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Abstract. This research suggests an image enhancement method based on multi algorithm fusion.
The illumination component and reflection component are obtained by morphological closure. On
the one hand, multiple inputs of the estimated illumination and the corresponding weights are fused
by multi-scale fusion technology. On the other hand, space conversion technology is used. Two
adjusted images are obtained based on multi-scale Gaussian filter and adaptive brightness
enhancement algorithm. Then details are extracted from these two images through PCA fusion
strategy. The reflection component is improved significantly after above operations. Finally, combine
the illumination and reflection components. Compared with the classical algorithm, our method can
simultaneously achieve brightness improvement, naturalness maintenance and contrast enhancement.
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1. Introduction

Nowadays, improving the image in low light has emerged as one of the hot topics in the world of
machine vision research [1]. In this paper, we propose a fusion based method to enhance the low light
images without multiple images of the same scene [2-4].

1.1. Related work

The current image enhancement algorithms mainly include: histogram-based method [5-14],
Retinex-based method [15-19] and filtering-based method [20-26].

Traditional histogram-based methods include HE [6] and CLAHE [7]. Among them, HE algorithm
can enrich image details by evenly extending the image histogram on the whole gray level. However,
in the process of histogram balancing, it will lead to local image over enhancement and detail loss
[12].

In the 1970s, Retinex theory was initially developed by an American physicist named Edwin Land
[27]. With the emergence of Retinex theory, Retinex-based algorithms also appear. The first Retinex-
based algorithm is a random path algorithm proposed by Land et al [28,29]. Based on Land's
Mondrian global model, Retinex algorithm based on Poisson equation was also proposed successively
[30,31]. McCann algorithm [32] is a Retinex algorithm based on multiple iteration strategy.
Subsequently, Funt proposed the McCann99 algorithm and used the Gaussian pyramid model for
layer by layer iteration [33]. At present, Retinex algorithm which is widely accepted by the public is
based on the algorithm of center surround mode. Common algorithms of center surround mode
include SSR algorithm and MSR algorithm [17]. In recent years, Retinex algorithm based on variable
frame estimated brightness image by iterative solution of variable frame equation, then enhanced it
by subtracting brightness image from original image, achieving good enhancement effect [13,19].
The image enhancement algorithm based on Retinex theory has obvious shortcomings. In places with
strong contrast between light and shade, the halo phenomenon will directly affect the image quality.
In addition, the large amount of computation is also a problem to be solved.

Filtering-based method is the last traditional method. One of the most representative algorithms is
unsharp masking algorithm (GUM) [21]. In addition, automatic exposure correction on the image
area [22], combination of illumination from natural light images and details from flash images [23]
are also image filtering based methods.
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1.2. Method Overview

Our proposed method has a relatively good enhancement effect for very weak illumination
conditions. And the main idea of it is outlined below.

First, the method separates the light component from the reflection component. According to “the
dark channel prior” [34], the brightness variance is obtained by calculating the greatest value among
the three-color channels. And the illumination is calculated after morphological closure operation and
guided filter function refinement. The reflection component is obtained based on Retinex theory [35].
This step can calculate and estimate the illumination and reflection component effectively in fewer
computation steps, reducing the time complexity.

Secondly, in order to combine the advantages of different image enhancement algorithms, two
new inputs are derived to improve the global brightness and local contrast respectively.
Corresponding weights are designed for each input. They are exposure weight, color contrast weight
and fusion weight. After that, the multi-scale pyramid technique is introduced to integrate the input
and corresponding weights to obtain the adjusted illumination components.

Thirdly, in order to enhance the reflection component, space conversion technology is used and
then extract the V component. In order to combine the advantages of filtering-based method, a multi-
scale Gaussian filter is constructed to obtain coarse layer image and detail layer image. After that a
simple linear combination method is used to integrate coarse layer image and detail layer image. And
then two images are obtained by adjusting the parameter of the adaptive image enhancement function
with the fused image as a correction factor. Finally, the image was fused by PCA algorithm, and the
adjusted reflection component was obtained after space conversion.

Finally, the light and reflection components are fused.

Next, in the Section 2, the algorithm developed in this paper is fully described. In the Section 3,
the performance of this method is tested from quantitative and qualitative perspectives. In the section
4, we will sum up the algorithm and draw conclusions.

2. Proposed fusion-based algorithm

The algorithm is divided into the following four steps, which correspond to the following four
sections (1) Estimation of illumination component and reflection component, (2) Enhancement of
illumination component, (3) Enhancement of reflection component, (4) fusion. Figure 1 depicts the
algorithm process:
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Figure 1. The algorithm enhances the image based on multi algorithm fusion.
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2.1. Step 1: Estimation of illumination component and reflection component

The algorithm for illumination estimation is designed as follows. First, calculate the local
minimum values of the three-color channels by analogy with the dark channel prior [37], The
brightness variance | is obtained by the following formula:

1 (X, y) =max Pe(x,y) (1)

ce[R,G,B]

As the illumination image is locally smooth, it is necessary to use some operations to refine it.
Morphological closing operation is selected to smooth the input finally — firstly the image dilation
operation is performed and then the image etching operation. The morphological closure expression
is as follows:

_1+0 2
Q_255 @

O represents morphological closing operation, @ represents the closing operation. The formula
converts the operation range to [0,1] by dividing by 255. After a large number of experiments and
comparison, the disk structure element is used and the radius is specified as 7, so that the maximum
gap in the image can be filled to get the best experimental results [36].

After smoothing, the estimated illumination image is further refined by guided filter function. The
mathematical formula of the filter is as follows:

Q=2W,mQ 3)

In the formula, i and j are the pixel index, and W is the filter kernel only related to the guide image
v. The guided filter kernel function can be given by the following formula:

V=g )\V.— % 4
W= 3 {H(ik)(Jk)J 4)

i ‘a)‘ k(i Deo, gk +&

o 18 the window whose center is pixel k, the window’s pixel count is @, the mean and variance
k
of v are denoted by ?, and 0 The guide image v obtained in this paper is the V layer.

Based on the Retinex theory [38], the reflection component can be obtained by using the following
formula:

P(x,y) = 1(x, Y)R(x,Y) )
P is the input low- light image, R is the reflection component, and L is the illumination component.

2.2. step 2: Enhancement of illumination component

2.2.1. Input and corresponding weight calculation

At this time, the estimated illumination image quality is still very poor. On the one hand, the low-
light areas lack the brightness improvement; On the other hand, the contrast degrades near the
underexposed area. In this paper, three initial images are obtained by different processing of images.

The V channel of the initial estimated illumination image, which holds the fundamental makeup
of the original image, serves as the initial input image.

The next input can effectively improve the global brightness:

Q,(x) :Earctan(/iQ(x, y)) (6)
T
A changes with the brightness of different images. After research, we set the value as:

1-
A=104 o )

mean
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Q represents the estimated illumination @ ’s average value. It can be seen from the formula that

mean

A and @ areinversely proportional. The higher 2, the greater the enhancement.

The third input is calculated by CLAHE [7]. At the cost of reducing the overall brightness, the
noise is suppressed effectively.

Next, to improve the suitability of the output for visual perception, the three initial images obtained
in the above steps are fused, and the corresponding weights of each image are designed as follows.

The exposure weight represents the exposure level of the image. “Neither an overexposed nor an
underexposed image should be acceptable.” Based on the above conclusion, we design the following
weight coefficient:

(" (x y>ﬂ)2] (®)

Wka (x, y)—exp[— 25

Kis the index of the inputs, . isthe mean value, o is the standard deviation. The article assumes
1 =05, 0=0.25.

The second weight is the color contrast weight, which is calculated according to the chroma
filtering formula [37].

w_, (xy)=Q (x, y)(1+ cos(BH (X, y)+7)S(x, y)) )

The paper sets # =2 and 7 = 250", which has the highest contrast and the best experimental results.
the fusion weight is calculated and normalized according to the first and second weights:

Wk(x, y):Wka(x, y)WCVk(x, y) (10)
_ B Wk(x, y) (11)
W (xy) = Zwk (x,y)

k

Figure 2 shows the three inputs and their respective weights. The area with the required high
contrast is given a significant amount of weight in the paper.

Toput Weiglus 7 Weights 7 Weights ﬁ?
B CcA ¢ &

W W
Figure 2. the exposure weight 8% | the color contrast weight ~ ©* and the fusion weight & .
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2.2.2. Multiscale fusion

This paper chooses to use multiscale pyramid technology [38] instead of simple fusion. Each
source input is disserted into Laplace pyramid, and the normalized weight map is disserted into
Gaussian pyramid. Assuming that Gaussian and Laplace pyramid have the same number of layers,
the fusion weight is equal to:

F°(x,y):zk:G°{VW(x,y)} L°{Q"(x,y)} (12)

Where c represents the number of pyramid levels and 0<c<N. In practice, N depends on the size
of the image. L{Q“} represents the Laplace pyramid formed by input decomposition and G{w)

represents the weight mapping of Gaussian pyramid. Compared with the sharp change of weight map
in simple fusion, this method mixes image features rather than image intensity. So it will not produce
obvious seams [34] and can get a better fusion result of estimated illumination image.

| (5)= 22U, (F, (x) (13)

u, is the up-sampling operator, whered = 2°*.

2.3. step 3: Enhancement of reflection component

Inspired by the adaptive image enhancement algorithm, the paper adjusts the parameters
adaptively of the enhancement function.
2.3.1. coefficient: Space conversion

Research shows that converting RGB images to HSV images for processing can effectively
prevent color distortion. Here is the mathematical expression of space conversion:

V =max(R,G,B)
min(R,G, B)

s-1-MRG.B) (14)

\%
Oxie_B
V -min(R,G,B)
60x(B—R)
V -min(R,G,B)
60x(R-G)
V -min(R,G,B)

if V=R
H=<120+ if V=G

240+ if V=B

Where, R, G and B are the red, blue and green channels in RGB color space; H, S and V represent
hue, saturation and brightness space respectively.
2.3.2. VV component enhancement

Here, we use the Gaussian function to compress the dynamic range of the original image and
accurately extract the illumination component. To take into account the compression of dynamic
range and color high fidelity at the same time, a group of multi-scale Gaussian filters are constructed
in Gaussian scale space:

N
R, () =220[R (x¥)*G (xy)] (15)
- i=1
The scaling parameters are represented by the integer N, Rbey) is the input image, R0

the estimated illumination component, G(xy) represents the Gaussian function with the ith scaling
parameter and ¢ stands for the weight of the Gaussian function with the ith scaling parameter.

Through experiments, the high, medium and low scale parameters are selected as 250, 80 and 15
respectively. And the correlation weight of Gaussian function composed of each scale parameter is
set as 1/3. Figure 3 displays the Gaussian components extracted by the three-scale Gaussian function.
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Figure 3. Extractions of the illumination component at different scales.

2.3.3. Adaptive brightness enhancement

An adaptive approach of illumination correction is proposed in this research. When the area has
strong illumination and belongs to high brightness area, the adaptive brightness correction function
plays a role in suppressing brightness; When the image brightness is low and the illumination
component is lower than the brightness value of the region, the function plays the role of enhancing
the brightness. The derivation process of adaptive brightness correction function is as follows:

It can be deduced from Weber-Fisher law that there is a logarithmic relationship between
subjective brightness and objective brightness, namely:

R’ =BIg(R )+ 5, (16)

Where z and p, are both constants.

To simplify the calculation, the following function is used to replace the above curve:

R - R(255+K) (17)
v Rv+k

In the formula, k is the correction coefficient. The amount of image enhancement increases with
decreasing value. To limit image enhancement, use the following formula:

R (255+K) (18)
» " max(R R Dk

R is the V component, g s the estimated illumination component, g’ is the enhanced image.

v_g

Through experiments, the adjustment coefficient k is obtained from the following formula:
k=77><S=77><v%ZV:I:Si (19)

n is the weight coefficient, w is the total number of image pixels, s isthe S component of the
reflection component. After the operations above, the image contrast and brightness have been
significantly improved. The paper let n, =01 and n, =1

2.3.4. Image fusion technology based on PCA
The following formula is the weighted fusion algorithm:
F-Sos (20)

F is the fused image, s is the original image, » is the weight coefficient. PCA is used to
determine the value of the weight coefficient.
PCA algorithm flow is as follows:

Assume that there are N original images in total, take each original image as an N-dimensional
vector, and record itas, , k=12..,N.
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(1) Construct data matrix from original image.

X=[x1,x ..... XN:| (21)

1 1j N
: : (22)

c=| o’ o’ o’

i1 ij N

. ;

O-Nl GNj O-NN

Where 2 is the variance of X.
ij

221N ) x =% (23)

% " ;(Xhl - xi)(x” _Xi)

Where, y is the typical value of the ith vector.

(3) Calculate the eigenvalues 4 and the corresponding eigenvectors: of the covariance matrix
C. Then, calculate the eigenvalue; and the corresponding eigenvector¢ (i=12,..-,m) according to the

eigenvalue equation |, _¢|_o-
(4) Determine the weighting factor,

a (24)
2
(5) Identify the fused output F
F= ia}isi (25)

Here, N=2 and the 7; value of the images used for fusion is 0.1 and 1 respectively. The algorithm
flow is shown in Figure 4 when N=2.

Image S1

Principal Determine
» component > weight > fusion
e [ analysis coefficient
,,,,, I T e T
1 | in

Image S2
Figure 4. Image fusion based on principal component analysis
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2.3.5. Space conversion
Convert HSV images to RGB images.

2.4. step 4: fusion
The function is as follows [35]:

(xy)=1_ (xy)F(xy) (26)

enhanced

Where, I (%) and k(x, y) are the adjusted illumination and reflection components.

3. Experimental results and discussion

In this section, we highlight the experimental results to demonstrate the proposed fusion method’s
superior performance over existing approaches. In order to prove that our algorithm is effective, we
construct an experimental laptop-based platform (Intel corei7-10750H CPU). Matlab2020a is the
testing software.

3.1. Subjective visual evaluation

So as to compare the methods effectiveness, we examine an extensive amount of images in low
light and compare the proposed method with the other five methods. The five methods are: two
Retinex-based method SRLIE [16] and RBMA [15], a histogram-based method, CVC [11], and a
filtering-based method GUM [21].

We show four groups of images in figure 5 and each group of images includes the initial image
and five enhanced images. In addition, to make readers better distinguish the improvement effect of
each algorithm, this paper will enlarge and display the representative image area below each group
of images. In the results of the ‘Swimming pool” image in Figure 5, the images enhanced by CVC are
all unnatural and gray, and GUM does not achieve significant enhancement. In the results of the
‘Lighthouse’ image and the ‘woman’ image, CVC and GUM can not enhance brightness very well,
but the contrast has been improved. In the results of the ‘Green Plant’, the image enhanced by CVC
shows serious color deviation. Although the images enhanced by GUM keep natural, there are still
some dark areas which cannot be improved. After observation, we find that RBMA, SRLIE and the
proposed method effectively improves all of the images. But the image edges have a jagged shape
enhanced by RBMA. The brightness improvement of SRLIE enhanced images is not as obvious as
the proposed method. And SRLIE has a fatal problem of can not being able to enhance the large input
images.

In general, our method can enhance weak illumination images and uneven illumination images
better than other methods. It can simultaneously achieve brightness improvement, naturalness
maintenance and contrast enhancement.
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Figure 5. Visual comparison of images, from the top to bottom, shows the results of ‘Swimming
pool’ image, ‘Lighthouse’ image, ‘Green plant’ image and ‘Woman’.

3.2. Objective visual evaluation

In addition to qualitative analysis, so as to ensure the research is rigorous, the image quality
through algorithms should be evaluated. Here, we select two full reference IQA indicators to evaluate
the enhanced images, namely SSIM and MAE. The formulas of SSIM and MAE are listed below:

(277X77y + Cl)(2§xy + Cz)

SSIM(x,y) =

2 2 2 2
(n +, +¢)(0, +0 +C)

27)

Where, . and 77y are the mean value of image brightness, 5X and 5y are the standard deviation,

§Xy is the covariance, C1 and 02 always take a small normal number. Image quality is positively

correlated with SSIM index values.
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MAE == Yy, -] (28)
m P i i

Where, yi is the actual value and 'y is the predicted value. Image quality is inversely correlated

with MAE index value.
Table.1 shows the MAE and SSIM values of each image enhancement method. It can be seen that
the images quality enhanced by the proposed method is the best.

Table 1. The averages of MAE(M) and SSIM(S)

Image Original CVvC SRLIE GUM RBMA Proposed
M S M S M S M S M S M S
Average 0.47 028 031 0.26 0.12 024 0.34 0.29 0.14 0.19 0.08 0.37

4. Conclusion

This paper proposes a universal fusion framework, which can fuse various mature enhancement
methods mentioned in this paper, and maximize the image enhancement effect by combining the
advantages of each fusion algorithm. First, the initial input is decomposed into illumination
component and reflection component. Secondly, the paper applies multi-scale fusion strategy to
enhance the illumination component. Finally, the study constructs the adaptive enhancement function
and enhance reflection component through PCA algorithm. Through quantitative and qualitative
experiments, this method shows better performance than image enhancement algorithms such as MSR
and GUM.
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