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Abstract: Solar filaments are good tracers of space weather and magnetic flux ropes in the corona.
Identifying and detecting filaments helps to forecast space weather and explore the solar magnetic
field. Many automatic detection methods have been proposed to process the large number of observed
images. Current methods face issues of unreliable dataset annotations and poor anti-interference
capability. First, to address the issue of unreliable dataset annotations, we built a solar filament
dataset using a manual annotation method. Second, we introduced Transformer into Convolutional
Neural Networks. Transformer, with the ability to extract more global features, can help counter
interference. In addition, there is large disparity in the size of solar filaments. Therefore, a multi-scale
residual block is designed to extract features across various scales. Deformable large kernel attention
and a res path are used to better integrate encoder and decoder information. Results show that this
method outperforms the existing solar filament detection methods (improved U-Net and improved
V-Net), achieving an F1 score of 91.19%. In particular, our results show lower interference by sunspots
and background noise than existing methods. The ability to counter interference is improved.

Keywords: solar filaments; deep learning; semantic segmentation

1. Introduction

Solar filaments are composed of low-temperature, high-density plasma [1,2]. They
are closely related to space weather. Eruptions of solar filaments are extremely spectacular
solar events that cause plasma ejection. The plasma ejected during eruptions can reach
Earth within a few days, thus influencing Earth’s magnetosphere. In severe cases, this
can lead to disasters such as communication disruptions and navigation failures [3-6]. In
addition, solar filaments serve as carriers of magnetic free energy that is accumulated and
stored within the corona, and they are one of the best tracers of magnetic flux ropes in
the corona [7-10]. Detection of solar filaments helps forecasters forecast space weather
and explore the solar magnetic field. As solar observing equipment advances and the
number of observed images grows, automatic detection of solar filaments becomes more
important. Many methods have been proposed to process the large number of observed
images automatically.

Due to the dark color of solar filaments observed through the He (6563 A) spectral
line, most existing methods use full-disk Hx images as input to detect solar filaments. The
specific methods can be divided into three categories:

1.  Threshold-based segmentation methods. Researchers use threshold-based methods
such as global thresholding, local thresholding, and adaptive thresholding to detect
solar filaments [11-15]. Some methods also combine techniques such as mathematical
morphology, region growing, and edge detection [16]. However, these methods are
prone to misidentifying noise in the images as filaments, resulting in poor detection
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results. There are quite significant differences between the detection results and the
actual results, which can easily mislead astronomers;

2. Machine learning-based methods. For instance, artificial neural networks are used
to detect filaments [17,18]. Such methods can efficiently extract features using ap-
propriate feature extractors designed with prior knowledge. They also have fast
model training speeds. However, feature extractors should be designed with rich
prior knowledge during usage. Additionally, they have poor model generalization,
and their detection results are susceptible to interference when facing more complex
characteristics. The methods are not conducive to large-scale application, and the
detection results still need to be improved;

3. Deep learning-based methods. Deep learning methods can better extract image char-
acteristics and have achieved great success in image processing, attracting widespread
attention from scholars [19-21]. Researchers have employed Convolutional Neural
Networks (CNN) to investigate solar filament detection methods. Many methods
have been proposed based on CNN models, such as Mask R-CNN [22], U-Net [23],
V-Net [24], CondInst [25], and so on. Researchers have also used methods based on
unsupervised and semi-unsupervised learning, but found the results were not as good
as those based on CNN [26]. In contrast to machine learning methods, deep learning
methods have higher generalization and robustness. They also have better detection
results. However, these methods rely on accurate dataset annotations. Current meth-
ods suffer from the unreliability of annotations in existing datasets. Moreover, they
have poor anti-interference capability. This often leads to issues such as incorrect
detection of sunspots as solar filaments, loss of small filaments, and incorrect detection
of background noise as solar filaments.

Overall, among the existing solar filament detection methods, those based on deep
learning exhibit the best detection performance and have become the most popular in
the last three years. Therefore, this study uses a deep learning-based method to detect
solar filaments. The goal of this method is to address the following two issues faced
by existing methods: unreliable dataset annotations and interference from sunspots and
background noise.

We built a new solar filament dataset and proposes a Hybrid CNN-Transformer model
for filament detection. The model introduces Transformer, designs a multi-scale residual
block, and introduces deformable large kernel attention along with the res path. All of the
structures are specifically designed for the characteristics of solar filaments.

Experiments were conducted on full-disk Hx images observed by the Big Bear Solar
Observatory (BBSO) from 2012 to 2014. Our method achieved accurate detection of solar
filaments, especially in the presence of sunspot interference and background noise, with
detection performance superior to the existing methods Improved U-Net and Improved
V-Net. In practical applications, it can detect filaments from observed images by BBSO
automatically and accurately.

The structure of this study is as follows: Section 2 shows the problems of existing
datasets, as well as the process of building a new dataset. Section 3 introduces the Hybrid
CNN-Transformer Model and explains why it works well for the task of filament detection.
Section 4 delves into the method and introduces the structure of the model. In Section 5,
discussions and explanations are provided regarding the detection results. Finally, the
conclusion is presented in Section 6.

2. Dataset
2.1. Problems with Existing Solar Filament Datasets

Deep learning-based methods rely on dataset annotations to extract the features of
filaments. Unreliable annotations can lead to errors in the detection results.

Currently, there are two publicly available solar filament datasets. One is the dataset
maintained by the Huairou Solar Observing Station (hereinafter referred to as Dataset 1) [23].
The other is the dataset published in reference [24] (hereinafter referred to as Dataset 2).
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Dataset 1 uses a threshold segmentation method for annotation. There are numerous
errors in the annotations. Dataset 2 uses a manual annotation method, but a considerable
number of filaments are missed. Figure 1 shows randomly selected images from the
aforementioned two solar filament datasets. In Figure 1, the yellow rectangles represent
incorrect annotations where non-filamentary parts are falsely annotated as filaments. The
white rectangles indicate erroneous annotations where sunspots are mistakenly annotated
as filaments, and the red rectangles indicate missed annotations for solar filaments.

Figure 1. Annotations of the two datasets. (a,b) full-disk Hx image; (c,d) annotation image; (a,c) are
taken from Dataset 1, while (b,d) are taken from Dataset 2. The white boxes indicate sunspots, the
yellow boxes indicate background noise, and the red boxes indicate omitted solar filaments.

These incorrect annotations in the dataset can easily affect the accuracy of solar filament
detection results. Therefore, we felt it necessary to build a new dataset.

2.2. Dataset Building

To avoid the impact of unreliable dataset annotations, we built a new solar filament
dataset. It includes 150 pairs of full-disk Hx images and their annotations, observed by
BBSO from 2012 to 2014. BBSO provides two types of full-disk Hx images, as shown in
Figure 2. One is the raw, unprocessed images, as depicted in Figure 2a. The other is the
preprocessed images, with limb darkening and brightness inhomogeneity removed, as
shown in Figure 2b. It can be observed that the preprocessed images exhibit clearer filament
structures. Therefore, we adopted the preprocessed full-disk Hoe images.
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Figure 2. Two different types of images provided by BBSO. Where (a) is an unprocessed image and
(b) is a preprocessed image. The images were observed on 8 November 2013, at 18:23:13 UT.

Solar observations can be affected by various factors, including the rotation and rev-
olution of the Earth, atmospheric conditions, and lighting environments. Consequently,
position of the solar disk may vary in different images. Therefore, we performed pre-
processing on the full-disk Hx images. First, the solar disk is shifted to the center of the
image. Both the Hough circle detection method and the least squares fitting method are
used to get the position of solar disk. Then the solar disk will be moved to the center
of the image. If the fitting results obtained by the two methods differ by more than five
pixels, a manual adjustment is performed. Images where the solar disk position exceeds
the image edge are discarded. Next, pixels outside the solar disk are set to gray to avoid
interference from prominences. Finally, the ROF denoise is applied. The images before
and after preprocessing are shown in Figure 3. It can be observed from Figure 3 that the
preprocessed images are more conducive to the detection of solar filaments.

Figure 3. Comparison of Images Before and After Preprocessing. On the (left) is the image before
preprocessing, and on the (right) is the image after preprocessing.

We manually annotated filaments using the LabelMe tool. Repeated manual inspec-
tions of the annotation results were conducted to prevent the omission of filaments during
the annotation process. Figure 4 presents an example of a full-disk Hox image along with its
corresponding filament annotation.
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Figure 4. A set of full-disk Hx image and corresponding filament annotation. On the (left) is the
full-disk Hx image, and on the (right) is the annotation.

The dataset includes 150 sets of Hax images and their corresponding manual annotation
images, all 512 x 512 in size and in PNG format. The Ho images were observed between
2012 and 2014. The annotation images are binary images, representing two classes: The
white pixels represent filament annotations, while the black pixels represent non-filament
areas. The dataset differs from those used in other semantic segmentation applications. In
the annotations, filament annotations only account for an average of 8% of total images,
and they are small in size. Therefore, it is necessary to specifically design methods tailored
for filament detection. More features related to filaments will be introduced in Section 3.

3. Hybrid CNN-Transformer Model
3.1. CNN

Existing deep learning-based solar filament detection methods are based on CNN.
CNN uses convolution operations to extract features.

Convolutional operations can be seen as linear functions parameterized by the convo-
lution kernel W. There are also structures such as pooling layers and activation functions
that add nonlinearity to the model. By stacking these layers, CNN models can be regarded
as nonlinear mappings with a large number of parameters. They map the input image
to the result image. The values of parameters are determined through gradient descent
progress while training. After training, by inputting images into this model, we can obtain
the output result images.

Due to the limitations of convolution operations, CNN tends to focus more on local
details such as textures and edges. It is unable to effectively utilize global information like
overall structure.

3.2. Transformer

In recent years, Transformer [27], which uses Transformer layers instead of convo-
lutional operations, has become a popular deep learning model. The structure of the
Transformer layer is illustrated in the Figure 5. It requires vectors as input, and focuses
more on the relationships among the input vectors through Multi-Head Self-Attention
(MSA), Multi-Layer Perceptron (MLP), and Layer Normalization (LN).

Transformer is capable of capturing dependencies between various positions in the
input sequence, thereby establishing a global receptive field and exhibiting strong global
information extraction capabilities. Vision Transformer [28] applied the Transformer to
the field of computer vision. It achieved promising results, inspiring a large number of
computer vision models based on the Transformer. However, when processing images, the
Transformer only captures features with relatively large grain size. This results in the loss
of much local detail information.



Appl. Sci. 2024, 14, 3745 60f 16

LayerNorm

3

MSA

LayerNorm

Figure 5. Structure of the Transformer layer.

3.3. Hybrid CNN-Transformer Model

Figure 6 shows a full-disk Hx image observed on 21 October 2013 at 19:50:25 UT.
The filaments in the four red boxes were selected for analysis: a broken, long filament in
box 1, a large flaky filament in rectangle 2, a broken circular filament in rectangle 3, and a
small filament in rectangle 4. The structures within rectangles 5 and 6 are sunspots. They
are similar to filaments. When manually detecting these filaments, it is necessary to use
detailed features such as the brightness and edges of the filaments. It is also important to
consider global features such as shapes and overall structure.

Figure 6. A full-disk Hx image observed on 21 October 2013 at 19:50:25 UT.

Existing methods are less capable of utilizing global features. They are prone to
be overly sensitive to local features, resulting in misdetections of background noise and
sunspots such as the structures in rectangles 5 and 6. Therefore, fully utilizing global
features will improve the method’s resistance to interference.
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To effectively combine local detail information with global information, researchers
have experimented with introducing Transformer into CNN, leading to the development of
various Hybrid CNN-Transformer models. Among these, SETR [29] and TransUnet [30] are
notable examples. SETR employs Transformer for feature encoding and employs CNN to
decode the global information obtained from Transformer. TransUnet inserts Transformer
between the encoder and decoder of U-Net, leveraging the local detail information extracted
by the U-Net encoder as the input features for Transformer.

Introducing Transformer into CNN can enable the network to combine global infor-
mation with local detail information. We applied this method to the field of solar filament
detection. It can better deal with features of the textures, edges, locations, and structures of
solar filaments, thus achieving better solar filament detection performance.

4. Method

Based on the characteristics of solar filaments and the issues surrounding their de-
tection, we designed a Hybrid CNN-Transformer detection model. The structure of the
detection model proposed in this article is shown in Figure 7.

Transformer

CNN Encoder Encoder

CNN Decoder

Sequence Embedding

Transformer Layers

in=12
Transformer Layers
=> Rﬂ"upc [ —>
e I &

(3,W,H)

Decoder Res
MRBs Block Path

Figure 7. The structure of the detection model.

As shown in Figure 7, the detection model proposed in this article can be divided into
four parts: CNN Encoder, Transformer Encoder, CNN Decoder, and Res Path.

The CNN Encoder uses three sets of Multi-scale Residual Blocks (MRB) to extract
features from the input image. It down-samples the input feature map from its original
size of (3, W, H) to (64, W/2, H/2), (256, W/4, H/4), and (512, W/8, H/8), obtaining
feature maps that contain local detail information about solar filaments as extracted by
CNN. Subsequently, by connecting the CNN Encoder and Transformer Encoder in series,
the model leverages the powerful global receptive field of the Transformer to capture the
global information of solar filaments. In the CNN Decoder, the Decoder Block is used to
up-sample the image feature maps and restore their feature sizes, gradually increasing
the image size from (512, W/8, H/8) to its original size. The res path implements skip
connections, also mitigating the semantic gap between the feature maps obtained from the
encoder and those from the decoder. Detailed introductions to each part of the network are
provided below.

4.1. CNN Encoder

The CNN Encoder is responsible for extracting local detail information from the
input full-disk Hee image and reducing its size while preserving the feature maps for
skip connections.

Solar filaments exhibit various sizes in full-disk Ho images, making it challenging
to select an appropriate convolution kernel size. Large-sized solar filaments have their
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information distributed over a larger area, making larger convolution kernels suitable for
feature extraction. Smaller-sized solar filaments have their information concentrated in a
smaller area, necessitating the use of smaller convolution kernels for feature extraction. It
is necessary to enhance the multi-scale feature extraction capability of the CNN Encoder.
Therefore, this article proposes using a multi-scale residual block (MRB). The MRB utilizes
parallel convolution and pooling kernels of different sizes to extract the features of solar
filaments. Its structure is illustrated in Figure 8.

4 Conv3x3 —» Conv lxl
\\ concat addition

Input » Maxpool 3x3 —> Conv 1x1 — -@ »  Conv 1x1 _4_697, Output

Y Conv 5x5

> Conv 1x1

Figure 8. The structure of the MRB.

In the MRB, the input image is first processed through three different paths, involving
3 x 3 convolution, 3 x 3 pooling, and 5 x 5 convolution, respectively. The use of different
kernel sizes allows for the extraction of solar filament features at various scales. 1 x 1
convolutions after these convolution and pooling layers adjust the output depth, which
helps reduce the overall number of network parameters and improves computational
efficiency. The solar filament features processed through each of the three paths are then
concatenated, forming a multi-scale feature map. Using a 1 x 1 convolution after feature
concatenation enables the fusion of solar filament features across different scales, assisting
the network in better understanding the global patterns and structures of solar filaments.
The addition of a residual path addresses the issues of gradient vanishing and gradient
explosion in deep network training, overcoming the problem of overfitting caused by a
limited number of data samples.

The detailed structure of the CNN Encoder is presented in Table 1. It employs three
sets of MRBs for feature extraction, gradually increasing the number of feature channels.

Table 1. Detailed structure of the CNN Encoder.

Group In Channels Out Channels Blocks
Group 1 3 64 MRBx1
Group 2 64 256 MRBx2
Group 3 256 512 MRB %3

4.2. Transformer Encoder

The Transformer Encoder is responsible for extracting global features from the solar
filament features obtained by the CNN Encoder. Since the Transformer layer requires
vectors as input, the filament features need to be serialized before being fed into the
Transformer layers. First, the input filament features are sliced into N feature blocks based
on a preset slicing size parameter p, where N = I'II)—ZV, and each feature block has a dimension
of P2 x C. Here, (C, W, H) represents the shape of the input solar filament features.
Subsequently, a trainable linear projection is applied to each feature block to linearly
map the feature into a series of feature sequences. Additionally, since the self-attention
mechanism does not capture spatial positional relationships, the positional information
of each feature block needs to be encoded and embedded into the corresponding position.
This process can be represented by the Formula (1).

20 = [x},E; 3E; - -,-x;YE] + Epos )
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Here, z represents the output sequence, x;] represents the Nth slice, E is the trainable
linear projection, and Ejs is the embedded positional encoding. For each slice, it is
transformed into a vector form through a trainable matrix E. Ejs is used to record the
original position of the slices.

12 stacked Transformer layers are used in this part. The outputs are then reshaped for
the CNN Decoder.

4.3. CNN Decoder

The CNN Decoder uses Decoder Blocks to restore the size of the image while integrat-
ing the information provided by the skip connections. The structure of the Decoder Block
is shown in Figure 9.

Conv 3x3

A

DLKA

A

R Concat

4

2xUpsampling

'
' '
' '
' '
' '
' '
' '
' '
' '
' '
'

. ’

. ,

Figure 9. Structure of the Decoder Block.

In the Decoder Block, the feature is first enlarged using a 2 x 2 linear interpolation.
Subsequently, feature concatenation is performed with the skip connection. Additionally, a
Deformable Large Kernel Attention (DLKA) [31] is employed to better integrate the feature
with the information from the skip connection. Finally, a 3 x 3 convolution is used to
extract features and adjust the number of feature channels.

During training of the model, continuous convolving can easily lead to the loss of
filament edges and detailed information. However, information in different spatial locations
in the filament feature map is of varying degrees of importance and should therefore be
assigned different weights. The integration of an attention mechanism into the network
can adjust the weights of different locations in the filament feature map, focusing on key
feature areas with high weights and ignoring irrelevant information with low weights.
By incorporating DLKA into the Decoder Block, the network can pay attention to the key
features of filaments while better integrating local detail information preserved by the CNN
Encoder with high-level global features in the CNN Decoder.

During solar filament feature extraction, the larger the convolution kernel size, the
more comprehensive the information that the model can access. However, using large-size
convolution kernels may introduce too many model parameters and reduce training effi-
ciency. To avoid this issue, large kernel convolution can be decomposed into depthwise
convolutions [32], depthwise dilated convolutions, and 1 x 1 convolutions. This decompo-
sition method can effectively reduce the number of parameters while achieving equivalent
convolutional effects to large-size convolution kernels [33]. Figure 10 demonstrates the pro-
cess of decomposing a 7 x 7 large kernel convolution into a 3 x 3 depthwise convolution, a
3 x 3 depthwise dilated convolution, and a 1 x 1 convolution.

While decomposing a large kernel convolution, DLKA introduces deformable con-
volutions into the depth convolution [34]. The structure of DLKA is shown in Figure 11,
which is composed of a deformable depth convolution (Deform-DW Conv), a deformable
depth dilation convolution (Deform-DW-D Conv), and a 1 x 1 convolution.
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Figure 10. The decomposition of a large kernel convolution. The colored grids represent the location
of convolution kernel and the yellow grid means the center point.
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Figure 11. Structure of DLKA.

The structure of the deformable depthwise convolution (Deform-DW Conv) is shown
within the dashed box in Figure 11. It adds offsets to the depthwise convolution kernel,
allowing adaptive adjustment of the kernel shape, thus accommodating the variable shapes
of the solar filaments. The deformable depthwise dilated convolution (Deform-DW-D
Conv) is similar to the deformable depthwise convolution, except that it uses a depthwise
convolution kernel with a dilation rate. Subsequently, an attention map is obtained through
al x 1 convolution. Finally, the obtained attention map is multiplied with the input solar
filament features to adjust the weights of different locations in the feature map.

DLKA uses deformable convolutions to adapt to different shapes of solar filaments
and can adjust the attention weights channel by channel. The method described in this
article uses DLKA in CNN Decoder to help the model pay more attention to solar filament
features while suppressing unnecessary information and fully integrating encoder and
decoder information.

4.4. Res Path

The res path was first proposed by N. Ibtehaz and M.S. Rahman in MultiResUNet [35].
The authors pointed out that in the encoder-decoder architecture, the encoder captures
lower-level semantic features while the decoder captures higher-level semantic features.
There exists a semantic gap between the two. It is not suitable to combine the encoder
features with the decoder features in a straightforward manner. To address this issue, the
authors suggested adding a few convolutional layers to the skip connections, leveraging
these layers to adjust the features in the skip connections. Using a res path can reduce the
semantic differences between the encoder and decoder on feature integration.

The method proposed in this article also has an encoder-decoder architecture. More-
over, it integrates the distinct characteristics of CNN and Transformer, which can further
enlarge the semantic gap between the encoder and decoder. Therefore, we employ the res
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path to establish skip connections between the encoder and decoder. The structure of the
res path is illustrated in Figure 12. By utilizing 1 x 1 and 3 x 3 convolutions, it assists the
network in processing skip connection information from different scales.

Encoder

; A
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¢ ¥
Conv3x3
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. Conv3x3
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BN
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Figure 12. Structure of res path.

The intensity of the semantic gap between the encoder and decoder feature maps is
likely to decrease as moving toward the deeper layers. Therefore, the number of convo-
lutional blocks used along the res paths will gradually reduce. In particular, the method
proposed in this article uses 3, 2, and 1 convolutional blocks, respectively, along the three
res paths.

5. Results and Discussion

The method described in this article first trains the model, then evaluates the model’s
performance based on the testing results.

5.1. Data

Using the solar filament dataset built as described earlier in this article for training,
we divided the 150 images into training, validation, and testing sets in the ratio of 6:2:2,
resulting in 90, 30, and 30 images in each set, respectively. However, due to the challenging
nature of annotating solar filaments and the high cost of manual labeling, the number of
images in the dataset was limited. Therefore, data augmentation techniques were employed
to expand the training set.

Before training, various augmentation methods were applied, including rotation, ver-
tical flipping, brightness adjustment, and contrast adjustment. These operations effectively
increased the diversity of the training data, generating a total of 2700 training samples
from the original 90 training images. Rotation and vertical flipping enabled the network to
capture image features from various angles and directions, while brightness and contrast
adjustments simulated diverse lighting and exposure conditions.

Using these data augmentation techniques, we not only enriched the diversity of
the training data but also significantly improved the generalization and robustness of
the model.

5.2. Training

The training process was conducted within the PyTorch deep learning framework.
The experimental setup employed a Linux-based system with the following hardware
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specifications: an Intel(R) Xeon(R) CPU running at 2.00 GHz, a Tesla P100 graphics card,
and 16 GB of RAM.

For the network’s preset parameters, a batch size of 4 was used for training, and the
training process was iterated 150 times. The initial learning rate was set to 0.001. The input
image size was set to 512 x 512, and in the Transformer, the patch embedding block size
(p) was set to 16. The number of Transformer layers (n) was set to 12, and the dropout rate
was set to 0.1.

5.3. Evaluation Metrics

After training, the model can be used for practical applications. It can map the input
full-disk Ho images to result images. We evaluated the model’s performance using the
detection results of the test set. Evaluation metrics were used to calculate the deviation
between the result images and the annotations.

Three performance evaluation metrics—precision, recall, and F1 score—are introduced
to objectively and quantitatively assess the detection results of the proposed method.
Precision represents the ratio of correctly predicted solar filament pixels to all pixels
predicted as solar filaments. A higher precision indicates a more accurate detection of solar
filament pixels by the method. Recall measures the proportion of correctly predicted solar
filament pixels to the actual number of solar filament pixels. A higher recall indicates fewer
omissions in the detection of solar filament pixels. The F1 score, which is calculated based
on precision and recall, is used to evaluate the similarity between the detection results and
the true labels, providing a comprehensive assessment of the detection outcome. A higher
F1 score indicates that the detection results of the proposed algorithm are closer to the true
labels, indicating better detection performance.

The formulas for calculating these evaluation metrics are as follows:

recision = _Tr (2)
P T TP+ FP
TP
Il = ——
reca TP+ EN 3)
F1 score — 2 X Precision x Recall )

Precision + Recall

where TP, FP, and FN denote the number of truly detected filament pixels, falsely detected
filament pixels, and falsely detected non-filament pixels.

5.4. Results

Comparison experiments are conducted with existing solar filament detection methods.
The methods for comparison are as follows: 1. The improved U-Net-based filament
detection method proposed in reference [20] (Improved U-Net). 2. The improved V-Net-
based filament detection method proposed in reference [21] (Improved V-Net). All of these
have released open-source code and are available for reproduction and comparison using
the dataset built in this article. The experimental results of this comparison are summarized
in Table 2.

As shown in Table 2, compared to other methods mentioned above, this method has
improved precision by 4.76 percent and 4.36 percent, reaching a score of 91.50%. Recall
has increased by 1.40 percent and 0.06 percent, reaching 90.89%. The F1 score has also
improved by 3.10 percent and 2.54 percent, reaching 91.19%. The quantitative experimental
results demonstrate that this method exhibits an advancement in the field of solar filament
detection compared to other methods.
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Table 2. Experimental results.

Method Precision Recall F1 Score
Improved U-Net 86.74% 89.49% 88.09%
Improved V-Net 87.14% 90.83% 88.65%

This method 91.50% 90.89% 91.19%

To more intuitively demonstrate the detection performance of this method, especially
the results in cases of background noise interference and sunspot interference, we conducted
case studies on the detection results of different methods under the same conditions and
subjectively evaluated the detection cases.

Figure 13 showcases a detection case in which the full-disk Ha image is cluttered with
background noise interference, potentially leading to false detections by the network. As
can be seen in Figure 13a, there are no filaments present in the red box. There is uneven
illumination here, which can produce background noise interference. However, the im-
proved U-Net and improved V-Net methods are overly sensitive and mistakenly detect the
background noise as solar filaments, compromising the detection results. In contrast, the
method proposed in this article effectively resists background noise interference, success-
fully avoiding the misdetection of background noise interference as solar filaments, thereby
achieving a superior solar filament detection performance. The method described in this
article uses a program to visualize the deviations between the results and annotations. First,
connected regions in the images are detected. For each filament region, if it exists in both the
result image and the annotation image, it is removed. Otherwise, it is retained. Figure 13f-h
shows the results of the program. The method exhibits fewer deviation regions.

( (€9 (h)

Figure 13. Detection results of different algorithms. (a) Full-disk Ha solar image; (b) Solar filament
label map; (c) Detection result using improved U-Net; (d) Detection result using improved V-Net;
(e) Detection result using this method; (f-h) Deviations between the results and annotations, obtained
through the previously mentioned program. There is background noise in the red box.

Figure 14 presents another detection case, in which the main factor affecting the
detection results is the interference from sunspots. The red box in the figure indicates
a sunspot, which should not be detected as a solar filament. The improved U-Net and
improved V-Net methods failed to accurately identify the characteristics of the sunspot and
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mistakenly detected it as a solar filament, compromising their detection performance. In
contrast, our method can effectively recognize the characteristics of sunspots and avoid
falsely detecting them as solar filaments, achieving better detection results. Figure 14f-h
shows the deviations between the results and annotations, obtained through the previously
mentioned program. The method exhibits fewer deviation regions.

¢ (2 (h)

Figure 14. Another compilation of the detection results of different algorithms. (a) Full-disk Hx solar
image; (b) Solar filament label map; (c) Detection result using improved U-Net; (d) Detection result
using improved V-Net; (e) Detection result using our method; (f-h) Deviations between the results
and annotations, obtained through the previously mentioned program. There’s a sunspot in the
red box.

It can be seen that existing methods have poor anti-interference ability, leading to
errors in the results. They have difficulties in dealing with sunspots and background
interference. The method proposed in this article achieves better results by better resisting
interference. It can better handle images with sunspots and background interference.

6. Conclusions

In the field of filament detection, existing methods face issues such as unreliable
dataset annotations and poor anti-interference capability. The work described in this article
addresses the above issues. To address the problem of unreliable dataset annotations,
this paper manually creates a new solar filament dataset with reduced mislabeling. To
tackle the issues of interference, this paper proposes a hybrid CNN-Transformer detection
model. Specifically, introducing Transformer can enhance the model’s ability to counter
interference. MRB is designed to address the wide range of solar filament sizes. Using
deformable large kernel attention and a res path ensures the full integration of encoder and
decoder information. Our proposed model can be used to detect solar filaments in full-disk
Ho solar images observed by BBSO, outputting the result images with filament annotations.

Compared to existing methods, the detection results of the proposed method show
significant improvements in both quantitative and qualitative evaluations. In particular,
the improvement is significant for images with sunspots and background interference.

Although this method represents some progress, there are still some issues and limita-
tions. When using this method, it is necessary to preprocess the observed images, which
can increase the workload. Future work will include providing a convenient preprocessing
program. Due to the introduction of Transformer and improvement modules, a large
number of preset parameters, such as the number of Transformer layers and the size of the
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Patch Embedding block, are introduced during network training. Future work will include
conducting more detailed parameter design and ablation experiments to investigate the
optimal parameter settings for achieving the best experimental results. The current dataset
contains a limited number of images. Future work will focus on studying how to train an
efficient detection model with a small number of images, as well as expanding the scale
and quantity of the dataset.
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