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Abstract: Image dehazing aims to reconstruct potentially clear images from corresponding images
corrupted by haze. With the rapid development of deep learning-related technologies, dehazing
methods based on deep convolutional neural networks have gradually become mainstream. We
note that existing dehazing methods often accompany an increase in computational overhead while
improving the performance of dehazing. We propose a novel lightweight dehazing neural network
to balance performance and efficiency: the g2D-Net. The g2D-Net borrows the design ideas of
input-adaptive and long-range information interaction from Vision Transformers and introduces
two kinds of convolutional blocks, i.e., the g2D Block and the FFT-g2D Block. Specifically, the g2D
Block is a residual block with second-order gated units, which inherit the input-adaptive property of a
gated unit and can realize the second-order interaction of spatial information. The FFT-g2D Block is a
variant of the g2D Block, which efficiently extracts the global features of the feature maps through fast
Fourier convolution and fuses them with local features. In addition, we employ the SK Fusion layer
to improve the cascade fusion layer in a traditional U-Net, thus introducing the channel attention
mechanism and dynamically fusing information from different paths. We conducted comparative
experiments on five benchmark datasets, and the results demonstrate that the g2D-Net achieves
impressive dehazing performance with relatively low complexity.

Keywords: image dehazing; CNN; U-Net

1. Introduction

Image dehazing is a crucial task in the field of computer vision. It aims to restore
potentially clear images from haze-affected images, enhancing image quality and visual
clarity. Given its critical role in various fields, such as remote sensing, autonomous driving,
and security monitoring, image dehazing has sparked widespread interest in academia
and industry.

With the rapid development of deep learning techniques over the past decade, deep
convolutional neural networks (CNNs) [1,2] have been vital in driving significant progress
in computer vision. Although the emergence of Vision Transformers (ViTs) [3] has posed
a significant challenge to the dominance of CNNs, CNNs currently remain the preferred
approach for image dehazing tasks. This preference stems from two main reasons:

e Inimage dehazing research, acquiring paired hazy and clear images is an arduous
endeavor, resulting in the prevalent dehazing datasets being relatively small in scale.

e In applications such as autonomous driving and security surveillance, where im-
age dehazing computations often occur on edge devices with limited computational
resources, both computational efficiency and dehazing performance hold equal impor-
tance. CNNs generally offer higher computational efficiency in such scenarios.

However, this does not mean that a Vision Transformer cannot promote the devel-
opment of the image dehazing field; many current studies have shown that ViTs and
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CNNs can promote each other’s development [4,5]. In order to achieve better results, this
study borrows some of the key design concepts that have made ViTs successful in the field
of computer vision and applies them to CNNs to improve the performance of dehazing
while maintaining the efficient computation of the CNNs. The dehazing method proposed
in this study is called the second-order Gate Dehaze U-Net (g2D-Net). To validate the
effectiveness of the g2D-Net, we conducted experiments on mainstream dehazing datasets.
As shown in Figure 1, the g2D-Net can achieve impressive performance using a small
computational overhead.
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Figure 1. Comparisons between our methods and other state-of-the-art methods. (Left): PSNR vs.
MACs on a SOTS-Indoor dataset. (Right): The number of parameters of the models.

Specifically, the study’s aims were as follows:

e Inspired by the input-adaptive property of ViTs, we construct a residual block with
the second-order spatial interaction mechanism based on gated convolution [6]: the
g2D Block. We use it as a backbone to construct a lightweight dehazing U-Net [7] with
seven stages.

e  To provide the network with some long-range capability and keep the computation as
efficient as possible, we propose the FFT-g2D Block. This residual block is a derivative
of the g2D Block, which uses fast Fourier convolution [8] to extract global information
about the feature map in the frequency domain.

e  The g2D-Net replaces the cascading fusion layer in the traditional U-Net with an SK
fusion layer modified from the SK-Attention mechanism [9], thus dynamically fusing
information from different paths.

e Inthe g2D-Net’s training, we input/output hazy/clear images with different sizes in
multiple stages. This multi-input/output strategy can effectively reduce the training
difficulty of the network and significantly improve the convergence speed of the
network [10].

2. Related Work

With the continuous development of image processing technology, mainstream image
dehazing methods are also changing. According to their different working principles, we
categorize the dehazing methods into traditional and deep learning-based methods.

2.1. Traditional Methods

The traditional methods can be roughly divided into three types: image enhancement
methods [11-14], image restoration methods [15-17], and fusion-based methods [18-21].
Traditional image dehazing methods typically rely on handcrafted priors based on sta-
tistical rules or Atmospheric Scattering Models (ASMs) [22-24]. They often possess high
interpretability and low computational costs. However, these methods exhibit poor gener-
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alization and robustness, usually performing well only in specific scenarios, and cannot
handle hazy images in complex scenes. For instance, the well-known Dark Channel Prior
(DCP) method [15] could perform better when dealing with hazy images without large sky
areas. Although these traditional methods are now rarely used, they played a significant
role in early dehazing research, laying the foundation for subsequent studies.

2.2. Deep Learning-Based Methods

With the popularity and rapid development of deep learning, deep learning-based
methods have become the mainstream dehazing method. Deep learning-based methods
are trained using pairs of images and learning the mapping between the hazy and clear
images. Deep learning-based methods usually have better performance and robustness than
traditional methods. Based on whether an ASM is introduced or not, deep learning-based
methods can be categorized into two types.

Some deep learning-based methods rely on ASMs [25-27]. These methods usually use
neural networks to estimate the medium transmission map or global atmospheric light and
calculate potentially clear images using an ASM. As a priori knowledge, introducing an
ASM can significantly reduce the complexity of neural networks. However, an ASM is not
enough to explain the imaging process of haze images perfectly under complex conditions.
Thus, it also limits the further improvement of the neural network’s dehazing performance
to some extent.

Nowadays, state-of-the-art (SOTA) deep learning-based methods no longer rely on
ASMs. These end-to-end dehazing models utilize a data-driven approach to generate clear
images directly from hazy inputs. Among the various methods, networks based on encoder—
decoder architecture have shown promising performance [28-32]. An encoder—decoder
network typically features a clear and concise framework structure, with its performance
and model size mainly influenced by the residual blocks. As a lightweight network, the
g2D-Net also adopts this architecture. Additionally, methods based on GANSs [33,34] and
knowledge transfer [35] have also achieved good results but come with higher complexity.
Refs. [36,37] applied a Vision Transformer for the first time to an image dehazing task and
achieved good results in several dehazing datasets. Compared with CNNs, ViTs have
higher computational complexity and higher requirements for training data quality. These
problems limit the further development of Transformer-based methods for dehazing.

These excellent works have achieved remarkable success in image dehazing tasks.
However, they also face an acute problem: to achieve better dehazing results, the current
research work continuously increases the depth and width of the network and introduces
complex network structures, which increases the network’s difficulty in overcoming train-
ing, inference, and deployment difficulties. This study aims to propose a lightweight
convolutional neural network for dehazing that achieves a balance between complexity
and performance.

2.3. The PSNR and the SSIM

Researchers commonly use the Peak Signal-to-Noise Ratio (PSNR) and the Structural
Similarity Index (SSIM) [38] to evaluate the objective performance of a method in image
dehazing. For image pair (x, y):

MAX
PSNR(x,y) = 20logy (MSE(xy)) ;
2y 20%
S )~ (2pspy + 1) (20%y + c2) <1 )

(p% +p5 + cl) (a% + 02+ cz)

MAX represents the maximum possible pixel value of the image, and MSE stands for
the mean square error function. In Equation (2), uy and py, denote the means of x and y,
respectively, while 0 and 0, represent the standard deviations. oy signifies the covariance
between x and y, and ¢; and c; are small constants introduced to prevent division by zero.
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The PSNR is a metric for assessing the degree of degradation in the quality of reconstructed
images, primarily reflecting the pixel-level similarity between image pairs. Higher PSNR
values indicate better image quality. On the other hand, the SSIM considers differences
in brightness, contrast, and structure between image pairs. Compared to the PSNR, the
SSIM aligns better with the perceptual judgment of image quality made by the human
visual system. A higher SSIM value indicates a higher similarity between the two images
being compared.

3. Methods

The g2D-Net is a U-Net structure containing seven stages with local and global
residuals, and its overall architecture and the design of some of its modules are shown in
Figure 2. The g2D-Net contains two convolutional residual blocks: the g2D Block and the
FFT-g2D Block. These two types of residual blocks allow the network to have capabilities
such as being input-adaptive and having a long range. In addition, the g2D-Net uses the
SK Fusion layer to improve performance further and uses multiple input/output strategies
to reduce the difficulty of model training.
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Figure 2. (a) The overall architecture of the second-order Gate Dehaze U-Net (g2D-Net). (b) The
architecture of the shallow layer. (c) The architecture of the g2D Block. (d) The architecture of the SK
Fusion layer. The architecture of the FFT-g2D Block is shown in Figure 3.

3.1. The g2D Block

Existing research indicates that gating units and their variants can effectively enhance
the performance of models in various computer vision tasks [28,39,40]. However, the
existing gating units cannot facilitate information being transferred across long-range and
high-order interactions. On the other hand, input-adaptive, long-range, and high-order
interactions may be critical factors in the success of ViTs. Inspired by this, we propose a con-
volutional residual block with input-adaptive and second-order interaction capabilities: the
g2D Block. The g2D Block operates fundamentally based on gated convolution units [41].
Distinct from the typical gated convolution block, the g2D Block comprises two gated
convolution units, thereby achieving a second-order spatial interaction. Gated convolution
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learns, for each channel and each spatial location, a dynamic feature selection mechanism
acting on the feature map, a property similar to the input adaptivity of self-attention, and
is inherited by the g2D Block.
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Figure 3. (a) The architecture of the FFT-g2D Block. (b) The architecture of the FFT-Conv module
in the FFT-g2D Block. The meanings of the symbols in the figure are consistent with those listed
in Figure 2.

Let X € RO*H*W represent the input feature map, and ¢; represents the i-th point-
wise convolution. The g2D Block initially employs ¢ to project X to ¢o(X) € R2C*HxW,
subsequently dividing it into three feature vectors for processing based on channels:

c C
{P()Zxwal D *HW DngxW} — Split(¢o(X)) ®)

The g2D Block consists of two gated convolution operations. In these two operations,
P; and P, represent their outputs, respectively. First, we compute P; using Equation (3),
followed by mapping P; through ¢; and participating in the computation of the second
gated convolution along with D; to obtain P:

P1C/2><H><W _ U(POC/ZXHXW) ® DW(Dg/szxw) @)

pOXHXW — 0_<¢1(P1)C><H><W) ® DW(D?XHXW) ®)

Here, o represents the Sigmoid function, which maps the output of the gated convolu-
tion operation to the interval (0, 1), thus helping to mitigate the risk of gradient explosion
during the model’s training process. DW represents depth-wise convolution. Although
the Sigmoid function can be replaced with bounded functions like hard sigmoid, tanh, and
hard tanh, we still strongly recommend using the sigmoid function for best performance.

3.2. The FFT-g2D Block

To give the neural network a certain degree of long-range capability, we propose
the FFT-g2D Block based on the g2D Block. The FFT-g2D Block is a derivative version
of the g2D Block used in some stages. Figure 3 illustrates its structure. The FFT-g2D
Block employs both 3 x 3 depth-wise convolution (DW-Conv) [42] and FFT convolution
(FFT-Conv) operators, allowing it to capture both local and global information from the
feature maps simultaneously.

The FFT-Conv operator, utilizing channel-wise fast Fourier transform, effectively ex-
tracts global information from the feature maps in the frequency domain. Let X € R<*H*W
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represent the input feature map. It is first subjected to discrete Fourier transformation,
transitioning the feature map from the spatial domain to the frequency domain:

Xp = F(X) € Co¥HxW (6)

Performing convolution in the spatial domain is equivalent to point-wise multiplica-
tion in the frequency domain. Therefore, by applying a learnable frequency domain filter
K € C&*H*W to X through point-wise multiplication, frequency domain information can
be filtered. This filter in the frequency domain, referred to as the global filter, has the exact
dimensions as Xr. Finally, the filtered features in the frequency domain are transformed
back to the spatial domain using the inverse discrete Fourier transform:

X + F YKo Xp) € REHW @)

FFT-Conv is equivalent to depth-wise global circular convolution, but it has a time
complexity of only O(CHWIog(HW)). Due to the significantly higher complexity of the
FFT-g2D Block compared to that of the g2D Block and its proportionality to the input
feature map dimensions, we choose to incorporate FFT-g2D Blocks in only select stages.

3.3. SK Fusion

The SK Fusion layer is a simple improvement of the SK module, introducing channel
attention mechanisms into the model while dynamically integrating feature maps from
both the encoder and decoder stages. Several studies have demonstrated that the SK
Fusion layer can significantly enhance model performance, mainly when dealing with low-
level computer vision tasks [29,43]. Figure 2d illustrates the SK Fusion layer’s structure.
It takes feature maps f; from the encoder stage and f, from the main path. Initially,
they are fused through element-wise addition. Subsequently, a sequence of operations,
including Global Average Pooling (GAP), Multilayer Perceptron (MLP), and SoftMax, are
performed to extract channel attention (the MLP in the SK Fusion layer consists of two
fully connected layers. The first fully connected layer reduces the number of channels, ¢ to
c/8, while the second fully connected layer increases the number of channels to 2c. The
ReLU activation function is applied between the two fully connected layers). The attention
vector is then separated in the channel dimension to obtain the weights wy and w, for f;
and f, respectively. Finally, f; and f, are weighted according to these weights and added
to obtain the output of the SK Fusion layer. The process is as follows:

{wy, wp} = Split(SoftMax(MLP(GAP(f1 + f2)))) ®)

out = wy f1 + wafo )

3.4. The Loss Function

The loss function of the g2D-Net comprises two parts: the spatial loss function and the
frequency loss function. Both of these components utilize L; loss functions. The ultimate
loss is computed as the weighted sum of the spatial loss and the frequency loss:

L=Y" (19 —vill, + AIF @) — F)ly) (10)

In the equation, i represents the index of different sizes of input/output images, where
y and 7 represent the output images and the label images, respectively. The hyperparameter
A is configured to be 0.1.

3.5. Architectural Details

The g2D-Net follows the design of [29,30], with the ratio of block quantities set as
[M:M:M:2M: M : M: M] across different stages. As a lightweight model, in the g2D-
Net, we set M = 2. We introduce a variant with increased depth called g2D-Net++ to



Electronics 2024, 13, 1900

7 of 14

cater to different scenarios. g2D-Net++ is twice as deep as the g2D-Net, with M = 4. In
the ablation study section, we also discussed the scheme of increasing the embedding
dimension of the model. However, experimental results showed that increasing the number
of blocks is a more effective way of expanding the g2D-Net. The architectural details can
be found in Table 1.

Table 1. The detailed architecture specifications. Bold indicates that the FFT-g2D Block was used.

Model M Num. of Blocks Embedding Dims
g2D-Net 2 [2,2,2,42,2,2] [24,48,96,192,96,48,24]
2D-Net++ 4 [4,4,4,8,4,44] [24,48,96,192,96,48,24]

8

4. Experiment

We conducted extensive experiments on synthetic datasets (RESIDE [44] and Haze-4K [45])
and real-world datasets (Dense-Haze [46] and NH-Haze [47]), evaluating the models’
objective dehazing performance using the PSNR and the SSIM. We performed model
training separately for indoor and outdoor scenes for the RESIDE dataset and evaluated
them on the corresponding SOTS-Indoor and SOTS-Outdoor test sets. The Dense-Haze
dataset contains densely and uniformly hazed images, and the NH-Haze dataset contains
non-uniformly hazed images. Both datasets consist of 55 image pairs, with 50 pairs used
for training and the remaining five used for testing. We utilized the PyTorch (Version: 1.9.0)
framework and NVIDIA A100 GPU for model construction and training. The warmup
strategy was employed during the initial 50 epochs to increase the learning rate to its initial
value gradually. Subsequently, the learning rate was gradually reduced to 1/100 of the
initial learning rate according to a cosine decay strategy [48]. We employed AdamW [49] as
the optimizer for model training.

4.1. The Main Experimental Results

We first conducted experiments on synthetic datasets. For all variants of the g2D-Net,
we randomly cropped training images to 256 x 256, employed a Mini Batch Size of 32,
and conducted training for 1000 epochs. The initial learning rates for the g2D-Net and
g2D-Net++ were set to 8 x 10~% and 4 x 10~4, respectively. Figure 4 illustrates the training
process of the g2D-Net across different datasets. To assess the effectiveness of our proposed
approach, we performed quantitative performance comparisons between the g2D-Net and
the SOTA methods. The results of the comparative experiments are elaborated in detail
in Table 2. The experimental findings demonstrate that our method exhibits impressive
performance across multiple datasets, striking a favorable balance between dehazing
effectiveness and computational efficiency. Despite being a lightweight model, the g2D-Net
achieves SOTA performance across various datasets. Specifically, compared to the classic
FFA-Net [50], the g2D-Net utilizes only approximately 7.7% of the parameter count and
about 1.7% of the MACs. However, it improves the PSNR by 2.88 dB and 2.46 dB on
the RESIDE-IN and RESIDE-OUT datasets. In contrast to other more advanced methods,
the g2D-Net achieves a notable reduction in parameter counts and MACs, yet it attains
dehazing performance close to or surpassing their effects. For instance, compared to
the advanced Transformer-based method DehazeFormer-B [37], g2D-Net++ exhibits a
parameter reduction of approximately 70%. However, g2D-Net++ achieves an increase in
the PSNR by 2.42 dB on the RESIDE-IN dataset. Figure 5 illustrates the dehazing effects
of the g2D-Net in different scenarios. The g2D-Net handles various dehazing situations,
effectively restoring details and textures affected by haze, suppressing artifacts, enhancing
clarity, improving contrast, and recovering color in the images.
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Figure 4. The training process of the g2D-Net and g2D-Net++. The vertical axis represents the PSNR
of the models on the test set. The data were sampled at intervals with a sampling step of 20 for
better visualization.

Table 2. The benchmarking dehazing methods on synthetic datasets. The data for the other methods
in the table are taken from their respective papers. ‘-’ indicates that there are no such data in the
original paper. The best performance will be displayed in bold; the second-best performance will be

indicated using underlining.

Model RESIDE-IN RESIDE-OUT Haze4K Overhead
PSNR SSIM PSNR SSIM PSNR SSIM MACs(G) Param(M)

(TPAMI'10) DCP [15] 16.62 0.818 19.13 0.815 14.01 0.760 - -
(TIP’16) DehazeNet [25] 19.82 0.821 24.75 0.927 19.12 0.840 0.581 0.009
(ECCV’16) MSCNN [26] 19.84 0.833 22.06 0.908 14.01 0.510 0.525 0.008
(ICCV’17) AOD-Net [27] 20.51 0.816 24.14 0.920 17.15 0.830 0.115 0.002
(ICCV’19) GridDehazeNet [51] 32.16 0.984 30.86 0.982 - - 21.49 0.956
(AAAT'20) FFA-Net [50] 36.39 0.989 33.57 0.984 26.96 0.950 287.8 4.456
(CVPR20) MSBDN [52] 33.67 0.985 33.48 0.982 22.99 0.850 41.54 31.35
(ECCV’21) PMNet [53] 38.41 0.990 34.74 0.985 - - 81.13 18.90
(CVPR’22) AECR-Net [54] 37.13 0.990 - - - - 52.20 2.611
(CVPR’22) MAXIM-2S [28] 38.11 0.991 34.19 0.985 - - 216 14.10
(CVPR’22) DeHamer [36] 36.63 0.998 35.18 0.986 - - 48.93 132.45
(TIP’23) DehazeFormer-B [37] 37.84 0.994 34.95 0.984 - - 25.79 2.541
(ICME"23) LKD-L [55] 39.44 0.994 34.82 0.983 - - 23.93 2.38
(arXiv’23) MixDehazeNet [30] 39.47 0.995 35.09 0.985 - - 22.06 3.16
(ICLR’23) SE-Net [32] 41.24 0.996 40.05 0.996 66.61 7.05
(KBS23) ChalR-T [56] 39.72 0.995 38.01 0.995 5.66 52.55
(TIP24) DEA-Net [31] 40.20 0.993 36.03 0.989 33.19 0.99 32.23 3.653
(EAAT'24) HRA-Net [57] 38.83 0.985 36.15 0.988 - - - 7.29
g2D-Net 39.27 0.995 36.07 0.983 33.14 0.986 4.839 1.452
g2D-Net++ 40.26 0.996 36.60 0.985 33.24 0.986 7.560 2.466

To better evaluate the g2D-Net, we conducted experiments on two more challenging
real-world datasets. During training, input images were resized to 800 x 1200, while
full-size images were used during testing. Figure 6 illustrates the test results of the g2D-Net
on the Dense-Haze and NH-Haze test sets. Table 3 presents the comparative experimental
results between the g2D-Net and other methods. The experimental findings indicate that,
compared to synthetic datasets, the model’s dehazing performance declines when faced
with more challenging real-world datasets. This decline mainly manifests in suboptimal
edge details and color reproduction when reconstructing clear images. This suggests
that mainstream synthetic datasets still lack realism. However, comparative experimental
results indicate that the objective performance metrics of the g2D-Net, particularly those of
the SSIM metric, still outperform most existing methods. The excellent SSIM metric results
suggest that the overall visual perception quality of images processed by the g2D-Net is
higher, which may be attributed to the long-range interaction capability of the g2D-Net.
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On the other hand, the lower PSNR compared to large-scale SOTA dehazing methods
may imply that the performance of the g2D-Net in reconstructing pixel-level details needs
improvement due to its smaller parameter size.

Hazy Image DCP GridDehazeNet DehazFormer g2D-Net GT

Figure 5. A comparison of the dehaze results of different methods in an indoor scene and an outdoor
scene. The haze images are from the RESIDE dataset. GT denotes Ground Truth images.

PSNR:16.63 dB/SSIM0.554 PSNR:16.88dB/SSIM:0.48 1 PSNR:18.59dB/SSIM:0.801 PSNR:21 89/SSIM:0.818 PSNR:22.69/SSIM:0.824

Figure 6. The dehazing results on real-world datasets. The first row shows the hazy images, and the
second row shows the Ground Truth images.

Table 3. The experiments on real-world datasets. The best performance will be displayed in bold; the
second-best performance will be indicated using underlining.

Dense-Haze NH-Haze
PSNR SSIM PSNR SSIM

(ICCV'19) GridDehazeNet [51] 13.31 0.368 13.80 0.537
(AAAI20) FFA-Net [50] 14.39 0.407 19.87 0.692

Model
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Table 3. Cont.

Dense-Haze NH-Haze
Model
PSNR SSIM PSNR SSIM
(CVPR’21) AECR-Net [54] 15.80 0.466 19.88 0.717
(ECCV'21) PM-Net [53] 16.79 0.510 20.42 0.730
(CVPR’22) DeHamer [36] 16.62 0.560 20.66 0.684
(ICCV"23) FocalNet [58] 17.07 0.630 20.43 0.79
g2D-Net 17.05 0.649 20.22 0.796
4.2. Ablation Experiments
To analyze the critical designs in the g2D-Net, we conducted corresponding ablation
experiments. In these experiments, we systematically examined the impact of modules such
as the g2D Block, the FFT-g2D Block, the shallow layer, and the SK layer on the model’s
performance. The results of the ablation experiments are presented in Table 4. Ablation
experiments will be performed on the RESIDE-OUT dataset if not otherwise specified.
Table 4. The ablation experiments on the RSEIDE-OUT dataset. Unless otherwise stated, the ablation
experiments are performed on the g2D-Net. “-” indicates that the current metric is on par with the
baseline. "1" indicates a performance improvement compared to the baseline, while "|" indicates a
decrease in performance.
RESIDE-OUT Overhead
Method
PSNR SSIM MAC:s (G) Param (M) Latency (ms)
g2D-Net (Baseline) 36.07 - 0.983 - 4.839 - 1.452 - 10.51 -
g2D Block (g2D-Net) — GC Block 35.26 | 0.983 - 4240 | 1.169 | 8.78 ]
g2D Block (g2D-Net) — GC Block + Conv 35.68 | 0.983 - 4901 4 1371 972 |
g2D Block (g2D-Net++) — GC Block 36.17 1 0.983 - 6.362 1 1.901 1 14.41 1
FFT-g2D Block — g2D Block 35.06 | 0.982 | 4542 | 1.153 | 9.60 |
Multi input/output — Single input/output 35.32 ) 0.983 - 3.333 | 1217 ) 897
SK layer — Cat layer 3531 0.982 | 5.004 1 14711 10.45 |
Depth x 2 (g2D-Net++) 36.60 1 0.985 1 7.560 1 2.446 1 18.13 1
Width x /2 36.32 1 0.983 - 7.818 1 2.019 1 1147 |

We initially investigated the impact of the g2D Block on model performance. The g2D
Block contains two gated convolutional units, enabling second-order spatial interactions
between feature information. When the g2D Block includes only one gated convolutional
unit, it degenerates into a gated convolutional (GC) Block (The architecture of the GC Block
is illustrated in Figure 7). The experimental results demonstrate that the g2D Block can
increase the PSNR by 0.81 dB compared to the GC Block. To validate that the performance
improvement brought on by the g2D Block is not due to an increase in parameters, we
conducted another set of experiments: we added a 3 x 3 depth-wise convolution operator
and a 1 x 1 point-wise convolution in the GC Block to match the parameters and MACs of
the g2D Block. However, compared to the g2D Block, adding the convolution operator to
the GC Block still decreased the PSNR by 0.39 dB. The utilization of the FFT-g2D Block is
aimed at efficiently extracting global and local features. When replacing the g2D Block in
the fourth stage with the FFT-g2D Block, the PSNR increases by 1.01 dB.

In the g2D-Net, we employ a multi-input/output strategy to alleviate training dif-
ficulty. The role of the shallow layer is to input images of different sizes into the model.
If abandoning the multi-input/output strategy, this results in a decrease of 0.75 dB in
the PSNR.

The SK layer is incorporated to introduce channel attention to the model, dynamically
combining feature map information from different branches. Compared to the commonly
used cascaded fusion layers in a traditional U-Net, the SK layer, as a lightweight module,
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introduces no additional computational overhead to the model while enhancing the PSNR
by 0.76.

( PW-Conv )
( 3x3 DW-Conv + 1x1 Conv ) ( PW-Conv )

A

I

o (oW o (Dwcom)

e ) wem )
T |

(a) GC Block + Conv (b) GC Block

Figure 7. (a) The architecture of the GC Block with a convolution operator. (b) The architecture of the
GC Block.

In ablation experiments, we also validated the scalability of the g2D-Net. The ex-
periments show that regardless of expanding the depth or the width, the g2D-Net’s
performance significantly improves, with deepening the network depth being a more
recommended choice.

5. Conclusions

In this study, we propose a lightweight convolutional neural network for image dehaz-
ing tasks: the g2D-Net. Inspired by a Vision Transformer, we propose the g2D Block and
the FFT-g2D Block, two convolutional residual blocks with input-adaptive and long-range
capabilities. In addition, we utilize the SK layer to improve the model performance further
and adopt the multi-input/output strategy to reduce the model’s training difficulty. Exten-
sive experiments demonstrate that the g2D-Net achieves a balance between performance
and computational complexity, delivering SOTA performance on multiple benchmark
datasets with low amounts of computational overhead. This lightweight model with ex-
cellent performance effectively reduces the difficulty of model training and deployment,
promoting the application and development of dehazing networks in real-world scenarios.
Although the g2D-Net’s performance is impressive, its performance on large-scale datasets,
such as RESIDE-OUT, still cannot match that of the SOTA large-scale dehazing models
due to network size limitations. Additionally, constrained by the quality and scale of the
dataset, the g2D-Net's effectiveness in handling real-world haze still needs improvement.
However, with a deeper understanding of neural networks and improved dataset quality,
the g2D-Net’s performance is poised to enhance further.
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