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Abstract

To solve the problem of poor noise suppression capability and frequent loss of edge contour and detailed
information in current fusion methods, an infrared and visible light image fusion method based on variational
multiscale decomposition is proposed. Firstly, the fused images are separately processed through variational
multiscale decomposition to obtain texture components and structural components. The method of guided
filter is used to carry out the fusion of the texture components of the fused image. In the structural component
fusion, a method is proposed to measure the fused weights with phase consistency, sharpness, and brightness
comprehensive information. Finally, the texture components of the two images are fused. The structure
components are added to obtain the final fused image. The experimental results show that the proposed method
displays very good noise robustness, and it also helps realize better fusion quality.
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1. Introduction

Infrared sensors are important to the reflection of real scenes. The resulting images are featured by low
resolution and low signal-to-noise ratio. The details of the scene under certain conditions can be reflected
clearly using visible light sensor, and the imaging is susceptible to the natural conditions such as
illumination and weather [1].

Currently, infrared and visible light image fusion is based on various improved multi-scale analysis
methods. Meng et al. [2] proposed an infrared and visible image fusion based on object region detection
and the non-subsampled contourlet transform (NSCT), and by using the model that had proposed,
objects and be clarified and details and visual artifacts in the fused image can be preserved. Zhu et al. [3]
proposed an infrared and visible image fusion method based on an improved multi-scale top-hat
transform model; this model highlights the target of infrared images and preserves the details of visible
images, and its performance is better than certain conventional multi-scale transform image methods in
this respect. Liu et al. [4] proposed a multi-scale geometric analysis combined with image fusion method
in sparse representation (SR), and they obtained better results than that of solely SR or multi-scale

geometric analysis. Zhang et al. [5] proposed a multi-exposure image fusion algorithm based on time-
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domain median filtering. Although the traditional multi-scale method has certain noise robustness, the
performance will decrease linearly when the noise is serious. In general, the structural components of
infrared and visible light images mainly depict the basic contour structure of the image, and are most
susceptible to noise interference. If the fusion rule is capable of filtering and maintaining the edge of the
image, a clear structural fusion result can be obtained; and the texture components can reduce the effect
of noise on the fusion results on infrared and visible light images by discarding the texture components
on the smallest scale.

Based on this, this paper proposes an infrared and visible light image fusion method based on
variational multi-scale decomposition. After the infrared and visible light images are decomposed to
obtain structural components and texture components, the structural components are subject to fusion
processing by means of guided filtering; After the texture components on the minimum two-layer scales
are discarded, the phase-consistency, sharpness, and brightness synthesis information are adopted to
integrate the weights of the fusion weights for the fusion of texture components; finally, the structural
and textural component information are added together to obtain the fusion results. It can effectively
alleviate the influence of noise in the fusion process by adopting the methods, while maintaining a clear
edge contour structure, and excellent filtering effect is realized. The fusion method block diagram is

shown in Fig. 1.
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Fig. 1 .The block diagram of this paper.

2. Variational Multi-scale Decomposition

Variational multiscale decomposition is frequently adopted to recover real images from noise images.

It is an important research content in the domain of image processing research. It can be seen as a
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decomposition of the image f. f=u+v denotes that the former mainly represents the image structure
component, and the latter mainly represents the texture component of the image [6]. For the input

infrared light image f* with the initial scale A=0.0005, the following energy functional is defined:

E a0 )=
(£ 1) =angin®y | 22+ 2 = 1= 12|+ 52 (1)
[ri=]r

where \ denotes the initial decomposition scale. f,"denotes the structural component of the infrared
light image at the scale A, and /" denotes the texture component of the infrared light image at the scale
\. arginf(-) is the independent variable corresponding to the maximum likelihood function, f, is the
structural component of the input infrared light image, f." is the texture component of the input infrared

light image, and the residual of the image can be expressed as:

== rr= 1 )

According to the above rules, constantly decomposition is performed to establish a multi-scale
decomposition form, and obtain the structural components, texture components, and residual

components of the final infrared light image:
4 _ g4 4 4 4 4 4 4 4 4
VAREI SR S S S SE ) S S SR S S S N SR S (3)

Among them, m denotes the number of decomposition layers, f, and f are the structural
components and texture components of the m-layer decomposition of the visible light image, and f;" is
the residual difference component of the input infrared image after m-layer decomposition. Similarly, by

taking the above steps for the visible light image, the corresponding structural component £’ , texture

component f,” , and residual difference component f,” of the visible light image can be obtained:

Fo=fl+ f i+ i d S f I+ S S+ S (4)

By discarding the texture components at the lowest two scales, the effect of noise on the fused image is

reduced. The overall structural components £ and f,” of infrared and visible light images are

i :Z f;f and f7” :Z ff , respectively, and the overall texture components f,' and f” are
i=0

v
i=0

fl= Zf“ and f’= Zf"g , respectively.
i=2 i=2

3. Structural Component Fusion

Guided filtering refers to a filtering algorithm based on the local linear model. It was proposed by He

et al. [7] in 2013. It is a local multi-point filter and an effective boundary-preserving filter. Its main
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advantage including its function of maintaining the edge of the image while filtering, and the algorithm
complexity is linear and efficient. Therefore, the fusion rule is an ideal choice for the setting of the
structural components.

It is assumed that, in a window (2r+1)x(2r+1) of size w, the output O of the filter is always represented

as the linear transformation of the pilot image I:
Oi:ajli+b/,Viewj (5)

In the fusion process, the structural components on different scales are respectively fused to obtain the
fused structural components at different scales. f," and f,” are the structural components of infrared
and visible light images at a certain scale, and then f," and f,” are compared based on each pixel to

obtain weight maps wiand wx:

0,otherelse
W=, y B (6)
Lif £ > 1,
B 0, otherelse 7)
i AP

The structural component is obtained by through the calculation and the noise and the edges are not

uniform in this respect. Then, guided filtering is performed on the weighted graphs wiand ws, and f,’
and f,” are respectively acting as the infrared and visible guiding images to obtain new weighted graphs

miand ma:
m =G, (Wl aqu) (8)
m,=G,, (Wz’fuB) 9

And the filter core is expressed as:

G 1 3 {HMGJ_“'Cq (10)

T ‘Q‘z kio)ey O-If +¢

where () is the radius of the pilot filter and is set to =3, which ( is the regularized adjustment parameter

2
of the pilot filter and is set to (=10, “~and p represent the average and variance of the guide image
within the radius respectively. With the new weight graphs miand m., the fused structure component f,

is obtained:

f;l:ﬁAAXml+ uBXmZ (11)

4. Texture Component Fusion

The texture component includes a large amount of texture information and detail information in the

image. Considering the relationship between the intensity of the current subband coefficient and the
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different subband coefficients in the same area, phase coherence information is adopted on the subbands
of the infrared light and visible light texture components. Definition and image brightness information
and other comprehensive information are adopted to calculate the texture component information of the
image to be fused.

First of all, for the infrared and visible light component subbands, the phase consistency information

is obtained as:

z EAH X, y
EDID I

Z EBa X y
srY S SE (13)

where m is the decomposition scale of the subband of the texture component, and M (x,y), M} (x,)

M (x,y)= (12)

M (x,y)=

are the phase coherence information of infrared and visible light images on the m-scale at the point (x,
) E:’,g(X,y) and Ej, (x,7) denote the local energy information of the Fourier domain in the m-scale
and O-direction angles of the texture component sub-bands of the infrared and visible light images at the
point (x,»); Si.6(*.¥)and S;,,(x,») denote the local amplitude information of the Fourier region of the
infrared component and the visible light image at the point (x, y) in the m-scale and 0-direction angular
subbands; ¢ is a very small positive value, which is adopted in case the denominator is zero. The sliding
window is set as ¢, and it is assumed that the center of the window is (x, y), when the image is traversed
to an arbitrary position. The definition information of the sub-band of the texture component of the

visible light and infrared light image in the window is calculated as:
C,Zl(xoa)’o): [IhW,IA(x’y)_IZ,’A (xoayo)]z (%, 7, )e ¢ (14)
Cy (xO:J’o): [IZB(x’y)_IZB(xoﬂyO )]2 (% 75) €8 (15)

17" (x,») and I}',(x,») are the texture component subbands of the m-scale at the point (x, ) of the
infrared and visible light images respectively. C’y (xp,7,) and C2(x,,v,) denote the amount of definition
information of the texture component sub-bands at the m-scale dimension of the pixel point (x,,y,)
respectively. At the same time, (x,, y, ) is an arbitrary point within the sliding window ¢. In this paper,

according to the experience ¢, the value is 11x11.
Through the comprehensive analysis of the phase consistency and the factors such as definition and
image brightness, the rules for subband fusion of the texture components are obtained as follows. The

activity of the subband of the texture component is defined as:

H(x,)= ( Z):E”,T (o) ¢ [ s )Y |12 () (16)
Z!}M xoayo]a [C;”(xoayo)]ﬂlx‘lg(xayyl (17)

H"(x,y) and H}(x,y) denote the active level of the texture component of the infrared and visible light
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m ;/1 m }/1 .
images on the m-scale, and ‘1 (x, y){ and ‘1 ”(x, y] denote the brightness of the subbands of the texture
component. a1, f1and y: denote the weight information of phase consistency information, sharpness, and
image brightness information respectively. Based on the experience values, the weight coefficient in
experiment were 0.001, 1, and 1, respectively.

Then the weight of the fused texture components of infrared and visible light images is calculated:

0,0therelse

" (x,)= 1,QSjj"’(x,y)2x>2<y (18)
0,0therelse
Orte)= 105} (x.3)2 "2 "

05" (x,y) and QS;*(x, y) are the number of active pixels in the sliding window of the infrared and
visible light images at the point (x, y) m-scale, where xxy is the size of the sliding window, and the

expression of 05" (x,y) and QS}”(x, y) are:

(X9, o) EYH Y (%0, 0) =
QSZ“’(x,y)={ o ) s io } (20)
max{Hy (3.0} (5. 70)]
Vo) ERH G (x4, ) 2
QS?’P(x,y)={(x° yO)md o :0) } (21)
max{Hy” (3. ). Hy (5, )|
Finally, texture component fusion is performed:
IZ,F(x’y):[Z},A(x’y)xQA(x’y)+]Z,B(x’y)XQB(x’y) (22)

5. Fusion Results

In this experiment, the simulation experiment platform uses Intel Xeon CPU E3-1231 v3 @ 3.40 G 3.40
GHZ and its memory is 16 G, with PC Win7 and programming language MATLAB2010a. Due to the
limited length of the paper, only a set of infrared visible images were adopted to verify the experimental
results. At the same time, Gaussian white noise was artificially added to all images. The standard deviation
was 10, 20. It can naturally introduce the denoising process into the fusion process, and has somehow
denoising capability by adopting the transform domain method. Therefore, in this paper, it is mainly
compared with the transform domain fusion method. Three representative methods for transform
domain fusion are compared with the proposed method. That is, NSCT fusion method, SR fusion
method, Shearlet transform (ST) fusion method, respectively. Among them, discrete wavelet transform
(DWT), NSCT, ST decomposition layer is set to 4 layers, and wavelet base db4 is used in DWT method.
In NSCT method, the direction filter is set to "vk", decomposition filter is set to "pyrexc", and the direction
of 4 layers decomposition are 4, 8, 8, and 16, respectively. The SR method image block size is set to 8x8,
the reconstruction error is set to 0.1, k-singular value decomposition (K-SVD) is used for training

dictionary, and the dictionary size is 256. In terms of fusion rules, NSCT method, RT method, and ST
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method integrate the fusion rules in literature [8,9] and [10], respectively.

Fig. 2 is the result of the experiment in this paper when the noise standard deviation is 10. Fig. 2(a) and
2(b) are the original images of the third group of samples to be fused. Fig. 2(c) and 2(d) are schematic
diagrams of the third group of samples to be fused after adding 10 standard deviation Gaussian white
noise; Fig. 2(e)-2(i) are the four fusion methods for the purpose of comparison, and the fusion of the
paper as a result of the method. It can be seen that due to the small amount of added noise, the fusion
results of several methods are relatively ideal, as they are basically capable of maintaining the edges and
details, and all of them have displayed certain capacity of noise suppression. The NSCT method, the
Shearlet method, and the method mentioned in this paper are relatively smooth and have displayed

relatively better visual effects.

Fig. 2. Comparison of the third group of fusion results (noise standard deviation is 10): (a) original visible
light image, (b) original infrared light image, (c) visible light and noise image, (d) infrared light and noise
image, (e) NSCT method fusion result, (f) RT method fusion result, (g) Shearlet method fusion result, (h)
fusion results of proposed method in this paper.

In order to highlight the noise suppression effect of this method, the standard deviation of Gaussian
white noise added is increased to 20 and the others remain unchanged as shown in Fig. 3. Since the serious
noises can be effectively suppressed by adopting most of existing methods for multi-scale fusion methods,
the guide filtering is adopted in the method to set the fusion rules on the structural components, which
effectively removes noise pollution at the edges, and discards the lowest two in the texture component.
The texture components on the scale have shown the best noise suppression performance compared to
the other types. It can be seen that the fusion results of the DWT method, the ST method and the NSCT
method are very poor, and the noise particles have been heavily contaminated to the structural edge and
texture information of the fusion result. The fusion of the method in this paper is obviously outperform
other methods for transform domain fusion. It can effectively suppress the noise while retaining the edge
and texture information and has the best visual effect. And after the partial amplification of the fusion
results of the above four methods can be clearly seen (as shown in Fig. 4), and the image obtained through
this method looks significantly smoother than that obtained using other methods, and edge and texture
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Xin Feng and Kaiqun Hu

information is much better. In summary, the visual effect of this method is better than the traditional
transform domain method in the presence of noise pollution, especially when the noise is greater than 20
standard deviations, namely, the fusion method of this paper is more prominent when the original image

is seriously polluted by noise.

(b)

® (® ()

Fig. 3. Comparison of the third group of fusion results (noise standard deviation is 20): (a) original visible
light image, (b) original infrared light image, (c) visible light and noise image, (d) infrared light and noise
image, (e) NSCT method fusion result, (f) RT method fusion result, (g) Shearlet method fusion result,
and (h) fusion results of proposed method in this paper.

(@ (b) © (d)
Fig. 4. The partially enlarged views of the fusion results in Fig. 3.

In terms of the objective evaluation indicators, five common fusion indicators are adopted to evaluate
the objective quality of various fusion methods. In the aspect of the information theory, the mutual
information index is adopted, and the gradient-based fusion index is adopted for the image feature. As
for the structure, the fusion index based on structural similarity is adopted and the index in human visual
sensitivity is also used. The objective evaluation results of the quality of the three sets of image fusion

results are shown in Table 1.
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Table 1. Fusion evaluation index

Fusion method Qumr Q¢ Qy Qcs Time (s)

Noise standard deviation is 10

NSCT 0.791 0.679 0.839 0.769 54

RT 0.780 0.680 0.856 0.799 98

ST 0.699 0.690 0.817 0.776 43

This paper 0.743 0.685 0.829 0.756 34
Noise standard deviation is 20

NSCT 0.597 0.499 0.638 0.568 78

RT 0.569 0.548 0.667 0.594 116

ST 0.540 0.498 0.624 0.574 59

This paper 0.695 0.640 0.791 0.656 61

From the above Table 1, we can see that when 10 standard deviation Gaussian white noise is added,
this method has shown a few advantages in aspect of fusion index comparison, followed by RT fusion
method and NSCT fusion method. However, when the noise is increased to 20 standard deviations, the
advantages of the method become obvious in terms of gradient, structural similarity, visual sensitivity,
and mutual information indicators. The merits of the method is obvious for the traditional transform
domain when dealing with noise-contaminated original images. Meanwhile, as the complexity of the pilot
filter algorithm is linear, regardless of the size of the set window, it has high efficiency. In terms of
subjective and objective synthesis, this method can be applied to the fusion of noisy infrared and visible

light images, and it has certain advantages over traditional transform domain fusion methods.

6. Conclusions

In this paper, an infrared and visible light image fusion method based on variational multiscale
decomposition is proposed. Guided filtering was used to fuse the structural components. The fusion
weight rules were constructed using the phase consistency, definition, and brightness synthesis
information on the texture components. Compared with the traditional methods for infrared and visible
image fusion, it not only effectively overcomes the noise interference in the fusion process, but also
obtains better texture details while maintaining the edge structure, and displays certain subjective and
objective quality by adopting the method. However, due to the complexity of the guided filtering
algorithm, it takes a long time if the algorithm is used. In the case of high real-time demand, the algorithm
is difficult to meet the requirements, so the next study needs to further improve the computational

efficiency of the algorithm.
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