Image Uneven Illumination Correction Principle
3.1. Improved HSV Color Space Transform

The areas covered by thin clouds show no distinct feature in Red-Green-Blue (RGB) color space. In
order to use the characteristics such as high brightness, low saturation and contrast [23], the uneven
illumination correction processing is performed in HSV color space. HSV color space is based on a
mechanism of human visual model, which uses hue, saturation, and value for color representation.

Various color space models can be obtained under different coordinate systems, i.e., sphere model,
cylindrical model, hexcone model, cone model, double-cone model, etc. [24-26]. In this paper, we adopt
the HSV cone model. The axial direction of the cone model indicates the value component. The vertical axis
indicates color from white to black. The radial direction of any horizontal circle section indicates the
saturation component. The circumference’s angle of the circle section indicates the hue component.

The transform equations from RGB color space to HSV color space are as follows [27]:

BL B<G
~1360°-0 B>G
max— min
S=—"— (2)
max
V = max

~[R-G)+(R-B)]

where 0 =arccos{ }, max = max[R, G, B], min=min[R, G, B].

J(R-G)? +(R-G)(G-B)

Hue is one of the most important features in remote sensing images, which indicates color relative to
the wavelength of light. With thin clouds, the effects of Mie scattering to the hue of ground objects are
negligible, we regards the hue in the image isn’t affected. As a result, improved inverse transform
equations from HSV color space to RGB color space are proposed to make the hue invariant. As the
equations do not include the hue component, we improve the HSV inverse transform from non-linear
transform to linear transform. The equations without parameter H can reduce the running time and
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improve the algorithm efficiency. It is worth mentioning that the improved inverse transform equations
can also be applied to the hexcone model and the double-cone model.

Suppose the HSV color P(H,S,V) of a pixel P(R,G,B) becomes P’(H’,S’,V°) after uneven illumination
correction processing, we can calculate the pixel’s color P’(R’,G’,B") in RGB color space as follows:

R'=LR
Y
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3.2. Uneven Illumination Correction Algorithm Based on Wavelet Domain Enhancement

The MASK algorithm obtains the background image by Gaussian low-pass filtering, and the images
are transformed from spatial domain to frequency domain by Fourier transform. The applications of
Fourier transform are limited because Fourier transform cannot extract both spatial and frequency
information. Wavelet analysis has the advantages of multi-resolution analysis, and can express the local
characteristics of signal in both the spatial and frequency domains [28,29].

An image can be viewed as a two dimensional matrix. Suppose the image size is N X N(N = 2").
Two dimensional wavelet transform decomposes the image into four sub-blocks, including image
approximation coefficients (LL), the horizontal detail coefficients (LH), vertical detail coefficients (HL),
and diagonal detail coefficients (HH). Further decomposing the LL sub-block image with two
dimensional wavelet transform, four sub-blocks are constructed until it reaches a satisfactory level.
Figure 2 shows the coefficient distribution of an image using two-level wavelet transform.

Approximation coefficients in the wavelet domain contain the background information of the image
(low frequency information), and detail coefficients at different levels contain the detail information of
the image at different scales (high frequency information). For remote sensing images covered by thin
clouds, the effects of thin clouds are reflected in the background information while ground objects are
reflected in the details. Wavelet analysis has the characteristics of multi-scale and multi-resolution,
which can effectively separate the low and high frequency information of the image. According to the
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characteristics of images covered by thin clouds, the value and saturation components of the image in
HSV color space are enhanced in wavelet domain differently.

LL2HL:
LL: HL: HL:
LH2HH:>

LH: HH: LH: HH:

(@) (b) (©)

Figure 2. Schematic of wavelet transform. (a) Original image; (b) one-level wavelet
transform; and (c) two-level wavelet transform.

As described in Section 2, the thin clouds cover in dry seasons increases region brightness, reduces
saturation and contrast in remote sensing images, because of the transmission attenuation, reflection, and
scattering by thin clouds. The algorithm enhances high frequency components, maintains sub-high
frequency components and suppress low frequency components after wavelet transform. The thin cloud
cover in remote sensing images is reflected in the low frequency component, and has characteristics such
as low saturation and high brightness. Therefore, the proposed algorithm for the saturation component
and the value component are processed in different ways.

The approximation coefficient Cs(m,n) for saturation component after wavelet transform is
processed as follows:

c _|mean[C,], C,(m,n)<mean[C]
s (M )_{Cs(m,n), C.(m,n) >mean[C,] 4)

where C'(m,n)denotes the processed approximation coefficient, and mean[Cs] denotes the mean
value of the approximate coefficient.

The approximation coefficient ¢,’'(m,n) for value component after wavelet transform is processed
as follows:

c, (m.n) :{ C,(m,n), C,(m,n)<mean[C,]

mean[C,], C,(m,n)=>mean[C,] ©)

where C,'(m,n) denotes the processed approximation coefficient, and mean[C,] denotes the mean
value of the approximate coefficient.
For the high frequency components, a linear enhancement is performed as follows:

fi(x y) =kx(f(x,y)—p)+un (6)

where f(x,y) and f'(x,y) denotes the high frequency coefficient before and after the enhancement,
and u denotes the mean value of the coefficient, and k denotes the enhancement coefficient.

The detailed uneven illumination correction algorithm is listed as follows. First, the input remote
sensing image is transformed from RGB color space to HSV color space. Second, the saturation and
value components are decomposed by wavelet transform. Third, the wavelet domain enhancement is
performed. Different frequency components are handled correspondingly based on Equations (4)—(6).
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Last, the inverse wavelet transform is applied and the improved HSV inverse transform is performed
based on Equation (3). In summary, the flow chart of the uneven illumination correction algorithm based
on HSV transform and wavelet domain enhancement is shown in Figure 3. The algorithm flow chart of
wavelet domain enhancement is shown in Figure 4.
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Figure 3. Flow chart of the proposed algorithm.
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Figure 4. Flow chart of wavelet domain enhancement.
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4. Experimental Results and Analysis
4.1. Experiments and Effects Evaluation

In order to test the proposed algorithm, two high resolution remote sensing images covered by thin
clouds are chosen for experiments.

In the experiment I, a QuickBird satellite image with the size of 1024 <1024 pixels is shown in Figure 5a,
which was captured above the metropolitan area of Wuhan in 2006. There are obvious influences of thin
clouds in the experimental image. The Daubechies-8 wavelet basis functions are utilized to conduct
wavelet decomposition for the value component and the saturation component. Then the enhancement
process is performed for the detail coefficients in the 1-6 level. In order to get the best clarity, we use
the enhancement coefficient k = 2.0 and the result of the uneven illumination correction process is shown
in Figure 5e. The appropriate enhancement coefficient is obtained through experiments, to make the
details of ground objects clear enough and the experimental results satisfactory. For comparative
analysis, three state-of-the-art uneven illumination correction algorithms, i.e., multi-scale Retinex
algorithm in paper [10], homomorphic filtering-based algorithm in paper [18], and WT-MASK
algorithm in paper [22] were tested. Their results are listed in Figure 5b—d, respectively. Enlarged
sub-scenes of the results are shown in Figure 6, where the enlarged regions circled by the red rectangle
in Figure 6a enhanced by different algorithms are listed in Figure 6b—e.

In the experiment I, a ZY-3 image with the size of 5000 <5000 pixels from a Chinese high-resolution
imaging satellite is shown in Figure 7a, which was also taken from Wuhan area in 2012. First, the
Daubechies-8 wavelet basis functions are utilized to conduct wavelet decomposition for the value
component and the saturation component. Then the detail coefficients in the 1-6 level are enhanced with
the enhancement coefficient k = 2.0. Our proposed method achieves the uneven illumination correction
result shown in Figure 7e. Figure 7b—d is the results of algorithms described in paper [10], paper [18],
and paper [22], respectively.

After analyzing the experiment I and I1, visible differences can be found between the original images
and the proposed algorithm’s results. The remote sensing images processed by the proposed algorithm are
greatly improved with even illumination, saturated color, distinct ground objects, and better visual
impression. The influences of thin clouds in the two experiments have been removed to a great extent. In
experiment 1, the WT-MASK algorithm shows a bleached result in general, while the homomorphic
filtering-based algorithm produces a grey image. In experiment Il, the homomorphic filtering-based
algorithm and WT-MASK algorithm make the result image dark and blurred. The explanation is that the
homomorphic filtering and the background subtraction method in WT-MASK algorithm result in the loss
of background information. In the two experiments, the ground objects including bare land, vegetation,
waters, and buildings are changed from their original color characteristics by the MSR algorithm. The
color distortion of ground objects may bring adverse effects to the image interpretation. Figure 6 shows
the results of an enlarged sub-scene in experiment I. From the enlarged region circled by the red rectangle
in Figure 6a, we can see the colors of the bare land in the region are changed from earthy yellow to grey
by the MSR algorithm. The results by the MSR algorithm may confuse the interpreters between bare land
and concrete surfaces. The proposed algorithm can retain color characteristics for background objects, and
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will not generate color distortion. Compared with the traditional algorithms, the proposed algorithm can get
better results in enhancing the clarity of ground objects, like man-made buildings.
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Figure 5. Uneven illumination correction performance of experiment 1. (a) Original image;
(b) MSR algorithm; (c) HF-based algorithm; (d) WT-MASK algorithm; and (e) the
proposed algorithm.
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Figure 7. Uneven illumination correction performance of experiment Il. (a) Original image;

(b) MSR algorithm; (c) HF-based algorithm; (d) WT-MASK algorithm; and (e) the
proposed algorithm.

4.2. Quantitative Analysis

Five indicators are selected to quantitatively evaluate the effects of four different uneven illumination
correction algorithms. The five indexes are mean value, standard deviation, information entropy, average
gradient, and hue deviation index, respectively [30,31]. In the following equations, M and N denote the row
number and column number, and f(x,y) denotes the number of pixel located in the i row and yt column.

(a) Mean value represents the average brightness of all pixels in the whole image:
1 M N
mean = ———— f(x,
NN 22 T OY) U

(b) Standard deviation represents the deviation extent of all pixels in the whole image, and reflects

the whole contrast of the entire image. The higher standard deviation an image has, the more
contrast information is highlighted:

1 & 2
std :\/WZZU(X, y) —mean] (8)

x=1 y=1
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(c) Information entropy stands for the richness of the information of an image. The higher
information entropy an image contains, the richer information it conveys. If the pixel value of the
image ranges from 0 to 255, the information entropy is calculated as follows:

255
H =2 Rxlog, R 9)

where Pi denotes the probability of digital number i.
(d) Average gradient represents the differences between neighbor pixels, and reflects the contrast of
image details. The higher average gradient an image has, the more contrast of image details you
will see and the more ground objects are highlighted:

_;M—lN—l [f(x+1y)- f(X y)]2+[f(x,y+1)—f(X,Y)]2
30 = DN D) 2 2 o

(e) Hue deviation index (HDI) denotes the variations of hue between an original image and the
processed image. A lower hue deviation index represents the smaller hue variations. HDI less
than 1% means that the uneven illumination correction process can keep the hue very well, and
the processed images do not have color distortions:

M N

D> minflHop (%, ¥) ~ Hee (6 V)] 1= [Hor (%, ¥) = He ()]

HDI = =2 TN x100%
X

(11)

where Hori(X,y) and Hre(x,y) denote the hues of the pixel located in the Xt row and yw column in the
original image and the processed image, respectively.

The comparative results of the four different uneven illumination correction algorithms for the
experimental images are listed in Tables 1 and 2, respectively. According to the statistics in the two
tables, the average brightness of the image processed by the proposed algorithm is reduced, due to the
removal of thin clouds.

In terms of the information entropy, the MSR algorithm is slightly better than the proposed algorithm
in experiment 11, while the proposed algorithm is optimal in experiment I. The background subtraction
method in WT-MASK and the homomorphic filtering result in the loss of background information.
However, the proposed wavelet domain enhancement algorithm enriches the information of details,
which facilitates the process of visual interpretation.

In terms of standard deviation and average gradient, the proposed algorithm and the MSR algorithm
give arelatively improvement over the original image, while the standard deviation and average gradient
of the other two algorithms decreases to some extent separately. This suggests that the proposed
algorithm can provide rich details and clear images.

As stated in Section 3.1, hue is constant during processing. It is known from the comparison that the
proposed algorithm and the homomorphic filtering-based algorithm have obvious advantages in keeping
the hue. The MSR algorithm has the highest HDI in two experiments, which means the MSR algorithm
may result in color distortion of ground objects. The proposed algorithm can effectively restore the real
color under thin clouds.
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Table 1. Quantitative results of experiment I.

The
. Original MSR HF-based WT-MASK
Indicator Channel . i . Proposed
Image Algorithm  Algorithm  Algorithm )
Algorithm
R 140.92 103.23 114.63 109.90 113.63
Mean value G 152.00 103.85 123.30 123.09 123.19
B 161.97 104.73 130.64 134.17 131.31
R 39.12 59.26 25.77 35.16 56.60
Standard
. G 38.10 55.24 20.46 30.08 51.08
deviation
B 43.19 50.53 20.46 28.94 50.75
. R 731 7.54 6.68 7.15 7.72
Information
G 7.25 7.55 6.34 6.91 7.61
entropy
B 7.38 7.50 6.37 6.86 7.59
R 7.17 16.10 5.89 8.34 14.34
Average
. G 6.72 16.63 5.51 7.82 13.95
gradient
B 6.68 15.47 5.48 7.77 14.04
HDI - - 17.89 0.29 7.47 0.34
Table 2. Quantitative results of experiment I1.
- The
. Original MSR HF-based WT-MASK
Indicator Channel i . . Proposed
Image Algorithm  Algorithm  Algorithm ]
Algorithm
R 85.63 104.31 49.05 77.63 73.78
Mean value G 95.83 106.27 54.67 83.39 82.39
B 101.96 106.38 57.18 84.32 86.90
R 28.72 46.74 13.17 20.34 33.95
Standard
. G 29.14 38.17 11.23 17.41 31.97
deviation
B 35.27 36.95 11.60 17.33 34.01
. R 6.82 7.45 5.54 6.27 6.97
Information
G 6.89 7.18 5.39 6.06 6.95
entropy
B 7.17 7.1 5.42 6.03 7.05
R 5.77 16.67 3.68 5.89 10.97
Average
. G 5.59 15.20 3.59 5.71 10.88
gradient
B 5.61 14.96 3.60 5.74 11.04
HDI - -- 16.82 0.55 11.94 0.43

In our experiments, the proposed algorithm and the MSR algorithm both gave a great improvement
over the original images in entropy, standard deviation, and average gradient, which means the two
algorithms can enrich the image information, highlight the details of ground objects, and improve the
image quality. However, the hue invariance is also very important in the uneven illumination correction
process, and remote sensing images with color distortion may seriously affect the image interpretation.
In our experiments, the MSR algorithm gave the highest HDI, i.e., the most serious color distortion. It
can be seen from the experimental images that the MSR algorithm’s results changed the color
characteristics of the whole image the most, which may bring adverse effects to the image interpretation.
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The HDI of the proposed algorithm and the homomorphic filtering-based algorithm is less than 1%,
which means that the algorithms can keep the hue very well and will not generate any color distortion.

5. Conclusions

In this paper, we studied the HSV color space model and wavelet analysis theory, and proposed a
remote sensing image uneven illumination correction algorithm, to correct the uneven illumination
phenomenon affected by thin clouds. By analyzing the influences of thin clouds using the imaging model
of remote sensing images covered by thin clouds, the proposed algorithm can effectively correct the
uneven illumination phenomenon.

We used two different satellite images for experiments, three state-of-the-art algorithms for
comparison, and five indicators for evaluation. In the first QuickBird image experiment, the proposed
algorithm increased the standard deviation by 32.09% from the original image (the average of RGB
channels, similarly hereafter), and increased the average gradient by 105.92%. In the second ZY-3 image
experiment, the proposed algorithm increased the standard deviation by 8.12%, and increased the
average gradient by 93.85%. These experimental results indicate that the proposed algorithm can
eliminate the influences of thin clouds effectively, and improve the quality of the whole image. In terms
of the standard deviation and the average gradient, the proposed algorithm has better performances than
the HF-based algorithm and WT-MASK algorithm, while the MSR algorithm performs best. In terms of
the information entropy, the proposed algorithm has an improvement of 4.47% in experiment | and
0.47% in experiment I1. The proposed algorithm and the MSR algorithm both increased the information
entropy. The proposed algorithm performs best in experiment I, while the MSR algorithm performs best
in experiment 1. The results indicate that the proposed algorithm can enrich the information of details,
which facilitates the following process of visual interpretation. In terms of the HDI, the proposed
algorithm has a HDI less than 1% in the two experiments, as well as the HF-based algorithm, which
means the proposed algorithm can keep the hue very well, and does not produce color distortions in the
processed images.

In general, the proposed algorithm for the uneven illumination correction can effectively eliminate
the influences of thin clouds, and restore the real color of ground objects under thin clouds. However,
the MSR algorithm can provide more local contrast of the image and highlight the image details better.
In our future work, we will study on the enhancement of the image details to provide clearer ground
objects under thin clouds.
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