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Abstract: Within the application of driving assistance systems, the detection of
driver’s facial features in the cab for a spectrum of luminosities is mission critical.
One method that addresses this concern is infrared and visible image fusion. Its
purpose is to generate an aggregate image which can granularly and systemati-
cally illustrate scene details in a range of lighting conditions. Our study introduces
a novel approach to this method with marked improvements. We utilize non-
subsampled shearlet transform (NSST) to obtain the low and high frequency
sub-bands of infrared and visible imagery. For the low frequency sub-band fusion,
we incorporate the local average energy and standard deviation. In the high fre-
quency sub-band, a residual dense network is applied for multiscale feature
extraction to generate high frequency sub-band feature maps. We then employ
the maximum weighted average algorithm to achieve high frequency sub-band
fusion. Finally, we transform the fused low frequency and high frequency sub-
bands by inverse NSST. The results of the experiment and application in real
world driving scenarios proved that this method showed excellent performance
when objectively compared to the indexing from the other contemporary, industry
standard algorithms. In particular, the subjective visual effect, fine texture, and
scene were fully expressed, the target’s edge distinct was pronounced, and the
detailed information of the source image was exhaustively captured.

Keywords: Image fusion; non-subsampled shearlet transform (NSST); residual
dense network (RDN); infrared image; visible image

1 Introduction

Infrared image is a kind of radiation image which distinguishes the target from the background
according to the radiation difference. It has the ability to capture the thermal radiation of the object, but it
cannot reflect the real scene information. Visible image is a reflection image with multiple high-frequency
components, which can show the scene details under certain lighting conditions. However, it is difficult
to capture all the useful information in the environment of low light intensity and heavy fog at night.
They have strong complementarity in reflecting scene information.
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Image fusion is to analyze and extract the complementary information from two or more images of the
same target to generate a composite image which can accurately describe the scene information. Image fusion
is of great significance for image recognition and understanding. It has been widely used in computer vision,
remote sensing [1], super-resolution [2], target detection, and recognition and other fields. In recent years,
more and more driving assistance systems have been applied in the automotive field. As an important
part, the driver’s face information is usually collected in real time to monitor the driver’s fatigue
condition. But the light changes in the cab are very obvious, and it is usually in a low illumination,
which means that it is difficult to obtain a clear driver’s face image from a single camera all day long.
However, the fusion technology of infrared and visible images has made it possible.

The image fusion algorithm includes two directions: the traditional fusion algorithms based on model
driven and the fusion algorithms based on neural network driven by data.

1.1 Fusion Algorithms Based on Model Driven

The traditional fusion algorithms are based on the models such as multi-scale decomposition [3], sparse
representation [4,5], and guided filter [6].

Son [7] used Block Matching 3D (BM3D) [8] to pre-denoise the visible image and then fused the
denoised visible image with the near-infrared image. The problem of step-by-step processing was that the
near-infrared image information was not used in noise reduction, which would lead to poor noise
reduction effect and more information loss.

Multi-scale fusion [9] was used to calculate the wavelet scale map on each layer. Then, wavelet
coefficients were de-noising based on a scale map to suppress high-frequency noise. Finally, after noise
reduction, the coefficients were fused and transmitted upward as the visible high frequency information of
the next layer. However, it was easy to produce halos and other defects in the edge area.

Based on the model of the retinex, Jung et al. [10] fused the near-infrared information in the dark area
with large visible noise, so as to reduce the noise of the fusion image. However, the method of improving
SNR by integrating near infrared brightness would also lead to color inaccuracy.

Jee et al. [11] transformed the fusion operation into near-infrared assisted visible noise reduction and
superimposed near-infrared texture. The essence of the denoising algorithm was guided filtering [12],
which also has the problem of color inaccuracy.

Inspired by the nonlocal mean de-noising filter, Zhang et al. [13] proposed a group sparse representation
model. The structural group matrix was constructed by using nonlocal similarity, and the singular value
decomposition and iteration of the structure group matrix was carried out to obtain the sub dictionary
corresponding to the structure group.

Zhang et al. [14] applied group sparsity theory to remote sensing image fusion, and obtained sub
dictionary and sparse coefficient through SVD within the group. After that, the general component fusion
framework was used for fusion, and the experimental results effectively retained the source image
information, but the effect of vegetation fusion was not ideal.

Li et al. [15] proposed a nonlocal sparse K-SVD dictionary learning image fusion method. The structure
group matrix was constructed by using nonlocal similarity. The sparse coefficient was calculated by learning
dictionary of the structure group matrix. It has shown good results in many kinds of image fusions. However,
due to the high dimension of the matrix obtained by vectorization of the structure group, the complexity of
dictionary learning increases significantly.
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1.2 Fusion Algorithms Based on Neural Network

In recent years, deep learning technology has shown remarkable effects in image processing
applications. Due to the lack of high-quality training data set, there is not much research on the fusion of
visible and infrared images based on deep learning [16].

Jung et al. [17] produced simulated noise images by adding Gaussian noise to visible images. But in the
actual scene of low illumination, noise in visible image is more complex, and intrinsic noise such as device
noise accounts for a large proportion. As a result, it was not effective for the fusion of real data.

On the other hand, the neural-network-based fusion of visible and near-infrared images requires high
registration accuracy, and most of the existing data sets are unable to meet the requirements. Using scale
invariant feature transform (SIFT) method, Brown et al. [18] provided a visible-infrared image dataset for
registration, but the registration accuracy still could not meet the requirements for training the deep
learning model.

Tang et al. [19] proposed an end-to-end convolutional neural network for the fusion of near-infrared and
visible images. The fused image could combine the advantages of the signal-to-noise ratio of a NIR image
and the color of a visible image.

Li et al. [20] combined convolutional layers, fusion layer and dense block in the encoding network, and the
output of each layer was connected to all other layers. Different fusion strategies were applied to fuse the features
extracted from source images. It showed excellent performance in both subjective and objective indicators.

Li et al. [21] designed AttentionFGAN to highlight the typical parts existing in infrared and visible
images, in which multi-scale attention mechanism was introduced to both generator and discriminator of
GAN. The multi-scale attention mechanism could not only capture comprehensive spatial information to
help generator focus on the foreground target information of infrared image and background detail
information of visible image, but also constrain the discriminators focus more on the attention regions
rather than the whole input image. This method preserves the effective detail features of the source image
to the greatest extent.

In the past research, several open-source datasets were used for training and testing, such as TNO [22–
26] and INO [22], and there were rare studies on the fusion of driver’s face image in driving scene. In our
case, we captured the driver’s facial images via a camera with infrared and colored lenses, and applied our
method in the fusion task, which came out to be effective in fusing the driver’s facial features.

2 System Architecture

We built a system based on non-subsampled shearlet transform (NSST) [27] and residual dense network
(RDN) [28] named NSST-RDN, as shown in Fig. 1.

NSST is an improvement of shearlet transform. It inherits the characteristics of shearlet transform and
avoids pseudo-Gibbs. Compared with the wavelet transform, it has the advantages of low complexity
and high efficiency, which has been widely used in image segmentation, edge detection, recognition,
and other fields.

RDN is a combination of residual network (ResNet) [29] and dense network (DenseNet). It proposes a
more extreme dense connection strategy, that is, each layer will accept all previous layers as additional input.
ResNet is a short-circuit connection between each layer and previous layers (generally 2-3 layers). and it is
established by adding elements. DenseNet is to concatenate each layer with all previous layers in the channel
dimension to reuse the features. It effectively alleviates the problem of gradient vanishing and encourages
feature reuse, which means a reduction in the number of parameters. It can improve the flow of image
information and gradient, and make the training process easier.
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The steps are as follows.

Step 1. NSST

Step 1.1. The non-sub sampled Laplacian pyramid filter bank (NSLP) was used to achieve multi-scale
decomposition, which ensures translation invariance and suppress pseudo-Gibbs [30].

Step 1.2. Shear filter (SF) was used to achieve direction localization. After N-level decomposition of the
source image, one low-frequency sub-band image and N high-frequency sub-band images with the same size
but different scales were obtained.

Step 2. The average energy in the neighborhood of low frequency sub-band coefficients was calculated.
The regional energy eigenvalues of each sub-region were calculated. The low-frequency sub-band
coefficients were calculated by the weighted strategy based on the regional energy eigenvalues.

Step 3. The local features were extracted by dense convolution layers. Residual dense block (RDB)
allows the states of the previous RDB to be directly connected to all layers of the current RDB, forming
a continuous memory (CM) mechanism.

Step 4. Local feature fusion was used to adaptively learn more effective features from previous and
current local features, and stabilize the training of larger networks.

Step 5. The fused image is obtained by inverse NSST transform.

3 Fusion Algorithms

This section introduces the details of the fusion algorithm in this paper.

3.1 NSST

Shearlet is a system theory which combines geometry and multiresolution analysis by classical
affine [31].

If w 2 L2ðR2Þ meets the following conditions:

1. ŵðfÞ ¼ ŵðf1; f2Þ ¼ ŵ1ðf1Þŵ2ð
f1
f2
Þ, in which ŵðÞ is the Fourier transformation of wðÞ;

2. w1 is a continuous wavelet, and ŵ1 2 C1ðRÞ, suppŵ1 � �2;� 1
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Figure 1: NSST-RDN system architecture image fusion
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3. ŵ2 2 C1ðRÞ, and suppŵ2 � �1; 1½ �, ŵ1 > 0, ŵ2

��� ��� ¼ 1;

then the system can be generated by w, Aa ¼ a 0
0

ffiffiffi
a

p
� �

and Bs ¼ 1 s
0 1

� �
:

wastðxÞ ¼ a�
3
4wðA�1

a B�1
s ðx� tÞÞ; a 2 Bþ; s 2 R; t 2 B2

n o
(1)

in which wastðxÞ is called shearlet, Aa and Bs are called anisotropic dilation matrix and shear matrix.

The shearlet transform of function f 2 L2ðR2Þ is defined as:

SHw; f a; s; tð Þ ¼ f ;wasth i (2)

It can be seen that the shearlet transform is a function of scale (a), shear (s) and translation (t). Usually,
the parameters are taken as follows:

Aa ¼ A0 ¼ 4 0
0 2

� �
;Bs ¼ B0 ¼ 1 1

0 1

� �
; t 2 Z2

NSST is an improvement of shearlet transform. By using non-subsampled Laplacian filter banks, NSST
obtains the multiscale decomposition of the original image. Then, the shear filter combination is used to
decompose the sub-band images of different scales. The sub-band images with different scales and
directions are obtained.

3.2 Low Frequency Sub-band Fusion

Low frequency sub-band reflects the outline and basic information of the image. The commonly used
fusion methods for low frequency sub-bands are: weighted average method, absolute value method,
standard deviation selection method, etc. In this paper, the method of combining local average energy
with local standard deviation was applied [32]. The steps are as follows.

Step 1. The average of low frequency coefficient (CL), the regional energy (EL) and local standard
deviation (DL) were calculated:

CLðx; yÞ ¼ 1

M � N

XðM�1Þ=2

ðr¼�ðM�1Þ=2Þ

XðN�1Þ=2

ðc¼�ðN�1Þ=2Þ
CLðxþ r; yþ cÞ (3)

ELðx; yÞ ¼ 1

M � N

XðM�1Þ=2

ðr¼�ðM�1Þ=2Þ

XðN�1Þ=2

ðc¼�ðN�1Þ=2Þ
C2
Lðxþ r; yþ cÞwðxþ r; yþ cÞ (4)

DLðx; yÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

ðM � 1ÞðN � 1Þ
XðM�1Þ=2

ðr¼�ðM�1Þ=2Þ

XðN�1Þ=2

ðc¼�ðN�1Þ=2Þ
ðCLðxþ r; yþ cÞ þ CLðx; yÞÞ2

vuut (5)

The size of the window is M � N , and the window function is W ¼
1 2 1
2 3 2
1 2 1

2
4

3
5.

Step 2. According to EL and DL, regional features were constructed.

H1ðx; yÞ ¼ ELðx; yÞ
ð1þ DLðx; yÞÞ (6)

H2ðx; yÞ ¼ ELðx; yÞ þ DLðx; yÞ (7)
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RP ¼ H2
1 þ H2

2 ; ðP ¼ A;BÞ (8)

In Eq. (6), “1” was used to prevent the invalidation when DL was zero. In Eq. (8), the higher the value of
R, the more information the region contains.

Step 3. The strategy for Low frequency sub-band fusion is:

FLðx; yÞ ¼
CA
L ðx; yÞ;H1a.H1b;H2a.H2b

CB
L ðx; yÞ;H1b.H1a;H2b.H2a

q1 � CA
L ðx; yÞ þ q2Cb

Lðx; yÞ; otherwise

8<
: (9)

in which q1 and q2 are the weights, and the following conditions were satisfied:

q1 ¼ RA

RA þ RB
þ 0:0001

q2 ¼ 1� q1

(

3.3 RDN

RDN is based on deep learning, and was proposed for image super-resolution [32].

The main innovation of RDN is the structure of residual dense block (RDB), combining ResNet and
DenseNet, as Fig. 2.

There are three parts in an RDB.

1. Contiguous Memory.

The state of the previous RDB was passed to all the layers of the current RDB. For instance, for the
adjacent RDB-c and RDB-d, the mathematical model is:

Fd;c ¼ r Wd;c Fd�1;Fd;1; . . . ;Fd;c�1

� 	
 �
(10)

in which Fd;c consists of feature maps. r is the ReLU activation function. Wd;c is the weights of
Conv layer c without the bias.

2. Local feature fusion

The feature number was reduced due to the direct connection between the preceding RDB and the current
RDB. Furthermore, a 1� 1 convolutional layer was introduced. Local feature fusion was formulated as:

Figure 2: Comparison of network structures (a) Residual block (b) Dense block (c) Residual dense block
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Fd;LF ¼ Hd
LFF Fd�1;Fd;1; . . . ;Fd;c; . . . ;Fd;C

� 	
 �
(11)

in which Hd
LFF is the function of the 1� 1 convolutional layer in the d�th RDB.

3. Local residual learning

On the basis of the above, the output of the d�th RDB is:

Fd ¼ Fd;c þ Fd;LF (12)

With the increase of network depth, the features of each conv layer will be gradually graded. The
hierarchical features can provide important details for image reconstruction because of their different
receptive fields.

3.4 High Frequency Sub-band Fusion

High frequency sub-band images mainly contain the edge features and texture details. Therefore, the
fusion rules of high frequency sub-band directly affect the resolution and clarity of the fused image.

In this paper, high frequency sub-band images of infrared and visible images were input into the trained
RDN model to extract deep features, and then generate high frequency sub-band feature map. By using the
maximum weighted average fusion strategy, the weight map is obtained.

The formulate is:

Fsubði; jÞ ¼ max a1subA þ a2subBð Þ (13)

in which subA and subB are the high frequency sub-band images of infrared and visible images, a1 and a2 are
the weights of subA and subB, respectively.

3.5 Image Reconstruction

According to the fusion rules of low frequency sub-band and high frequency sub-band mentioned above,
the basic part Fb x; yð Þ and detail part Fd x; yð Þ were obtained. By using the inverse NSST, the image was
reconstructed:

F x; yð Þ ¼ Fb x; yð Þ þ Fd x; yð Þ (14)

4 Experimental Results

In order to verify the effectiveness of the method in this paper, the UN-Camp-images were taken as an
example, and the results were compared with the following six methods: NSCT-PCNN [33], SR [34], NSST
[35], NSST-PAPCNN [36], CNN [37], and NSST-CNN-APCNN [38].

There are two main aspects of image fusion quality evaluation, namely subjective evaluation, and
objective index evaluation.

4.1 Subjective Evaluation

Subjective evaluation refers to the performance of the fused image details through visual perception.

The fusion results of the UN-Camp are as shown in Fig. 3. The source images of gray scale of visible
image and infrared image are Figs. 3a and 3b, respectively. Figs. 3c–3i are the fused images of different
fusion strategies.

� Fig. 3c: clear texture in the guardrail, but blurred trees.

� Fig. 3d: a fusion result with poor contrast.
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� Figs. 3e and 3f: clear target but serious loss in texture.

� Fig. 3g: strong layering in gray scale, but discontinuous details in the left.

� Fig. 3h: clear texture structure and details.

� Fig. 3i: higher contrast than Fig. 3h.

Figure 3: Results comparison of different fusion algorithms (a) Gray scale of visible image (b) Infrared
image (c) NSCT-PCNN (d) SR (e) NSST (f) NSST-PAPCNN (g) CNN (h) NSST-CNN-APCNN
(i) NSST-RDN
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4.2 Objective Evaluation

In order to assess the performance of the algorithms more objectively, five indexes were selected to
evaluate the quality of fused images: spatial frequency (SF), sharpness (SP), structural similarity (SSIM),
Xydeas-Petrovic (QAB=F) and visual information fidelity for fusion (VIFF).

As shown in Fig. 4, our fusion method shows excellent performance in the five indicators than the other
six algorithms.

5 Application

Visible image can reflect the texture and details of the scene. The infrared image is generated according
to the thermal radiation of the object and is not affected by the external illumination. Therefore, visible image
and infrared image fusion technology are particularly suitable for all-weather image processing and computer
vision.

As an important part of the driving assistance system, the detection of driver’s facial features is quite a
critical issue. We took the vehicle cab as the application scenarios, and applied our method to the fusion of
driver’s facial images to capture the driver’s facial images in both daytime and nighttime. The camera with a
colored lens and an infrared lens was mounted above the dashboard [39], as shown in Fig. 5.

NSST-CNN-APCNN
CNN

NSST-PAPCNN
NSST

SR
NSCT-PCNN

NSST-RDN

0

1

2

3

4

5

6

SF SP SSIM QAB/F VIFF

NSST-CNN-APCNN CNN NSST-PAPCNN NSST SR NSCT-PCNN NSST-RDN

Figure 4: Objective evaluation indexes

Figure 5: Camera in test vehicle
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We took the driver’s infrared images and visible images in the actual driving scene with low intensity
of illumination intensity, and compared the results of different image fusion algorithms, which was similar
to Section 4.

As can be seen from Figs. 6 and 7, the fused image generated from our algorithm was better than
those from the other algorithms in texture, definition and indexes, and the details of the original images
were well retained.

Figure 6: Fusion comparison in vehicle cab (a) Gray scale of visible image (b) Infrared image (c) NSCT-
PCNN (d) SR (e) NSST (f) NSST-PAPCNN (g) CNN (h) NSST-CNN-APCNN (i) NSST-RDN
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6 Conclusion

In this paper, on the basis of existing image processing algorithms, infrared image and visible image are
decomposed into low frequency sub-band and high frequency sub-band by NSST transform. Low-frequency
sub-band fusion was proceeded by combining local average energy with local standard deviation. RDN
model was used to extract multi-scale features of high frequency sub-band, and then feature mapping was
generated. The maximum weighted average fusion strategy was applied for high frequency sub-band
fusion. Finally, the fusion image was obtained by inverse NSST transform. The results of the experiment
and application in the driver’s cab showed the fused image generated by our method has better visual
effects. Moreover, it generally retains the largest amount of information in the source images.
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