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Abstract: Cloud detection technology is crucial in remote sensing image processing. While cloud
detection is a mature research field, challenges persist in detecting clouds on reflective surfaces like
ice, snow, and sand. Particularly, the detection of cloud shadows remains a significant area of concern
within cloud detection technology. To address the above problems, a convolutional self-attention
mechanism feature fusion network model based on a U-shaped structure is proposed. The model
employs an encoder—decoder structure based on UNet. The encoder performs down-sampling to
extract deep features, while the decoder uses up-sampling to reconstruct the feature map. To capture
the key features of the image, Channel Spatial Attention Module (CSAM) is introduced in this work.
This module incorporates an attention mechanism for adaptive field-of-view adjustments. In the up-
sampling process, different channels are selected to obtain rich information. Contextual information
is integrated to improve the extraction of edge details. Feature fusion at the same layer between
up-sampling and down-sampling is carried out. The Feature Fusion Module (FFM) facilitates the
positional distribution of the image on a pixel-by-pixel basis. A clear boundary is distinguished using
an innovative loss function. Finally, the experimental results on the dataset GF1_WHU show that
the segmentation results of this method are better than the existing methods. Hence, our model is of
great significance for practical cloud shadow segmentation.

Keywords: cloud shadow segmentation; convolution neural network; attention mechanism; feature
fusion; deep learning

1. Introduction

With the decade-long development of remote sensing technology, the Gaofen series
of satellites has formed a “three-high” observation system with high spatial, temporal,
and spectral resolution [1], which uses sensors to acquire images by obtaining information
about the Earth over long distances. In the remote sensing image, the cloud shadow area
is an important identification; through the identification of the cloud shadow position
in the image, we can obtain the visible light, infrared rays, and other information on
the ground, used to monitor the cloud coverage, the type of cloud, and the direction
of cloud movement. This provides meteorologists and weather forecasters with critical
data to help them predict the weather more accurately. However, merely identifying
the location of cloud cover is insufficient. The presence of cloud shadows can obstruct
analysis in precision agriculture and other fields, leading to biases in the results. Therefore,
applications of cloud shadow detection are increasingly widespread in meteorological
forecasting, environmental monitoring, and natural disaster detection. The cloud detection
technology [2] is inadequate; thus, utilizing cloud and cloud shadow detection technology
to accurately detect cloud cover from remote sensing images is a crucial preprocessing
step for most satellite imagery. In this paper, we propose a segmentation algorithm for
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separating the three components of clouds, cloud shadows, and background in remote
sensing images.

Traditional cloud shadow segmentation methods can be broadly categorized into
the following five types: 1. thresholding-based methods; 2. morphology-based methods;
3. statistical-based methods; 4. texture feature-based methods; and 5. machine learning-
based methods. The thresholding method uses various physical methods, such as AVHRR
and NIR images, to set feature thresholds such as luminance, chromaticity, etc., to detect
the cloud shadows in the image. Early on in this research, people used fixed thresholds to
distinguish clouds from other parts. For instance, Saunders and Kriebel [3] processed the
NOAA-9 dataset over a week by determining thresholds for a range of physical parameters
including cloud-top temperatures, optical depths, and liquid water content. While the fixed
threshold method is straightforward and user-friendly, it lacks the adaptability needed to
accommodate various meteorological conditions, lighting scenarios, geographical regions,
and times of day. Additionally, it often necessitates manual threshold adjustments, which
pose numerous shortcomings and limitations. Later, many researchers proposed improve-
ments by using dynamic thresholding for cloud detection [4-7]. The dynamic thresholding
method adjusts thresholds based on environmental conditions through the construction
of diverse physical models, thereby enhancing the accuracy of automatic cloud analysis.
However, for complex cloud and feature types, this method can be challenging to apply
to the background, and it also incurs significant computational costs. Secondly, the mor-
phological method based on set theory proposes a series of operations, such as expansion,
erosion, open and close operations, and hit-hit-miss transformations for images. Danda
and Xiang Liu et al. [8,9] constructed skeleton features to help analyze the morphology
of the cloud and thus separate it from other regions by using a gray-level morphological
edge extraction method. Moreover, Tom et al. [10] established a common method based on
morphological data to create an efficient computational paradigm for the combination of
simple nonlinear grayscale operations such that the cloud detection filter exhibits spatial
high-pass properties, emphasizes cloud shadow regions in the data, and suppresses all
other clutter. A series of methods regarding morphology are more effective for the case
of blurred cloud edges and complex shapes, but they are difficult to apply directly to
multispectral images. Thirdly, statistical methods use various statistical and analytical tools
to establish regression equations for differences in reflectance, brightness, or temperature
between picture pixels in satellite data to detect clouds. For example, Amato et al. [11]
used PCA and nonparametric density estimation applied to the SEVIRI sensor dataset,
and Wylie et al. [12] combined time-series analyses of more than 20 years of polar-orbiting
satellite cloud data to predict future cloud trends. However, since the sample data used
in regression models are historical, this type of method is not widely used and is limited
to specific times and regions. Fourthly, the texture feature method identifies cloudy and
non-cloudy regions by extracting the texture features of images. For example, Abuhussein
et al. [13,14] conducted segmentation by analyzing the GLCM (Gray-Level Co-occurrence
Matrix) to capture spatial relationships and covariance frequencies between pixels of vary-
ing gray levels in the image. This process enables the extraction of crucial information
regarding the image texture. Reiter and Changhui et al. [15-17] completed segmentation by
using the wavelet transform to detect texture features and edge information in the image at
different spatial scales and to decompose the cloud image into details at different scales to
obtain local and global features of the cloud, while Surya et al. [18] used a clustering algo-
rithm to group texture regions similar to the cloud shadow. This method works better for
texture-rich cloud shadow images. To overcome the limitations of the first four traditional
methods, machine learning algorithms are proposed to realize cloud shadow segmentation
by training classifiers. Support vector machines, random forests, and neural networks
are typical classifiers. For instance, Li et al. [19] proposed a classifier based on support
vector machines to detect clouds in images, while Ishida et al. [20] quantitatively guided
the support vector machines with the help of classification effect metrics to improve the
feature space used for detecting cloud shadows and to reduce the frequency of erroneous
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results. Fu et al. [21] combined the ensemble thresholding method and random forest
for the FY-2G image set to improve the meteorological satellite cloud detection technique,
and Jin et al. [22] established a BP neural network backpropagation model for the MODIS
dataset, which improved the learning model to a certain extent. Although these methods
are indeed more effective, they necessitate manual feature engineering to select suitable
labels for training and testing a large volume of data annotations. Furthermore, the quality
of the model is directly influenced by the features selected.

To overcome the shortcomings of manual feature engineering, deep convolutional
neural networks (CNN) gradually emerged; a variety of convolutional neural networks
were proposed for remote sensing image segmentation tasks, and semantic segmentation
algorithms based on deep learning began to gradually become mainstream. Long et al. [23]
first proposed a fully convolutional neural network, FCN, for semantic segmentation
in 2015, which can directly realize end-to-end pixel-by-pixel classification. Mohajerani
et al. [24] applied the FCN network to the remote sensing image Landsat dataset cloud
detection technique in 2018, which dramatically improved the efficiency of the target
classification of remote sensing images; however, the results obtained were still not fine
enough and not sensitive enough for the detailed parts of the image. Since then, there has
been a surge in deep learning networks, with numerous CNN frameworks continuously
being proposed. In 2015, Badrinarayanan et al. [25] introduced SegNet, a segmentation
network based on an encoder—decoder structure, utilizing up-sampling with the unpooling
operation. Subsequently, in 2019, Lu et al. [26] adapted the SegNet network model for cloud
recognition in remote sensing images. Their approach improved the accuracy of cloud
recognition by preserving positional indices during the pooling process, thus retaining
image details through a symmetrical parallel structure. Although it demonstrated some
ability in cloud-snow differentiation, its training time was found to be excessively long
and inefficient. In 2016, Chen et al. [27] designed an inflated convolutional network called
DeepLab, aimed at expanding the sensory field by introducing voids in the convolutional
kernel. DeepLab enhances the robustness of image segmentation. However, it imposes
specific requirements on the size of the segmented target. It excels in segmenting fore-
ground targets within the general size range. Nonetheless, when faced with extreme size
variations in the target, such as very small or very large targets, DeepLab exhibits poor
performance and suffers from segmentation instability. In 2015, Ronneberger et al. [28]
proposed the UNet image segmentation network, named because the network framework
is shaped like the letter U. The contextual information is fused through feature splicing
in the channel dimension during the up-sampling process to achieve a more fine-grained
segmentation, which is suitable for highly detailed segmentation tasks. In 2017, Zhao
et al. [29] designed a pyramidal scene parsing network structure, PSPNet, which integrates
contextual information from different regions, applies convolutional kernels of different
sizes, and employs a multi-scale sensory field to efficiently combine local and global cues.
In 2022, Zhang et al. [30] proposed a dual pyramidal network, DPNet, inspired by PSPNet.
This multi-scale feature captures features of the image from different scales, thus enhancing
the network’s capability in feature extraction, but it also incurs greater computational cost,
making training and prediction slower.

Although existing CNNs perform better in remote sensing image segmentation tasks,
there is still a general problem: due to the down-sampling nature of the convolutional
operation, the network is prone to lose critical detail information during feature extraction
and scale reduction, which leads to many problems, such as inaccuracy and blurred
edges in segmentation results. Many studies have demonstrated that combining low-level
and high-level semantic information can significantly improve model performance [31].
However, traditional feature fusion methods are usually too simple and do not pay enough
attention to edge information and image features to effectively restore lost information,
especially for tasks with complex backgrounds, which may lead to missed detection of
fine targets and edge blurring. To address these challenges in semantic segmentation,
we propose a new approach for cloud shadow segmentation—an attention mechanism
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feature fusion network based on the UNet framework. The encoder—decoder architecture
of UNet effectively extracts and restores feature information across various scales, making
it particularly suitable for smaller-scale datasets. Therefore, we adopt this U-shaped
network structure as our baseline and integrate the channel attention mechanism and
spatial attention mechanism module into it. This integration allows for adaptive attention
to different channels of the image and feature map information, with the goal of enhancing
the fine detection of cloud shadows. The addition of the new feature fusion module can
effectively fuse the low-level and high-level features, restore the lost information, and
segment the fine features more accurately in such a complex context as the cloud shadow
segmentation task. The AFMUNet network framework is shown in Figure 1. After inputting
the image, the high-level image features are initially extracted through down-sampling.
Subsequently, during the up-sampling process and enhancement of feature map resolution,
we progressively enhance the receptive field adaptively and employ different channel
operations. In addition, the feature fusion module is utilized in each layer to integrate
contextual information more accurately and fuse low-level and high-level information.
Furthermore, an innovative loss function is employed during the training process, and
classification results are outputted after multiple samplings. Through the combined effect
of the above modules, the detection accuracy of our network was substantially improved.
The main contributions of this paper’s work are as follows:

e An integrated module of channel space attention mechanism, suitable for cloud
shadow segmentation tasks within a U-shaped structure, is proposed. This model
facilitates dynamic adjustment of feature map weights, enhancing the ability to capture
crucial image features and thereby improving segmentation accuracy.

e  The feature fusion operation of the original network is updated, which helps to
better understand the target and background in the image, segment the image using
information from different scales, and deal with cloud shadow targets of different
sizes and shapes.

e Aninnovative weighted loss function is developed for the dataset, which improves
the accuracy of model learning and optimizes the model performance to some extent.

e A network that integrates the above three features and combines them with a feature
extraction network is proposed to segment high-resolution remote sensing images.

Decoder

Figure 1. Attention mechanism feature fusion network framework based on U-shaped structure.

2. Methodology

Since the purpose of the cloud—-shadow segmentation task is to match labels on a pixel-
by-pixel basis on an image to distinguish between clouds, cloud shadows, and backgrounds,
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the task can be regarded as a semantic segmentation task for triple categorization. Recently,
CNNss have achieved great success in the field of computer vision, especially in image
segmentation tasks. As pointed out in Section 1, due to the diversity of cloud layers,
irregular shapes, and variations in lighting conditions and shooting locations, cloud shadow
segmentation tasks often require highly accurate models to cope with these complexities.
Nevertheless, traditional machine learning algorithms may face challenges in meeting the
stringent accuracy demands of cloud shadow segmentation tasks, particularly in scenarios
involving snowy mountainous terrain or under low-light conditions [32]. When dealing
with the cloud shadow segmentation task, we need an efficient network structure that can
fully capture the detailed features of clouds while preserving the surface information. To
fulfill this requirement, we choose the UNet structure as the backbone network framework,
which is appropriately modified to incorporate CSAM and FFM improvement modules
to further improve the performance of the model in capturing the complex structure and
irregular shape of cloud shadows.

2.1. UNet—A Network Based on Encoder—Decoder Architecture (Related Work)

UNet is a classical deep-learning architecture especially suited for image segmentation
tasks. It is designed as an encoder—decoder structure with special skip connections to better
capture features and details at different scales in segmentation tasks. The following are the
main features and working principles of UNet:

1. Encoder Part: The encoder part of UNet consists of multiple convolutional layers
that gradually halve the size of the feature map while increasing the number of feature
channels. This helps to extract high-level feature representations of the image and capture
semantic information at different scales. The encoder part usually includes operations such
as convolutional layers, pooling layers, etc.

2. Jump concatenation: UNet introduces jump concatenation to concatenate the fea-
ture maps of the encoder with the feature maps of the decoder to include more detailed
information in the decoder. This helps to overcome the problem of information loss that
may be introduced by pooling operations and improves the performance of the segmenta-
tion model.

3. Decoder Part: The decoder part of UNet consists of multiple convolutional and
up-sampling layers that gradually recover the spatial resolution of the feature map through
operations such as inverse convolution. The decoder part restores the low-resolution
feature map to the size of the original input image through the up-sampling operation and,
at the same time, performs feature extraction through the convolution operation.

4. Output Layer: The output layer of UNet is usually a convolutional layer whose
output is a segmentation mask indicating the class or segmentation result of each pixel in
the image. The number of channels in the output layer is usually equal to the number of
categories in the task.

The UNet architecture has achieved excellent performance in a variety of fields, such as
medical image segmentation, remote sensing image analysis, and automated driving, where
it can efficiently capture semantic information and details in an image while maintaining
high resolution. In our study, only the basic architecture of UNet is retained, based on
which innovations and modifications are made.

2.2. CSAM (Channel Spatial Attention Module)

To better understand the key features and structures in an image and to improve
the segmentation of complex scenes, we introduce the attention mechanism. The concept
of attention mechanism originated in the field of natural language processing. It serves
to emphasize words at different positions within an input sentence, thereby facilitating
improved translation into the target language [33,34]. For instance, in machine translation,
the attention mechanism helps the model focus on relevant parts of the input sentence when
generating each word of the translation. This allows for more accurate and contextually
appropriate translations, especially in cases where the input sentence is long or complex.
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Similarly, in text summarization, the attention mechanism aids in identifying important
sentences or phrases to include in the summary, resulting in more concise and informative
summaries. Now, we apply it to image semantic segmentation tasks to help process image
information more efficiently by focusing attention on key regions in the image while
suppressing irrelevant information. This is an approach that mimics the human visual
and cognitive system, which is similar to how the human cerebral cortex achieves efficient
analysis by focusing on specific parts when processing image and video information
in complex scenes. In general, the attention mechanism can be categorized into four
dimensions—channeling, spatial, temporal, and branching [35]—which play different roles
in different computer vision tasks.

As shown in Figure 2 below, we add the CSAM module to the basic structure of
UNet after the end of each sample in the up-sampling phase, which skillfully combines the
channel and spatial attention mechanisms. For a given feature map, the CSAM module is
capable of generating feature map information in the channel and spatial dimensions [36]
and multiplying them with the original input feature map to perform adaptive feature ad-
justment and correction. Eventually, the CSAM module outputs feature maps, adjusted by
the attention mechanism, with stronger semantic information and adaptability. This module
enhances our ability to focus on the channel information of the image during cloud shadow
segmentation tasks, thereby improving cloud perception and segmentation accuracy.

Spatial Attention Block

! ‘ Channel Attention Block ‘ i

®

Figure 2. Channel space attention mechanism module.

2.2.1. CAB (Channel Attention Block)

CAB is an important component of the CSAM module. It focuses on weighting
attention given to the channel dimensions in the feature map [37,38]. The goal of the
channel attention mechanism is to enhance the attention given to different channels by
dynamically adjusting the weights between channels. This is crucial to improve the model’s
ability to perceive different features in the image. The CAB module works as follows:

The steps of the CAB module are shown in Figure 3 below. Step 1: Firstly, the input
feature map Fj, is subjected to global average and maximum pooling operations, and the
input information is compressed and downgraded to obtain two 1 x 1 average pooled
features, F,,, and maximum pooled features, Fy,,,. Step 2: Then, they are fed into a
weight-sharing two-layer neural network, MLP. Step 3: Finally, the MLP output features
are subjected to an element-by-element summation operation, which is applied to the input
feature map after activation by the Sigmoid function to generate the final Channel Attention
Feature, M.. The above computational process is expressed as Equation (1), shown below:

M. (F;;)= oc(MLP(AvgPool(F;,)) + MLP(MaxPool(F;,)))
= U(Wl(WO(R:wg)) + W1 (Wo(Fiuax)))
1
T 1te

1)

o(x)= sigmoid(x)

where o (+) is the sigmoid function and Wy, / Wj represents the weights of the hidden/output
layer. The parameters of Wy and W are shared in MLP.
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Figure 3. Channel attention block.

Attention weights on the channel dimensions, indicating the contribution of different
channels to the final feature representation, were generated by CAB, and these weights
were applied to the original input feature map to generate features for the input spatial
attention mechanism module. Channel-level feature tuning is achieved by weighting each
channel’s features. This means that the model can better focus on the channel features that
are important to the task at hand, improving the representation of semantic information.

2.2.2. SAB (Spatial Attention Block)

Unlike CAB, the SAB module focuses on the spatial dimension of the feature map. Its
goal is to enhance the focus on different regions in the image by adjusting the weights of dif-
ferent spatial locations to improve the model’s perception of global contextual information.
The SAB module works in Figure 4 as follows:

» AvgPool —

conv
—_ > > ) >
7TX7

4 MaxPool — /

\ / Spatial Attention

Pooling layer

Figure 4. Spatial attention block.

Step 1: First, the feature map output from the CAB module is used as the input
of this module, F;,;, and global maximum pooling and average pooling are done on the
channel dimensions; then, these two results are used in a splicing operation. Step 2: Next,
a7 x 7 convolution kernel is chosen to perform a convolution operation on the splicing
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result, and the channel dimensions are reduced to 1. Step 3: Finally, after the Sigmoid
activation function maps the weights between 0 and 1 to represent the order of importance
of each position, these spatial attention weights are applied to the inputs to generate the
feature map of the spatial channel attention mechanism, M;. The above computational
process is expressed as Equation (2), shown below.

M;(Fiy) = o(f7*7(|AvgPool (F;y,); MaxPool (F;,)])) )
_ 7x7 .

= (" (Faog: Fnax))

where 7 x 7 is the kernel of convolution. This size performs better than others.

SAB generates attention weights in the spatial dimension through a series of con-
volutional operations and activation functions that indicate the contribution of different
locations to the final feature representation. This means that the model can better focus on
key regions in the image, thus improving the perception of global contextual information.
The SAB module helps us to more accurately capture the contours and structure of objects
in tasks such as semantic segmentation.

2.3. FFM (Feature Fusion Module)

The introduction of the FFM module [39-41] plays a key role in the process of feature
fusion of information from different feature maps obtained from deeper and shallower
layers when jump connections in the original network structure are involved. The FFM
module allows us to efficiently fuse features of different scales and resolutions in order to
capture the complex structure and irregular shapes of cloud shadows.

The steps of the FFM module are depicted in Figure 5. Step 1: Accept two feature
maps with different resolutions from the encoder and decoder sections as input. Step
2: Perform a series of operations such as splicing, convolution, and so on, to fuse them
into an enhanced hybrid feature map, which strengthens the representation of the hybrid
features and makes them more suitable for subsequent processing. Step 3: Perform a global
averaging of the hybrid feature map pooling to reduce the spatial dimension to 1 x 1
to obtain global channel statistics. Step 4: Introduce two consecutive 1 x 1 convolution
operations via Relu and Sigmoid activation functions in order to enhance the nonlinearity
and show the importance of each channel. Step 5: Multiply the channel attention weights
with the element-by-element hybrid feature map obtained from Step 2 to perform the
mul operation to obtain a weighted feature map. Step 6: Finally, the weighted feature
map obtained from Step 5 is subjected to element-by-element add-sum operation with the
hybrid feature map obtained from Step 2, to produce the final fused feature map. The
above computational process is expressed as Equation (3), shown below.

Feonp = Conv(Concat(Fy,F,))
a = relu(f*1(AvgPool (Feony)))
Mg(Fy, Fy) = Foono + Feono @ 0(f11(a))
relu(x) = max(0, x)

)

where Fyuv is the fusion of the input from shallow and deep layers and « represents the
enhanced nonlinear result as an intermediate variable.

The FFM module is a well-designed feature fusion mechanism that effectively inte-
grates feature maps from shallow and deep layers by means of utilizing channel comple-
mentarity, adaptively adjusting the weights of the channel features dynamically to better
fuse information from different scales and semantic levels. This innovative fusion module
offers an effective tool for our research and improves the performance of the capture and
segmentation tasks of feature statistics.
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concatenate

global pool

1x1 conv
©

1x1 conv
Q

Figure 5. Feature fusion module.

2.4. Loss Function

The loss function is an important component in various segmentation network models
based on deep learning [42]. It is used to measure the difference between the prediction
and true values of the network and guide the model to make more accurate predictions. In
the segmentation task, the reasonable selection, optimization, and innovation of the loss
function can enhance the learning process of the model to achieve better segmentation
results [43] as well as portability and application to other networks; thus, the study of the
loss function selection is particularly important. The commonly used loss functions [44]
are as follows:

1. Cross Entropy Loss Function

1

Mz

N
Z yijlog(pij) + (1 — yij) log(1 — pyj)] (4)

I
=

1

where N denotes the number of samples, and M denotes the number of categories. As
the most commonly used loss function in image segmentation, which can be used in a
large number of semantic segmentation tasks, the cross-entropy loss can help the network
to correct categorization of the pixels after judging how good or bad the model is for
the dataset.

2. Weighted Cross-Entropy Loss Function

1 N
w = —N.Z Z wiyijlog(pij) + (1 — yij) log(1 — pyy)] ©)

Despite being similar to the cross-entropy loss function, multiplying all positive
samples by a coefficient for weighting allows the model to focus more on a smaller number
of samples, thus mitigating the problem of the imbalanced number of categories.

3. Focal Loss

N N
Lr = —%2 Y [(1 = pip)yijlog(pi) + pi” (1 — yij) log(1 — pij)] (6)

In addition to the imbalance in the number of samples from different categories, the
problem of imbalance in the number of easily recognized samples and hard-to-recognize
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samples is often encountered, and the Focal Loss can help the network to better deal with
the imbalance in the distribution of samples.

4. Dice Loss
2|XNY]|

Lp=1-22 "1
X[+ Y]

)
where | X N Y| is the intersection between samples X and Y, | X| represents the number of X
samples, and |Y| stands for the number of Y samples.

Unlike the weighted cross-entropy loss function, the Dice Loss does not require
category reweighting; it calculates the loss directly from the Dice coefficients, which can
help the network better handle overlaps and boundaries between categories.

5. 10U Loss
| XNY]

S XUY]

Lr=1 8)
where | X U Y| depicts the union between samples X and Y.

The IOU loss measures how similar the predicted segmentation results are to the true
segmentation, and it helps to optimize the spatial consistency of the segmentation.

In summary, since the cloud shadows in the image are prone to overlap, and it is
desired to distinguish the boundary between the two more accurately, L and Lp are selected
in this experiment for proper weighting to derive an innovative loss function applicable to
the task of the dataset in this paper.

Loss=a-L+pB-Lp )

From Table 1, it is evident that the last row, which utilizes different weight propor-
tions in the loss function weighted combination, achieves the best performance. This
finding aligns with our initial conjecture. The Dice Loss effectively distinguishes be-
tween overlap regions and boundaries, aiding in completing the classification task more
effectively. Moreover, continuous training is essential for further enhancing the model’s
classification accuracy.

Table 1. Effect of different combinations of weight coefficients on segmentation results.

« B MPA (%) MIoU (%)
0.2 0.8 65.93 58.69
0.3 0.7 71.97 58.79
0.4 0.6 77.04 65.77
0.5 0.5 76.59 65.07
0.6 0.4 81.86 78.22
0.7 0.3 87.32 86.30
0.8 0.2 96.88 93.02

3. Experimental Analysis
3.1. Dataset

To further validate the generalization performance of the proposed model, we em-
ployed the GF1_WHU cloud shadow dataset created by Li et al. [45] as a generalization
dataset. This dataset utilizes high-resolution GF-1 Wide Field of View (WFV) images with a
spatial resolution of 16 m and covers four multispectral bands, spanning from visible to
near-infrared spectral regions. The dataset consists of 108 GF-1 WFV 2a-level scene images,
manually labeled by experts in remote sensing image interpretation at the SENDIMAGE
laboratory of Wuhan University. These images encompass five main land cover types,
including water, vegetation, urban areas, snow and ice, and barren land, representing
different regions worldwide. During the model training process, we cropped the images
to 256 x 256 pixels, removing black borders and unclear images, resulting in a total of
5428 images used for training and 1360 images for validation and testing, to evaluate the
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model’s training results, detection accuracy, and generalization performance. To illustrate
the dataset effectively, we selected images from different scenes, as shown in Figure 6.

/ ¥ 27

(b) (d)

Figure 6. Examples from GF1_WHU Wuhan University cloud shadow dataset: (a) water; (b) vegeta-
tion; (c) snow; (d) ice; (e) barren.

Each original image is captured by three channels of RGB: white represents clouds,
gray represents cloud shadows, and black is the background. In addition, to prevent
overfitting and to enhance the robustness of the model, we also augmented the dataset by
randomly flipping, clipping, rotating, scaling, and panning the images as well as adding
noise interference to the images.

3.2. Experimental Details

In this section, using the Legion Y740 laptop sourced from Lenovo in Beijing, China,
we harness PyTorch 2.0 to train and test all models on its GeForce RTX 2080Ti graphics
card based on the dataset introduced in the preceding dataset section. This comprehensive
evaluation aims to assess the efficiency and accuracy of our proposed network model for
cloud shadow segmentation. Through a series of ablation experiments and comparison
experiments, we thoroughly evaluated our model from both qualitative and quantitative
perspectives [46,47]. The quantitative metrics pixel accuracy (PA), precision (PC), recall
(RC), mean intersection over union (MIoU), reconciliation average (F1), and frequency
weighted intersection over union (FWIoU) are calculated as follows:

TP + TN

PA = P IN T PP+ EN (10)

PC= TPE)FP (1)

RC = TPT+7PFN (12)

MlIoU = ﬁ (13)

FWIoU — TP + EN TP 15)

TP+ FP + IN + EN . TP + FP + FN

In Equations (10)—(15) above, TP represents true positives, which correspond to the
number of pixels correctly identified as positive samples. Similarly, FP denotes false
positives, indicating the number of pixels incorrectly classified as positive samples. TN
refers to true negatives, representing the number of pixels accurately identified as negative
samples. Lastly, FN signifies false negatives, indicating the number of pixels incorrectly
classified as negative samples.
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In this section, we provide a comprehensive evaluation of our proposed algorithm,
verifying the efficiency and sophistication of our algorithm for the task of remote sensing
image change detection through ablation experiments and comparison experiments. Our
experiments are conducted on the GF1_WHU dataset, with an initial learning rate of 0.001.
The number of samples used in each round is 4, the number of training samples is 5428,
the number of training times is 150, and the quantitative metrics used are PR, RC, MIoU
and F1.

3.3. Ablation Experiment

In conducting the ablation experiments, changes in the results are observed by censor-
ing part of the network architecture and testing the effect of different modules on the whole
model. Since UNet is the basic framework of our network, UNet is used as the starting
point for comparison, where we use metrics such as PA, RC, F1, and MloU to evaluate
the performance of the model. As can be seen in Table 2 below, the combination of all
components achieves the optimization of the model’s performance.

Table 2. Performance comparison of different combinations of modules in the model.

Method PA (%) RC (%) PC (%) F1 (%) MiIoU (%)
UNet 95.27 89.72 93.24 92.03 91.30
UNet + CSAM 96.48 (1) 94.32 95.02 93.41 92.89
UNet + FFM 95.32 94.83 93.62 91.82 91.33
UNet + CSAM + FFM 96.93 (1) 95.82 94.97 93.75 93.21
UNet + CSAM + FFM + Loss
AFMUNet (Ours) 97.12 96.03 93.21 93.90 93.42

The arrow means this kind of combination improves the performance of model. The bold indicates the highest
value in the column.

In order to enhance deep feature extraction, alleviate information loss resulting from
constant down-sampling, and effectively capture multi-scale contextual information, as
indicated by the ablation results of the deep feature sampling process, the CSAM Attention
Mechanism Module proves beneficial for information recovery to capture detailed infor-
mation. Additionally, the FFM module aids in better integrating contextual information,
facilitating the fusion of features from different scales. Table 2 demonstrates a significant im-
provement in model performance following the introduction of these modules. Notably, the
introduction of the Feature Fusion Module alone does not yield substantial improvements
to the original model.

3.4. Comparison Experiment

In this experiment, the core of the cloud—shadow segmentation task is semantic seg-
mentation, so our proposed network is compared with other semantic segmentation algo-
rithms. PA, FWIoU, F1, and MloU are selected as the evaluation metrics to comprehensively
evaluate the performance of the model, as shown in Table 3.

From the comparison results of different methods in the experimental setting in
Table 3, it can be seen that our proposed algorithm outperforms the current traditional
segmentation methods in all five metrics and is also basically better than the latest methods.
Among all the networks considered, SegNet and FCN8 exhibit the poorest performance in
terms of the metrics evaluated. While the metrics of the other models show improvement
over successive iterations, they still fall short of the performance achieved by the models
proposed in this paper. According to Table 3, we found that the above methods can
achieve high-precision segmentation of cloud shadow datasets; to further visualize the
effectiveness of our methods, Figure 7 shows the visualization experiment results of cloud
shadow segmentation.
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(a) Image

(b) Label (c) UNet (d) PSPNet (e) SegNet (f) HRNet (g) Ours

Figure 7. Comparison of visualization results for different models: (a) the original image; (b) the
corresponding label; (c) the prediction of UNet; (d) the prediction of PSPNet; (e) the prediction of
SegNet; (f) the prediction of HRNet; (g) the prediction of the proposed AFMUNet.

Figure 7 shows the visualization effect of different methods for image segmentation in
the cloud shadow dataset. Eight examples are selected to demonstrate the segmentation
effect. It can be observed that the proposed method is more accurate for cloud segmentation,
especially in the segmentation of the edge region of the cloud. However, the performance
is poor for cloud shadows and thin or unclear clouds. The segmentation effect of the Segnet
model is relatively rough, the edge information is incompletely obtained, and too much
information is lost in the feature extraction stage. It can be found from Figure 7 that it
does not perform well at the boundary of the cloud and loses a lot of shape-striped feature
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information. When the texture is slightly complex, PSPNet cannot completely segment the
boundary of clouds and cloud shadows. HRNet, on the other hand, slightly improves the
effect compared to the above two models, with more delicate processing of the edges, but
still has shortcomings compared to our model. UNet is a classic segmentation network
known for its superior performance in training on smaller datasets and producing smoother
segmentation edges. However, it still requires improvement in processing details. Our
model addresses this limitation to some extent, effectively recognizing cloud and cloud
shadow boundaries while enhancing detail processing. Nonetheless, further refinement
is needed to effectively handle very low light or thin cloud bodies. In summary, from a
qualitative point of view, our method performs better in different environments compared
with other methods, which proves the importance and effectiveness of the model proposed
in this paper.

Table 3. Results on GF1_WHU dataset testing set.

Method PA (%) MPA (%)  MlIoU (%) F1 (%) FWIoU (%)
SegNet 94.80 93.90 88.28 90.77 90.16
UNet 96.33 95.49 91.32 93.21 92.80
FCN8s 95.20 94.84 90.58 92.92 92.36
PSPNet 96.51 95.78 91.76 93.89 93.31
DANet [48] 94.82 94.13 89.25 91.70 91.32
DeepLab V3Plus 96.27 95.42 91.18 93.11 92.56
BiseNet V2 [49] 95.76 94.85 90.27 92.34 91.87
HRNet [50] 96.87 95.73 92.02 93.93 93.40
SP_CSANet [51] 97.33 96.01 91.34 93.12 92.63
CDUNet [52] 97.21 96.53 93.33 95.03 94.58
AFMUNet (Ours) 97.40 96.62 93.28 95.10 94.43

In order to better illustrate the model generalization and effectiveness of the model
in the face of different environmental backgrounds, as shown in Figure 8 above, we chose
vegetation, land, desert, barren, and snowy mountainous areas for model testing. For the
images in the green vegetation environment in the first group, all are able to segment the
general outline of the clouds well, but the details in the middle and background overlapping
region are poor, and our model segments the edges of the clouds and the boundary well. In
the second group, PSPNet, SegNet, and HRNet perform poorly for the shallow, scattered,
and complex clouds, while UNet shows some improvement and recognizes the information
of some thin clouds but still demonstrates a large deficiency compared to our model. By
observing the third and fourth sets of images, it is not difficult to find that our model
smoothly distinguishes the neighboring regions of clouds and cloud shadows and handles
the edge information more naturally compared with other models. When confronted with
remote sensing images containing significant noise interference, the performance of UNet,
SegNet, and HRNet models is deemed insufficient. Instances of omission and misdetection,
such as in the snowy mountain zones depicted in the comparative images, are observed.
These models encounter challenges in accurately distinguishing between ice, snow, and
clouds. Although the PSPNet segmentation effect offers some improvement, the texture
features of the clouds are lost, and the boundary cannot be clearly reflected. None of the
aforementioned models are suitable for the challenging task of cloud shadow segmentation
across diverse and complex environments. In contrast, the algorithm proposed in this
paper adeptly addresses cloud shadow segmentation in various situations and scenarios.
By optimizing deeper features and leveraging the enhanced channel and feature fusion
capabilities enabled by the spatial attention mechanism module, our algorithm effectively
recovers high-definition remote sensing images.
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Figure 8. Fine comparison of different models in different contexts: (a) the original image; (b) the
corresponding label; (c) the prediction of UNet; (d) the prediction of PSPNet; (e) the prediction
of SegNet; (f) the prediction of HRNet; (g) the prediction of the proposed AFMUNet. (Red boxes
indicate better segmentation results, while green boxes segment poorer results).

To further analyze our algorithm, we compared the segmentation results of different
types of clouds, as shown in Figures 9 and 10. It can be observed that our proposed model
performs well in segmenting both thin and thick clouds, effectively delineating the overall
contours of the clouds and shadows and clearly distinguishing them from the background.
However, upon comparing the third row on the left with the second row on the right, it
is evident that AFMUNet exhibits superior segmentation performance for thick clouds
compared to thin clouds. Thick clouds only lose some fine texture details, while thin clouds
tend to lose fragmented point cloud and shadow information during segmentation.
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(a) Image (b) Label (c) Ours

Figure 9. Results of thin cloud segmentation: (a) the original image; (b) the corresponding label; (c) the
prediction of the proposed AFMUNet. (Red boxes indicate noteworthy edge details of the result).

4

(a) Image (b) Label (c) Ours

Figure 10. Results of thick cloud segmentation: (a) the original image; (b) the corresponding label;
(c) the prediction of the proposed AFMUNet. (Red boxes indicate better segmented edge details).
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4. Conclusions

In remote sensing images, the accurate segmentation of cloud shadow regions is of
great practical significance for practical tasks such as meteorological prediction, environ-
mental monitoring, and natural disaster detection. In this paper, an attention mechanism
feature aggregation algorithm is proposed for cloud shadow segmentation, fully leveraging
the advantages of convolutional neural networks in deep learning. UNet is selected as the
backbone network, an innovative loss function is employed, and two auxiliary modules,
CSAM and FFM, are introduced. Our proposed model initiates constant down-sampling
to extract high-level features. Adaptive improvement of sensory fields and selection of
different channel operations are introduced during each up-sampling process to increase
the resolution of feature maps, enabling the acquisition of rich contextual information. This
facilitates the accurate fusion of low- and high-level information within each layer’s feature
fusion module, ultimately restoring the classification and localization of high-resolution
remote sensing images. Compared with previous deep learning and segmentation methods,
our approach achieves significant improvement in accuracy in cloud shadow segmenta-
tion tasks. Experiments demonstrate the remarkable noise resistance and identification
capabilities of this method. It accurately locates cloud shadows and segments fine cloud
crevices in complex environments, while also producing smoother edge segmentation.
Particularly noteworthy is its performance in the task of identifying thick clouds. However,
there are still some shortcomings in cloud shadow segmentation: (1) under the influence of
light, some inconspicuous cloud seams may be incorrectly segmented into other features
and thus recognized as background; (2) refinement is still needed for the segmentation
of thin clouds to capture the fragmented information of cloud shadows; (3) to be better
adapted to practical applications, in the future, we also need to appropriately compress
and simplify the model while maintaining the accuracy and reduce the segmentation result
time to improve the training speed of the network. In the future, augmented learning
can be implemented by incorporating a pre-training phase into the model, aiming to en-
hance segmentation accuracy and reduce training time. Additionally, efforts will be made
to explore its application in other domains, including river segmentation and medical
tumor segmentation.
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