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Abstract

:

Infrared (IR) and visible image fusion has become an important technology for maritime environment awareness. In this study, we employed refined features fusion and Sobel loss for maritime IR and visible image fusion. First, we used the encoder in Densefuse net to transform the image to be fused from the pixel domain to the feature domain. Then, the features’ information was accurately measured, and the refined features were fused and sent to the decoder to reconstruct the fused images. Mixed loss, commonly employed in image fusion, eliminates the effect of different losses but also introduces hyperparameters. We innovatively used Sobel loss to measure the input and fused images to reduce the hyperparameters in the loss function. Finally, experiments were performed, and our algorithm achieved good fusion results in the qualitative and quantitative evaluations.
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1. Introduction


Recently, many cameras have been installed on ships to enhance safety and intelligence. Multimodal image fusion has a wide application in ships. Because there is no lookout crew on board an unmanned ship, the automatic sensing of the navigation environment is crucial. Multimode image fusion can make up for the limited capability of radar and automatic identification systems (AIS) in small target detection and recognition at sea. Even for ordinary ships, the officers can comprehensively grasp the marine traffic situation and identify dangerous targets by observing fused images. In addition, for search and rescue at sea, the fusion of IR and visible images can increase the possibility of finding people overboard and reduce search times and human fatalities.



Different applications have different requirements because of the specificity of application scenarios. In land scenarios, the existing research approaches have achieved a good fusion effect [1,2,3]. In maritime multimodal image fusion, the seaman and detection algorithms are more sensitive to edges; thus, edges are more crucial than colors. Therefore, in this study, we propose a model called maritime infrared and visible image fusion based on refined features fusion and novel edge loss. The characteristics and contributions of our work are summarized as follows:




	
We propose a framework for the maritime infrared and visible image fusion task that is very important for ship navigation and human rescue at sea;



	
We measure the gradients of each pair of feature maps and fuse the refined features;



	
We develop a loss function based on Sobel edge detection to reduce hyperparameters in the loss function. As far as we know, this is the first time that Sobel edge is used as a loss function for multimodal image fusion;



	
We test the proposed method on public datasets. The qualitative and quantitative results validate the effectiveness of our method.








The remainder of this study is organized as follows: In Section 2, certain related studies on maritime computer vision are briefly introduced; in Section 3, the proposed approach is presented; in Section 4, the results and analysis are presented; and finally, in Section 5, the study is summarized.




2. Related Work


2.1. Maritime Computer Vision


Collisions between merchant ships are less common because merchant ships have large hulls and switch on AIS and horn lights; thus, they can be detected by other ships from a considerable distance. However, small wooden fishing boats, pirate ships, life rafts, and lifeboats, are usually unequipped with AIS and have a small radar cross-section, thus making detection difficult. At all times, the ship officers must keep an eye on the sea. When an officer on watch is tired, the lack of lookout can result in accidents at sea. Thus, additional sensors should be added to enhance the navigation environment’s sensing to ensure the safety of unmanned ships. Many unmanned ships use IR and visible cameras, and image fusion has become an important technology [4,5]. For marine situational awareness, Rolls-Royce uses IR and visible image fusion [6]. The China Classification Society have proposed that smart ships should use sensor information fusion technology to obtain and perceive navigation information [7]. To prevent maritime accidents caused by human fatigue, computer vision is increasingly being employed on ordinary ships to assist crews in lookout and hazard target detection. Multimodal image fusion may increase the probability of rescue, particularly for the search and rescue of people overboard.




2.2. Infrared and Visible Image Fusion


IR and visible fusion approaches can be divided into multiscale decomposition [8,9], sparse representation (SR) [10], and deep learning (DL) [1,11,12,13]. Multiscale decomposition usually transforms the source image into sub-images at different scales, and then, combines these sub-images to generate the final fused image. Toet used a low-pass pyramid to decompose the source image into sub-blocks at different resolutions, and then, performed image fusion based on the contrast of the sub-blocks [8]. SR divides the image into different sub-blocks, uses dictionary learning to obtain an overcomplete dictionary, then solves the coefficient matrix of each image, and finally fuses the coefficients through the appropriate fusion rules to obtain the final fusion image. The traditional SR model and many extensions have been applied on image fusion. For example, Liu fused the IR and visible images under the framework of the joint sparse representation [14]. To overcome the limited ability of detail preservation and the high sensitivity to misregistration, Liu used convolutional sparse representation to decompose each source image into a base layer and a detail layer [10].



In the past few years, deep learning has shown great potential in several computer vision tasks, such as image fusion [1,12,15], visual quality evaluation [16], earth observation [17], and image clustering [18]. The deep neural network can obtain rich feature information due to its powerful feature extraction capability, which is extremely helpful for image fusion. In terms of the adopted architecture, these DL-based fusion approaches include the autoencoder [19], convolutional neural network (CNN), and generative adversarial network (GAN) methods [20,21,22]. With an increase in depth, the degradation is exposed in the traditional CNN, and the features extracted from the middle layers are not fully utilized. In order to overcome these problems, Densefuse net [19], proposed by Li, combines the dense block with the encoding network. The Densefuse network achieves good results in objective and subjective assessments and has become a representative work of image fusion using autoencoders. The IR and visible features are separately extracted in the autoencoder approach, and the features are fused and fed to the decoder for image reconstruction. However, fusing features is a major issue in multimodal image fusion. For feature extraction, Ma et al. employed the VGG16 network to obtain the weights of the IR and visible images for feature fusion [13]. In this study, Densefuse net [19] is employed as the backbone network for IR and visible fusion.




2.3. Loss Function


The loss function, which can determine the final effect, is an important part of DL. Various loss functions have different impacts on the reconstructed images [23]. Currently, various loss functions, such as pixel loss, content loss, perceptual loss [24], and adversarial loss, have been extensively used in the fusion field. Because different losses have their advantages and disadvantages, researchers often use mixed loss functions, such as


  f i n a l   l o s s = α ⋅ L o s  s 1  + β ⋅ L o s  s 2  + γ ⋅ L o s  s 3   



(1)




where  α ,  β ,  γ  are the hyperparameters which are employed to balance the effects of various losses. Selecting good hyperparameters often necessitates numerous experiments. Selecting a good hyperparameter can take a long time if the model is large. In this study, the parameter-free Sobel loss is employed to reduce hyperparameters in the loss function.





3. Method


3.1. Domain Transform


In certain scenarios, it is better to process the image in the transform domain and then use the inverse transform to return it to the spatial domain [25]. In this study, the images to be fused are transformed from the spatial domain to the feature domain for fusion, and then to the spatial domain. Figure 1 shows the domain transform framework for the IR and visible images fusion. First, the encoder in Densefuse net [19] is employed to extract the features of the IR and visible images; then, the feature maps’ weights are optimized, and the two sets of feature maps are fused. Finally, the decoder in the Densefuse net converts the fused feature maps to the spatial domain to obtain the fused image.



The transformation can also be expressed in Equation (2):


  ϕ ( u , v ) =   ∑   x = 0   M − 1     ∑   y = 0   N − 1   I ( x , y ) E ( x , y , u , v )  



(2)




where I denotes the input image, E is the encoder, and  ϕ  represents the transformed image.




3.2. Refined Features Fusion


To accurately measure the features’ information, this study employed the encoder to extract the IR and visible feature maps, as shown in Figure 2. Certain feature maps contain additional image information, and a large weight should be maintained during feature fusion. However, for feature maps with a small amount of information, the fusion weight should be suitably reduced. To measure the information in the extracted feature maps, their gradients were employed for evaluation. The information measurement was then defined as follows:


   g i  =  1   H i   W i     ∑    ‖  ∇  ϕ   C i     ‖  F 2     



(3)




where    ϕ   C i      represents the  i th feature map from the encoder;    H i    and    W i    represent the height and width of  i  the feature map;  ∇  represents the Laplacian operator; and      ⋅   F    represents the Frobenius norm.



After obtaining the feature map’s information amount, Softmax was employed to normalize the feature maps’ weights, thus ensuring that the fused feature maps’ pixel values were in a reasonable range.


     ω i  i r   ,  ω i     v i s       = s o f t m a x (      g i     i r      c  ,    g i     v i s      c    )  



(4)







As shown in Equation (5), the normalized weight was multiplied by the corresponding feature map to obtain the refined features. As shown in Equation (6), the fused feature set was sent to the decoder and converted to the spatial domain.


   ϕ i f    u , v   =  ϕ i  i r     u , v   ⋅  ω i  i r   +  ϕ i  v i s     u , v   ⋅  ω i  v i s    



(5)






   I f  ( x , y ) =   ∑   u = 0   H − 1     ∑   v = 0   W − 1    ϕ f  ( u , v ) D ( x , y , u , v )  



(6)








3.3. Sobel Loss


This study employs edges to measure the loss between the input and output images to solve the problem of hyperparameters of the loss function. Edges are crucial information for target detection, tracking, recognition, and classification. The integrity of the fused image’s edges is an important evaluation indicator. The Sobel operator is a discrete differentiation operator employed for edge detection. It combines Gaussian smoothing and differential derivation to compute the image grayscale function’s approximate gradient. The Sobel loss is defined as:


  L =  1  2  n x   n y    (      G x  ⋅ I −  G x  ⋅  I r     2  +      G y  ⋅ I −  G y  ⋅  I r     2  )  



(7)




where  I  and    I r    represent the input image and the reconstructed image, respectively, and    G x    and    G y    represent the horizontal and vertical operators in Sobel, respectively. Figure 3 shows the training process. Densefuse net was employed as the backbone. T91, BSD100 [26], and BSD200 [27] were employed to train the encoder and decoder, and the amount of training data was increased by slicing the images.





4. Results and Discussion


4.1. Training Details


During the training, the source images in the datasets were cropped to patches of size 60 × 60, and the step was set to 30. In order to make the training data distribution uniform, the training datasets were shuffled after cropping. An Adam optimizer with a learning rate of 1 × 10−3 was used to update the parameters, and the batch size was set to 200. Experiments were performed on NVIDIA V100 GPUs with 16 GB memory. To accelerate the training, compute unified device architecture (CUDA) and the CUDA deep neural network library (cuDNN) versions 9.0 and 7.0, respectively, are used herein.



The training loss curves are shown in Figure 4, and we can see that the Sobel loss improved consistently. To save the best parameters, we used early stopping, which terminated the training when the monitored metric stopped improving. In this study, we used validation loss as the monitored metric. The smallest loss of validation was achieved at the 65th epoch and remained approximately constant thereafter. Therefore, the training was stopped after the 75th epoch, and the learned weights at the 65th epoch were saved.




4.2. Refined Feature Fusion


The differences between the convolution layers gradually increased during the training process. Some convolution layers were more positive for IR images, and certain convolutions were more positive for visible images. We fed an infrared image and a visible image into the encoder and selected the results of the first eight layers of the encoder, as shown in Figure 5. We can see that the output of different layers for the same image were very different. For images of different modalities, the results of the same layer were also quite different.



To accurately measure the richness of the features, we computed the gradient values for each pair of IR and visible feature maps in Figure 5, as shown in Table 1. We can see that the gradients of each pair of feature maps varied greatly. For images of the same modality, the response of different layers changed drastically. Taking the infrared features as an example, the gradient of the first layer was 269.2, while the gradient of the fourth layer was only 4.8. The gradient difference of different modal images in the same layer was also very large. The gradient of the infrared feature map in the first layer was about twice that of the visible feature map. However, the gradient difference between the second IR and visible feature pair was very small.



Therefore, it is difficult to use a constant for the value of c in Equation (4). In this study, we employed Softmax to normalize the gradients to obtain the weights of the feature pairs. In order to reflect the gradient differences between layers, we used the mean of the gradients of the IR and visible images. The c values employed in this study for normalization are shown in Equation (8). The feature maps in different layers have their own weights, as shown in Table 1.


   c i  =    g i     i r     +  g i     v i s      2   



(8)








4.3. Performance Evaluation


Although there are multiple different image fusion approaches, the primary purpose is always to enhance the fusion images’ quality, and this is the basic criterion for measuring the fusion effect [29]. We compared our approach with six typical fusion approaches, including Low pass [8], GTF [30], FusionGAN [20], U2Fusion [13] and Densefuse(addition) and Densefuse(l1_norm) [19]. The source codes were provided by their authors, and we used those codes to fuse the test images. There is no consensus on which metrics are most appropriate for describing fusion performance. Note that seven quality metrics were employed to make a quantitative comparison of the fusion results. These metrics were entropy (EN), Qabf [31], the sum of the correlations of differences (SCD), the mutual information for the wavelet (FMIw), the mutual information for the discrete cosine (FMIdct), structural similarity (SSIMa), and mean structural similarity (MS_SSIM). For a fair comparison, we assessed the test images under a public code provided by Li [19]. Our approach was qualitatively compared with six state-of-the-art approaches on four typical marine image pairs, as illustrated in Figure 6. The fused images obtained by Low pass contained strong artificial noise, which causes great interference to target detection and recognition. The edges of the targets were blurred in the fused images by GTF and FusionGAN. The features in the images fused by our approach were clearer than those of Densefuse(addition).



Limited by the number of marine images, we employed quantitative comparisons on twenty images from the TNO dataset to accurately measure the quality of the fused images. Because each metric measures the fused image differently, it is challenging for a model to achieve the best results for all the evaluation metrics. Our algorithm achieved four best and one second-best result for six metrics, as illustrated in Table 2. Specifically, our method achieved the best results for Qabf, FMIw, FMIdct, and SSIMa. For the metric of MS_SSIM, our method can also yield comparable results. It is interesting that Densefuse(addition) and Densefuse(l1_norm) performed better than other recent state-of-the-art methods. Our algorithm is an improvement of Densefuse, and the results prove the effectiveness of refined features fusion and Sobel loss.



In order to demonstrate the fusion of our algorithm on more public images, we selected typical image pairs from TNO to make a qualitative comparison. In Figure 7, the first row are image pairs in dark conditions, the middle two rows are image pairs in bright light, and the last row are image pairs in twilight or dawn. The images fused by our algorithm maintained high contrast and sharpness in those illumination conditions. Thus, it is proven that the refined feature fusion can handle the fusion of IR and visible images under different lighting conditions.





5. Conclusions


In this study, we propose a novel maritime IR and visible image fusion approach based on refined features fusion and Sobel loss. First, the input images were fed to the decoder to obtain the feature maps. The feature maps in each layer obtained their own weights after normalization, and refined features were fused and sent to the decoder to reconstruct the fused images. We eliminated hyperparameters in the mixed loss by proposing Sobel loss. Finally, qualitative and quantitative evaluations were performed on maritime images, and our approach’s validity was confirmed. Moreover, the results prove that the refined feature fusion can handle the fusion of IR and visible images under different lighting conditions. Furthermore, our work in the future will focus on maritime IR and visible image fusion based on downstream tasks, such as image fusion’s support of object detection.
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Figure 1. The framework of domain transform for IR and visible images fusion. 
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Figure 2. Pipeline of the proposed method in the testing process. 
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Figure 3. The training process of the proposed method. Dashed lines represent the data used in the Sobel loss. 
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Figure 4. Training loss and validation loss in the training process. 
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Figure 5. Outputs of the first eight convolution layers of the encoder on an IR image and the corresponding visible image. (a) IR; (b) visible. Input images are from TNO [28]. 
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Figure 6. Qualitative comparison of our method with 6 state-of-the-art methods on 4 typical marine image pairs. The first three pairs of test images are from the Visible-Infrared Database [32], and the last pair is from TNO. For a clear comparison, we use a red box to select a small area in each image and zoom in it in the bottom right corner. 
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Figure 7. Qualitative comparison of our method with 5 state-of-the-art methods on 4 typical VIS and IR image pairs in the TNO dataset. For a clear comparison, we use a red box to select a small area in each image and zoom in it in the bottom right corner. 
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Table 1. The feature gradient and weight of the first eight layers.
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Layer

	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8






	
Feature

gradient

	
    g  i r     

	
269.2

	
48.3

	
42.8

	
4.8

	
74.2

	
140.1

	
10.3

	
39.6




	
    g  v i s     

	
142.3

	
52

	
43.2

	
4.5

	
92.4

	
122.2

	
9.4

	
34.3




	
Weight

	
    ω  i r     

	
0.65

	
0.48

	
0.50

	
0.52

	
0.45

	
0.53

	
0.52

	
0.54




	
    ω  v i s     

	
0.35

	
0.52

	
0.50

	
0.48

	
0.55

	
0.47

	
0.48

	
0.46
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Table 2. The average values of quality metrics for twenty fused images in the TNO dataset (red: the best; blue: the second best).






Table 2. The average values of quality metrics for twenty fused images in the TNO dataset (red: the best; blue: the second best).





	

	
EN

	
Qabf

	
SCD

	
FMIw

	
FMIdct

	
SSIM

	
MS_SSIM






	
Low pass

	
6.470

	
0.468

	
1.634

	
0.401

	
0.283

	
0.689

	
0.858




	
GTF

	
6.637

	
0.425

	
1.028

	
0.437

	
0.420

	
0.704

	
0.814




	
FusionGAN

	
6.355

	
0.219

	
1.472

	
0.371

	
0.361

	
0.655

	
0.731




	
U2Fusion

	
6.745

	
0.424

	
1.810

	
0.362

	
0.339

	
0.695

	
0.925




	
Densefuse

	
Addition

	
6.665

	
0.442

	
1.849

	
0.427

	
0.416

	
0.732

	
0.930




	
l1_norm

	
6.846

	
0.474

	
1.712

	
0.431

	
0.381

	
0.720

	
0.860




	
ours

	
6.341

	
0.496

	
1.627

	
0.440

	
0.423

	
0.765

	
0.894
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