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Abstract

To solve the problems of the low image contrast, fuzzy edge details and edge details missing in noisy image
fusion, this study proposes a noisy infrared and visible light image fusion algorithm based on non-subsample
contourlet transform (NSCT) and an improved bilateral filter, which uses NSCT to decompose an image into a
low-frequency component and high-frequency component. High-frequency noise and edge information are
mainly distributed in the high-frequency component, and the improved bilateral filtering method is used to
process the high-frequency component of two images, filtering the noise of the images and calculating the
image detail of the infrared image’s high-frequency component. It can extract the edge details of the infrared
image and visible image as much as possible by superimposing the high-frequency component of infrared image
and visible image. At the same time, edge information is enhanced and the visual effect is clearer. For the fusion
rule of low-frequency coefficient, the local area standard variance coefficient method is adopted. At last, we
decompose the high- and low-frequency coefficient to obtain the fusion image according to the inverse
transformation of NSCT. The fusion results show that the edge, contour, texture and other details are maintained
and enhanced while the noise is filtered, and the fusion image with a clear edge is obtained. The algorithm
could better filter noise and obtain clear fused images in noisy infrared and visible light image fusion.
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1. Introduction

Wavelet transform is usually used in one-dimensional signal processing, and the two-dimensional
wavelet transform cannot capture the multi-directional information of the image effectively. Do and
Vetterli [1] proposed a Contourlet transform method that can conduct multi-dimensional and multi-
directional decomposition in 2002. On the basis of contourlet transform, Da Cunha et al. [2] proposed
the non-subsample contourlet transform (NSCT) theory in 2006. This theory not only has all possibilities
of the contourlet transform, but also bears the characteristic of translation invariance. As the translation
invariance can reduce the effect of registration error on the image fusion, the NSCT performance is
suitable to process the image fusion. NSCT is characterized by multi-resolution, multi-direction and
locality, which can effectively describe the high-dimensional singular feature of the image. At the same
time, the decomposed image of by NSCT maintains the size of original image, so it is easy to find the
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corresponding relations between them, which is helpful for the subsequent image fusion processing.

At present, many researchers have proposed image fusion algorithms based on NSCT. Wang and Chen
[3] proposed a synthetic aperture radar image and multi-spectral image fusion method; the pulse coupled
neural network was used to fuse the coefficients and achieved a good fusion effect. Gomathi and
Kalaavathi [4] proposed an algorithm of multi-channel medical image fusion based on NSCT, which uses
the method of mean and variance to fuse the coefficients. Feng [5] decomposed the image on the basis
of Tetrolet and formulated high- and low-frequency coefficient fusion rules with the ignition map of the
pulse coupled neural network and the joint sparse coefficient active level map, which can fully retain the
effective information of the source image. Deng et al. [6] decomposed the image with a non-subsampled
dual-tree complex contourlet transform. The low-frequency fusion algorithm used an adaptive block
method and the high-frequency fusion algorithm used the refined processing method of labeling images.
This algorithm overcomes the block effect caused by block fusion. Yan and Xiang [7] proposed a new
NSCT domain fusion method aimed at low infrared and visible light image contrast and the issue of
incomplete preserved edges of the traditional fusion algorithm. The low-frequency coefficient adopts
edge-based fusion rules. For the high-frequency fusion rule, the internal strength of the pulse-coupled
neural network (PCNN) is adaptively adjusted according to the direction information for internal ex-
citation, and the external excitation of PCNN is based on the improved spatial frequency characteristics;
then, the high-frequency coefficients are fused using pulse ignition amplitude. Dai et al. [8] processed an
adaptive medical image fusion method, as our eye to image contrast, edge, contour and texture informa-
tion sensitivity is very high. So, the contrast between the fusion rules of PCNN energy, and regional
Laplacian direction high-frequency coefficient fusion, the optimal weights were used as the objective
function of adaptive weighted structural similarity selection of each sub-band coefficient, with the
original information effectively based on the gray contrast enhanced image fusion, image fusion and
better visual effect for the ordinary infrared and visual image fusion. Chen et al. [9] proposed an infrared
and visible light image fusion method based on the wavelet transform and PCNN compensatory method
in the NSCT domain. This method could effectively restrain the image distortion problem and bears better
fusion precision and efficiency. Cai et al. [10] proposed an image fusion method combining the
intuitionistic fuzzy set and region contrast together in the NSCT domain; this algorithm could enhance
image contrast and preserve the edge and detail information in the original images. Zha and Guo [11]
proposed an image fusion algorithm based on fast NSCT and the 4-directional sparse method. This fast
algorithm could produce a 20-fold increase in efficiency. Wang and Cheng [12] proposed an image
enhancement algorithm based on the MSSTO and NSCT methods. The original images were decomposed
by the NSCT method, and the obtained low-frequency coefficients were further decomposed to obtain
the brightness information and darkness information. The two kinds of information were processed to
obtain better contrast and edges in the fused image. Zhang and Maldague [13] proposed a reconstruction
algorithm based on the adaptive Gaussian fuzzy membership method, compressed sensing and total
variation gradient descent method to fuse the infrared and visible light image. This method has better
robustness and the fused image has better visual effect. Fu et al. [14] proposed an image-fused algorithm
based on visual saliency and the translation invariance of NSCT. The results of this method reveal
abundant visible light background with obvious infrared object. Wen et al. [15] proposed a NSCT fusion
method according to the characteristics of the infrared and visible light image, and the fused image bears
more detailed information and has a good effect. NSCT has a very strong sparsity, as high-frequency

details can be extracted effectively. In the fusion process, we hope to preserve the details of edges and
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contours as much as possible, so as to enrich the information of the fusion results. Chen et al. [16]
decomposed infrared and visible light images through the Laplacian pyramid, and formulated fusion rules
based on the pixel distribution information combined with the absolute value maximum criterion to
achieve the goal of highlighting the salient target of the image and improving the fusion effect.

In general, details such as edges and contours in images are high frequency, but noise is also a high-
frequency component. How to “edge-preserve” and “denoise” at the same time is rarely involved in the
previous fusion process. To solve this problem, this paper uses bilateral filter to deal with the high-
frequency coefficient. The two-side filtering (bilateral filtering) concept was first proposed by Tomasi
and Manduchi [17], the gray value of each adjacent pixel or color information, not only taking into
account the relationship between adjacent geometry, but also taking into account the similarity in
brightness, through nonlinear combination of the two with an adaptive filter to obtain a smooth image.
The image processed in this way can preserve the edge information well while filtering the noise.

The remaining sections of this paper are organized as follows: Sections 2 and 3 introduce the NSCT
decomposition framework and the improved bilateral filter. Section 4 is the proposed image fusion
algorithm based on the NSCT and improved bilateral filter. Section 5 is the experiment results and

evaluation. Section 6 is the conclusion.

2. Non-subsampled Contourlet Transform

In image fusion, wavelet transform can capture a very limited number of directions [18]. The support
interval of the wavelet basis is a small square, as shown in Fig. 1(a). The higher the resolution, the smaller
the square, until it is close to the point singularity to approach the curve. Therefore, the wavelet transform
has good surface singularity. It functions by using point singularities to approximate the curve.

The basic function of contourlet transform is processed using contour as the structure, the support
interval as anisotropic, and its aspect radio being adjusted arbitrarily. It is a “long bar” structure with
variable size, as shown in Fig. 1(b).

(a) (b
Fig. 1. (a) Wavelet base and (b) contourlet base.

Contourlet Contourlet

Lp DFB LP DFB
Fig. 2. Multidirectional transformation of contourlet.
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Contourlet transform comprises two essential parts, one is Laplacian pyramid (LP) transform, to realize
the multiscale geometric analysis function of contourlet transform [19]; the other is directional filter bank
(DFB), to realize the direction analysis function of contourlet transform, as shown in Fig. 2. The specific
process of contourlet transform—multiscale decomposition of image based on LP transform—mainly
describes the singular points of the image. Then, with the high-frequency components of each level of
LP decomposition of multi-direction decomposition by DFB, the purpose is to obtain the singular point
in the same direction as the line. NSCT transformation also consists of two parts, which completes the
multiscale decomposition process by the non-subsampled pyramid filter bank (NSPFB) and performs the
multiple directional analysis process by the non-subsampled directional filter bank (NSDFB).

2.1 Non-subsampled Pyramid Decomposition Filter Bank

The multiscale decomposition of the NSCT transform is achieved by a set of dual channel NSPFB,
which is shown in Fig. 3(a).
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Fig. 3. NSCT two-channel: (a) NSPEB and (b) NSDFB.

In order to avoid the direct image sampling operations, NSCT performs translation invariance by
performing upsampling in the decomposition filter and synthesis filter. In each layer of the NSPFB de-
composition, the upper layer of the NSPFB decomposition is used by the sampling matrix for the decom-
position of this layer to obtain a new filter. The low-frequency components decomposed from the previous
layer are passed as input objects to the high-pass filter and low-pass filter to obtain the high-frequency
components and low-frequency components of this layer. If the decomposition level is N, the original
image is decomposed to N+1 sub-bands, and the size of each sub-band image is consistent with the
original image. This completes the decomposition of the N layer of the image, or the N level multiscale
decomposition. Fig. 4 is the decomposition process of three layers and the corresponding band division
of the NSCT.
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Fig. 4. (a) Three-layer NSPFB decomposition and (b) band allocation graph.
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2.2 Non-subsampled Direction Filter Bank

Two-channel non-subsampled filter banks, the structure of which are flabellate, are used in directional
decomposition of NSCT transform. Fig. 3(b) shows the decomposition filter.

Sampling is performed in the directional filter instead of the sampling operation on the image signal.
In this way, it keeps the translation invariance. Each layer of high-frequency multiscale decomposition
will be transmitted to the upsampling filter bank as the input object. When entering the next layer, first
of all, the upper layer is decomposed using NSDFB to obtain the new NSDFB of the layer, and then
filtering the high-frequency image. If the directional decomposition in a layer is 1, the high-frequency
image of this layer is decomposed to 2" directions. The directional decomposition of NSCT will not
change the size of image. Fig. 5 shows the diagram of the four-direction decomposition.

As shown in Fig. 5, first-layer decomposition uses the horizontal component and the vertical component
of flabellate filter U,(z) and U, (z) image separation; in the second-layer decomposition, first of all, to

structure the new direction filter that this layer needs, upsampling is executed on the top of the flabellate

filter Uy(z) and Uy (2) using quincunx matrix Q = [ 11 I] The directional decomposition of this layer

is performed by a new directional filter, and the directional sub-band image of four channels is generated.
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(b)
Fig. 5. Four-channel directional sub-band decomposition graph: (a) filter structure and (b) band allocation
graph.

3. Bilateral Filter and its Improvement

3.1 Bilateral Filter

The bilateral filter is a kind of nonlinear filter [20], which is divided into two parts: spatial filter and
range filter. The distance factor and gray difference between pixels are comprehensively considered.
The bilateral filter is defined as follows:

S K(la-b|.0,)K(1,-1,).0,)1,
H :beS (])
D VPR AT RS
beS
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where I, is the gray value of the image I on the central pixel point a(x, y); after passing through the two-
side filter, the pixel of this point changes into H,, the neighborhood pixel of a(x,y) is b(x,y). I, is the
gray value of neighborhood pixel b(x,y). The neighborhood pixel point set S is made up by all of
b(x,y). K presents the filtered kernel function, which is in the form of Gauss functions:

. )

K(x,0)= e
oN2m
In Eq. (1), K(|la — b, o;) represents the spatial proximity factor, K(|I, — I,|, 0,) represents the gray

similarity factor; the definition is
() )
K("a —b||, O's) —e 207 3)

_U-1)

0)=e 7 )

K(

Ia - [h

where g represents the distance standard deviation and o, represents the gray standard deviation. The
two parameters represent the features of size and contrast of the image, which play a decisive role in the
smoothness of the image; the two parameters also represent the filter width. By adjusting the width of o,
and o,., we can make a balance between the image feature and the noise burst. The bigger the value of gy,
the bigger the influence of pixel distance on the gray value after central point filtering. The bigger the value
of a,., the bigger the gray value difference and the bigger the influence of the gray value of the central point.

Fig. 6 describes the characteristics of the bilateral filter in the vicinity of the edge. It can be seen that
it has excellent edge protection abilities while denoising.

(b)

(d (e)
Fig. 6. Effect of the bilateral filter on image edge: (a) image region with noises, (b) effect of the domain
filter, (c) effect of bilateral filter, (d) spatial domain filter function, and (e) composite function of spatial
and value domain filter.

3.2 Improved Bilateral Filter

The traditional bilateral filter uses a Gaussian function as the kernel function. In the calculation process,
there are many parameters, so calculation is complicated. Therefore, the bilateral filter is improved by
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replacing the Gaussian spatial filtering with the mean space filter and Gaussian range filtering with the
bilateral exponential range filter.

_ZKl-d)xto
XK (o H)KC) ©

Here, r represents the gray value difference of a(x, y) and b(x, y), shown as follows:

(1,-1, I,-1,%0
l I,-1,=0 ©

K(|la — b||) represents the spatial proximity factor, shown as follows:

e o=t %0
K (Ja=bl) = { (=) o
1 Jab|=0
K(r):1 3
r

In this way, the calculation amount of local window is reduced from the original N2 to 1 + N, which
greatly accelerates the filtering process. K(t) is the improved filter kernel function. The role of
neighborhood pixels in filtering is decided by K (||a — b||) and K (7).

For the improved filter kernel function K (t), K (r) increases with the gray value similarity of a(x, y)
and b(x,y) increasing. K(r) decreases with the gray similarity decreasing; especially when I, = I,
and K (r) = 1. At this time, H, is equivalent to a pure spatial filter. The longer the distance between
a(x,y) and b(x,y), the smaller the distance similarity and K(||a — b||) is; as the distance between
a(x,y) and b(x,y) decreases, the value of K(||la — b||) increases. Especially, K(|la — b||) = 1 when
a(x,y) = b(x,y). By comparison, we can see that the improved filter kernel function can achieve the

same effect as the original Gaussian filter kernel function and reduce the computational complexity.

4. Image Fusion Method

NSCT has the characteristics of orientation, anisotropy, translation invariance and so on. The bilateral
filter has a great advantage in image line feature detection and can better observe edge details while
filtering. In this method, after NSCT decomposition of original images, an improved bilateral filter is
adopted to filter the high-frequency (HF) coefficient, and linear information such as edges and contours
are extracted to obtain the HF coefficient after fusion. For the fusion rules of low-frequency (LF)
components, the local standard deviation coefficient method is used.

The flowchart of this method is shown in Fig. 7, and the steps are shown as follows:

Step 1: Decompose the infrared image A and visible image B to obtain their LF coefficients Cf ,(p, q)
and C§ 5 (p, q) and their HF coefficients Ef 4(p, q) and EF 5 (p, q), respectively.

Step 2: The LF coefficients C% ,(p, q) and Ck 5 (p, q) are fused according to the rule of local area standard
deviation; the output is CE (p, q).
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Step 3: The HF coefficients E ,(p, q) and Ef 3(p, q) are fused by improved bilateral filter, obtaining the
fusion HF coefficients Ef.

Step 4: The fused coefficients C; and EF are inversely transformed by NSCT method into the fused image.

Low
> Local
frequency A
Image A — ared
& standard
Low L.
T > deviation
NSCT frequency B Inverse S
Decomp- NSCT )
.. image
osition N High transform
frequency A
Image B —
High
frequency B

Fig. 7. Image fusion graph.

4.1 LF Coefficients Fusion

The LF and HF coefficients are the output of infrared original image and visible light original image
after NSCT multiscale and multi-direction decomposition. The LF coefficients represent the gray smooth
area, contain most of the energy of an image and usually represent the background information. The HF
coefficients usually represent the HF information of the image, such as edge, contour and noise, and can
reflect the details. To obtain the fusion image, it must first obtain the HF and LF coefficients of the fused
image; thus, appropriate fusion rules must be adopted according to the characteristics of the coefficients.

As a parameter of measuring the image clarity degree, the local area standard deviation can be
expressed by the gray variation intensity in the image area. The region with obvious gray variation is also
the region with concentrated image features, so it can effectively extract the features of the image with
the help of the local standard deviation method. Therefore, the local area standard variance method is
used as the fusion rule in the fusion of LF coefficients. The steps are as follows:

Firstly, calculate the local area standard deviation o4 (p, q) and 0®(p, q) of LF coefficients C ,(p, q)

and CE 5 (p, q) with the size of neighborhood H; X W, as 3 X 3 or 5 x 5; the formula is shown as follows:

(H-D2 - (-1 , — 2
(Chip+ia+ D=Cri(pa)]

N L (Y (i ©)
H, xW,
(np iy o — )
Z |:CR,B(p+i’q+j)_CR,B(p’q)j|
B _ =02 =) (10)

o =

H, xW,
Then, select LF coefficients after fusion based on Eq. (11). The fusion rule is used to compare the

threshold value and difference between the standard deviation of the local region of the original images.
If the former is large, the coefficient of the image will be larger; if the latter is large, the average value of
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the coefficients of the two images will be taken. So, the threshold th is important, and we usually select

it by experience; the range of th value is [0.1,0.3] [21].

C;’é,A(P,Q) c,—0,>th
Cr(p:@) =3 [Cx (P )+ Cr (P ]/ 2 |0, — 0y |<th (11)
C;,B(p’q) o,~0y,<-th

According to the above processes, we obtain the fusion LF coefficient Cj"".

4.2 HF Coefficients Fusion

Fusing the infrared and visible light image HF coefficient by the improved bilateral filter method, the
main idea is to compare the gray value difference between the two pixels in the same location in the HF
components of source image HF components and use the larger difference as the similarity indicator.
This is equivalent to using a subimage with clear edges as a gray similarity indicator, so that the fused
HF components contains more edge, contour and texture details. At the same time, to further enhance the
effect of the fused image, the detailed image of the HF component of the infrared image extracted by the
bilateral filter is added to the HF component of the visible image with a certain weight. The reason why
the detail image is superimposed on the HF component of the visible light image is due to the high
resolution of the visible light image and the richer information such as edges, contours and textures in the
scene. The detailed image extracted from the HF component of the infrared and visible light image is further
superimposed on the HF component of the visible light image, which can obtain richer details of edges,
contours and textures, and can achieve the effect of image enhancement. The steps are shown as follows:
Step 1: Calculate the gray similarity value, using the larger difference between of the infrared HF

components and the visible light HF similarity on a(x, y) and b(x, y) as the similarity indicator,

the equation is as follows:

1

r(a,b)={[

where 7, represents the gray value difference of the infrared image HF components on a(x,y)

Aa_IAh IAa_]AhZIBa_IBh

5o —1p oOther

(12)

and b(x, y), and 1 represents the visible light image HF components on a(x,y) and b(x, y).
Step 2: According to Eq. (5), we use the improved bilateral filter to filter the HF coefficient Ef, of the
infrared image and the HF coefficient Ef 5 of the visible light, and obtain the HF components
Fi, and Ffl.
Step 3: Calculate the detailed image of the infrared image HF components E g - the detail is shown as

follows:
Eyy =Ey,—Fy, (13)

Step 4: Multiply a weight with the detailed image E f;_ ’f and add it to the HF component of a visible image

that has been bilateral filtered, we then obtain the HF coefficient after fusion:

EY = Fpy+AER (14)
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where A is the test parameter; here, it is 1.5. The detailed image obtained by bilateral filter contains
abundant image details such as edge and texture; if it is properly enhanced and then overlapped
with the HF component of the visible light image, it can effectively improve the clarity of the
fusion image, so the value of A should be greater than 1. However, if the value of A is too large, it
will cause partial blur of the fused image and, consequently, affect its visual effect. After repeated

experiments, here, we take A as 1.5.

4.3 Image Reconstruction

The LF and HF coefficients after NSCT decomposition are processed by fusion rules, then obtain the
fused LF coefficient CE and the fused HF coefficient EX, NSCT inverse transform is performed on them,

obtaining the fused image.

5. Experimental and Discussion

5.1 Data Sources

To verify the algorithm, this study uses three groups of original images, which are the infrared and
visible images that have been strictly registered. The fusion results of this algorithm are compared with
other five methods to verify the effectiveness of this algorithm. These five methods are discrete wavelet
transform (DWT) fusion method, dual-tree complex wavelet transform (DTCWT), LP, contourlet
transform method, and the NSCT fusion method.

5.2 Objective Evaluation Criteria

For the objective evaluation criteria, we use the standards of entropy (EN), mutual information (MI),
average gradient (AvG), correlation coefficient (CC), and SSIM. Entropy mainly reflects the amount of
information contained in the fused image. Mutual information reflects how much information the fused
image obtains from the original image. The average gradient reflects the ability of the image to express
the contrast of small details, indicating the sharpness of the image. SSIM is different to other indicators;
the general objective evaluation indicators are based on the error sensitivity to measure image quality
without considering the image correlation. CC is used to measure the linear correlation degree between
the fused image and the original image. The larger the CC, the better the fused image. SSIM is calculated
by comprehensively considering the image brightness, contrast and structure. It is a kind of evaluation
standard that conforms to the human real perception, the value range is [0, 1]. Figs. 8-10 show the
original images and the fused images of these methods, Tables 1-3 show the objective evaluation values
of the fused image by these methods.

5.3 Experimental Results Discussion

Fig. 8 shows the storing base of UN. In the scene, a man is walking outside the fence; the fence
surrounds important military supplies. Fig. 8(a) is the scene of the infrared image; the person is clear but
the background is extremely vague. Fig. 8(b) is the visible image of the same scene, not the target, but

the background is relatively clear; buildings, trees, roads, fences and other details are clear. Fig. 8(c)—(h)
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are the results corresponding to the six methods. In the fusion result of DWT and contourlet transform
methods, the overall clarity is not high; the point features are relatively clear; and the edge, contour and
texture are fuzzy. Much of the information is lost through artifacts and blocking effects. In the fusion
results of DTCWT and LP methods, the images are clearer than the results of DWT method, and the
outline of the target is clear; however, they lose most edge details of the background and display the
Gibbs phenomenon. In the fusion result of NSCT, it is clearer and eliminates the Gibbs phenomenon
because of its translation invariance, and the overall details produced the effect shown in Fig. 8(h). In
Fig. 8(h), the fusion result of this algorithm is the clearest image of the six results. The image is of high
gray contrast and its edge, contour texture and lines are rich and clear.

(e)
Fig. 8. Camp fusion results: (a) infrared image-Camp, (b) visible light image-Camp, (¢) DWT, (d)
DTCWT, (e) contourlet, (f) LP, (g) NSCT, and (h) this algorithm.

(b) (d)

(e) ® (8 (h)
Fig. 9. Smoke fusion results (variance 0.002): (a) infrared image-Smoke, (b) visible light image-Smoke,
() DWT, (d) DTCWT, (e) contourlet, (f) LP, (g) NSCT, and (h) this algorithm.

Fig. 9 shows the image of the building, with the sky and trees as the background and the buildings in

the foreground, with people moving in the middle around the buildings. Fig. 9(a) is an infrared image.
The figure is clear, but the background only shows a rough outline. Fig. 9(b) is a visible image. The sky
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and trees in the scene are clear and the buildings show clear outline details, but the targets are not easy
to recognize. To verify the filtering performance of this algorithm for noisy images, this group of
experiments adds Gaussian white noise to the standard images; its mean value is 0 and variance is 0.001.
Fig. 9(c)—(h) are the fused images obtained by the six methods. DWT and contourlet method fusion
results lose most details of line, edge, contour and noise. In the fusion results of the DTCWT and LP
methods, there are many details missing in the edges of buildings and the contours of human targets are
clear with noise. The fusion result of NSCT method can capture most of the contours and edges in the
original visible image, but it is not clear enough and the noise is obvious. In Fig. 9(h), the fusion result
of this algorithm adopts bilateral filter for line detection and denoising of the image, so the edges and
contours in the results are very clear, the effect is best and noise pollution is effectively reduced.

To further verify the filtering effect, we add the Street images with Gaussian white noise with mean of
zero and variance of 0.002. The Gaussian white noise in Fig. 10(a) and (b) are obvious. The fusion result
of this algorithm is weakly affected by the interference of the noise. The fusion results of DTCWT and LP
are highly affected by the noise, as its sensitivity with the point singularity, edges and contours are almost
destroyed in the results. The results of DWT, contourlet and NSCT transform are also affected by the noise.

It can be seen from the fusion results of the three groups of images that the proposed algorithm has
higher fusion image clarity. Not only are the prominent targets in the scene more prominent, but also
information such as edge details and textures are preserved, which is more in line with the observation

habits of human vision and improves the recognition of the scene.

(e)

Fig. 10. Street fusion results (variance 0.002): (a) infrared image-Street, (b) visible light image-Streeet,
(¢) DWT, (d) DTCWT, (e) contourlet, (f) LP, (g) NSCT, and (h) this algorithm.

The quantitative results are shown in Tables 1-3. According to the comprehensive comparison of
objective indicators, the method in this study is better than the other three methods on MI, AvG, CC, and
SSIM. For the processing of images with noise, this algorithm has a strong ability for suppressing noise.
Filtering the noise actually reduces the information of the image, so the result of this algorithm has the
lowest EN, which does not mean that fusion quality is bad for the noise is filtered and the useful
information is not reduced. So, image quality is guaranteed and the image becomes clearer. Therefore,

the algorithm in this paper is the best of the four methods.
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Table 1. Quantitative comparison of Fig. 8

Method MI EN AvVG CC SSIM
Contourlet 0.6358 6.5222 4.7309 0.9549 0.7314
DTCWT 0.6734 6.4845 7.3444 0.9624 0.7760
DWT 0.6839 6.2469 5.2610 0.9605 0.8027
LP 0.6753 6.6548 7.9342 0.9609 0.7596
NSCT 0.6538 6.7637 11.1187 0.9455 0.6364
This algorithm 0.7474 2.6866 19.9408 0.9666 0.8028

Table 2. Quantitative comparison of Fig. 9

Method MI EN AvG CC SSIM
Contourlet 0.7372 2.5142 29.0072 0.5011 0.6733
DTCWT 1.1382 6.8605 22.9270 0.9508 0.7955
DWT 0.7024 2.4244 21.7486 0.5059 0.6195
LP 1.0552 6.9962 24.6681 0.9563 0.7537
NSCT 0.7099 2.5963 24.0375 0.5137 0.6176
This algorithm 1.1712 2.4075 28.9951 0.9816 0.7354

Table 3. Quantitative comparison of Fig. 10

Method Ml EN AvVG CC SSIM
Contourlet 0.1236 2.3959 16.2314 0.6410 0.1748
DTCWT 0.2811 6.6887 24.7739 0.6694 0.3426
DWT 0.1136 2.0837 26.5228 0.5173 0.1259
LP 0.2855 6.8617 26.9704 0.6389 0.3062
NSCT 0.2712 2.5714 31.0152 0.4246 0.3569
This algorithm 0.3391 2.4474 33.9296 0.6987 0.4349

As can be seen from Tables 1-3, compared to the comparison algorithm, this algorithm has different
degrees of leading in five evaluation indexes, which shows that the fusion image obtained by this
algorithm can effectively retain the effective information of the source image, and the fusion image and
source image have high structural similarity and linear correlation, consistent with the subjective
evaluation results. In summary, this algorithm combines NSCT and bilateral filtering methods for
processing, while maintaining and enhancing linear details (such as edges, contours, textures and other
details); it has good noise filtering ability, and can obtain a fusion image with clear edges, improve the

comprehensibility of the scene and meet the observation needs of the human eye on the scene.

6. Conclusion

With the new ideas of using the bilateral filter in the NSCT domain, this study proposes a new infrared
and visible light fusion method. NSCT features such as multiresolution, local localization and multi-
directionality can make it more effective for capturing the high-dimensional directional parity of images.
The image size after NSCT decomposition is the same as that of the original image, which can easily find

the corresponding relationship with each other and be better for the subsequent fusion processing. The
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characteristics of NSCT result in its innate advantages in image fusion. In addition, to solve the
contradiction between denoising and edge preservation in image filtering and avoid the problem of
blurred edges while filtering, this study introduced the bilateral filter to denoise the HF components of
the original images and calculate the detailed image of the infrared image HF component. By
superimposing the detail image and the visible image, we can extract as much detail information as
possible from the fusion image, such as the edge, contour and texture of the source image. At the same
time, the edge information is also enhanced, which makes the image fusion, edge, contour and texture
information clearer. The fusion results show that this algorithm has a good ability to filter the noise and

extract the edge of the image.
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