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Abstract. As a phenomenon of strong charge movement, the lightning channel is of
great significance in meteorology research and lightning monitoring. This paper pre-
sents a novel method that jointly estimates the contour and curvature for precisely seg-
menting lightning channel for practical applications. First, the input images are prepro-
cessed by the adaptive threshold method to highlight the brightness features of the flash
channel. On this basis, a contour detection algorithm is designed to extract the edge
contours of each object in the image. Moreover, a curvature calculation component is
incorporated into the proposed method to obtain curvature information and further iden-
tify the real lightning channel. In addition, during the experimental research, we con-
structed a lightning dataset. This dataset includes real lightning images captured under
different environmental conditions, collected from meteorological stations, scientific
research institutes, the Internet, and other sources. The experimental results show that
the proposed method has good performance in identifying lightning channels, which is
important for a deep understanding of lightning phenomena, meteorological research,
and environmental monitoring.
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1 INTRODUCTION

Lightning activity is an integral component of meteorological research, which is
closely related to meteorological phenomena such as thunderstorms and climate
change[1][6][20]. The production and distribution of lightning have a certain impact on
weather patterns and climate change, indicating thermal changes and humidity in the
air. Lightning also has significant implications for human life and safety. Fire, equip-
ment failure and personal danger caused by lightning strikes have always been one of
the major threats to the safe operation of China's high-speed railways. According to
incomplete statistics, the annual troubles of the railway electrical power systems caused
by lightning strikes accounts for 40% to 70% of the total number of electricity failure,



and the annual troubles of the railway signaling system due to lightning damages ac-
count for about 10% to 20%, which seriously affects traffic safety and transportation
efficiency.

Modern weather radar and lightning location technology can capture the electromag-
netic field change information of lightning and obtain the location information of light-
ning through the inversion algorithm of Maxwell equations[3][21]. However, due to
the influence of surface transmission and other factors, the distance obtained by this
method generally has several hundred meters error, so the location results are not ap-
plicable to the railway system. Therefore, this study selected lightning image data for
analysis and processing, assist maintainers accurately know the lightning strike point
and to investigate lightning faults. However, directly using these image data for analy-
sis and application is often limited by the complexity and noise of the images. There-
fore, segmentation of lightning images becomes a critical step for extracting effective
information. By dividing the lightning image into segments, the lightning area in the
image can be effectively separated from the background, extracting the characteristics
and attributes of the target area for subsequent analysis and application.

However, for the traditional lightning channel recognition method is mainly based
on threshold segmentation[7][8], a simple and effective image segmentation method
that divides the image into different regions by comparing the pixels in the image ac-
cording to their gray value with a preset threshold. In recent years, most methods have
utilized adaptive thresholding to effectively separate lightning channels and back-
ground areas in lightning images with low background complexity. But this approach
faces some challenges when dealing with images containing complex backgrounds such
as trees, buildings, etc. These elements may interfere with the identification of lightning
channels, thereby increasing the difficulty of extracting lightning image data. There-
fore, this paper proposes a lightning image segmentation method based on contour de-
tection and eigenvalue estimation to deal with the problems of traditional methods and
provide more reliable technical support for lightning research and application. In the
field of image processing and analysis, contour and feature extraction are commonly
used techniques used to extract target regions of interest from images. This paper aims
to explore the application of methods based on contour extraction and feature value
estimation in lightning image processing. The contour extraction technology[2] can ef-
fectively identify the target area boundary in the image, so that the shape and position
of lightning can be accurately captured and described. On this basis, the curvature anal-
ysis of lightning is added to identify the lightning channel by the bending degree of
lightning and the noise.

Compared to conventional segmentation methods, this contour-based extraction and
feature value estimation method exhibits significant advantages in lightning image pro-
cessing. It can effectively extract and describe lightning targets in lightning images with
complex backgrounds, providing a reliable basis for further analysis and research. This
paper will combine with experimental results to verify the effectiveness and practicality
of this method in lightning image processing, providing reference for the improvement
of lightning monitoring and early warning systems.

Our key contributions are summarized as follows:



1) Compared with the existing traditional thresholding methods, this paper proposes
a novel method based on contour detection that can accurately extract the edge
information in an image for the segmentation of the lightning channel. The pro-
posed method can effectively deal with the complex background and noise in im-
ages, improving the accuracy of the segmentation results.

2) A curvature estimation component is further incorporated into the proposed
model, which can more accurately measure the morphological features of the
lightning channel by estimating the curvature of the lightning shape. This effec-
tively filters out contours that do not match the shape of the lightning channel and
captures subtle changes in the lightning shape, thus improving the quality of the
segmentation results.

3)  Our team utilizes radar, cameras, or other sensor devices to capture lightning im-
ages and compile them into a lightning dataset. The dataset covers a wide range
of classical environments, various types of lightning activity, including intra-
cloud lightning, cloud-to-ground lightning and cloud-to-cloud lightning, single
lightning channels, and multi-branch lightning channels, ensuring the diversity
and representativeness of the dataset. Furthermore, the lightning data undergo an-
notation and validation processes to identify characteristics such as the location
and morphology of lightning channels. Moreover, this dataset contains nearly four
hundred lightning images, and we will publicly release the dataset once it is com-
plete.

2 RELATED WORK

Adaptive Thresholds. In previous studies of lightning channel recognition, the ma-
jority of segmentation tasks have been accomplished through thresholding, evolving
from initial global threshold segmentation to adaptive threshold segmentation[4]. Com-
pared to global thresholding, adaptive thresholding can dynamically adjust the thresh-
old value based on the local features of the image, thereby better segmenting the light-
ning channel region[9]. However, adaptive threshold segmentation also has its limita-
tions and is currently only applicable to lightning images with simple backgrounds. For
instance, it can more accurately extract the lightning channel when there is significant
brightness contrast between the lightning and the background in the image. However,
for lightning images with more complex backgrounds, such as those with numerous
buildings and strong light interference, the extraction performance is poorer. Therefore,
threshold processing[13][14] is somewhat limited in the lightning channel recognition
task in complex images.

Contour Detection. In the process of lightning channel recognition, traditional
threshold segmentation methods are sometimes ineffective in extracting the structure
of lightning channels. To address this issue, this paper proposes a method that combines
contour detection with threshold segmentation, enabling complete extraction of light-
ning channels by analyzing their contour structures[28][29] . This method facilitates



recognizing lightning channels in complex backgrounds and handling multiple branch-
ing structures of lightning channels [12]. The specific implementation steps are as fol-
lows. Contour decomposition: decomposing complex contours into simpler sub-con-
tours[19]. Contour grouping: combining neighboring sub-contours to form a complete
object contour. Conic line approximation: using polygons, spline curves or other math-
ematical models. Contour Matching: matching extracted contours with templates or
known contours to identify objects. Branching Analysis: detecting branch points and
branches in a contour using a skeleton extraction algorithm. By combining these tech-
niques, complex contours can be efficiently processed, and a more complete lightning
channel can be extracted from the image[27]. Contour detection of lightning can extract
lightning channels more efficiently than threshold segmentation.

Curvature. For the detected contours, this paper incorporates lightning features,
treating lightning as a surface or manifold. By measuring the curvature of lightning
[16][17] , its degree of bending is determined to distinguish lightning from non-light-
ning features. Curvature estimation can further refine the segmentation results of light-
ning images. By measuring the curvature of the lightning shape, the true morphology
of the lightning channel can be identified more accurately, so that contours that do not
match the shape of the lightning channel can be eliminated and the accuracy of seg-
mentation can be improved. Lightning channels usually present a curved shape, and
curvature estimation is based on this feature to distinguish lightning from non-lightning
features (e.g., noise, background objects, etc.) in the image. By setting an appropriate
curvature threshold, the noise that does not match the lightning shape feature can be
effectively filtered out, improving the accuracy and reliability of segmentation. Curva-
ture estimation not only identifies the main curved part of the lightning channel, but
also captures the subtle changes in the lightning channel, such as small changes in the
bending angle, and subtle extensions of lightning branches. The capture of these subtle
information is of great significance for the comprehensive and accurate description of
the morphological characteristics of lightning.

3 PROPOSED METHOD

3.1 Problem Definition

Currently, for lightning channel recognition, traditional threshold segmentation meth-
0ds[15] can achieve complete segmentation to a certain extent. However, this requires
preprocessing of the images to ensure that the main content retained is the lightning
channel. For images with complex backgrounds, the effectiveness of early prepro-
cessing is not ideal. This paper utilizes contour detection and feature analysis methods
to process the segmented images, analyzing the shape and curvature characteristics of
the lightning contours to extract the lightning channels more accurately.



3.2  Overall Architecture

Figure 1 shows the overall architecture based on contour detection and feature extrac-
tion, which mainly includes three parts, segmentation preprocessing, traversal contour,
and curvature feature extraction of the contour, to extract the lightning channel. (1)
Preprocessing: the image is converted into a grayscale image, and the edge detection
algorithm is applied to detect the edges in the image. Use morphological manipulation
(e.g. corrosion and expansion) or non-maximum suppression. (2) Contour detection:
using the connectivity algorithm, the separated edges are connected into a connected
contour to generate a contour representation containing the contour pixel coordinates
or parametric equation. The contour can be represented as polygons, spline curves or
other mathematical models[25][26]. Confines are filtered by area and perimeter, while
removing noisy or unrelated contours. (3) Curvature feature extraction: lightning usu-
ally presents a branching form, extending from the cloud to the ground or other places
in the clouds. These branching forms are determined by the movement path of the
charge in the atmosphere, and sometimes have tree, network, and other structures,
which belong to the slender, thin, and polygonal shape. By measuring the bending de-
gree of the traversed contour, it is more accurate to identify the lightning channel than
the simple contour detection.

Image
Preprocessing

Target Image Graying Contour Detection

No

Judge whether the Set curvature

condition is met threshold

Output Image
Fig. 1. Flowchart of lightning channel identification

3.3 Jointly Contour and Curvature Estimation Method

Preprocessing: For images intended for lightning channel extraction, preprocessing
is typically necessary to mitigate background interference. Common preprocessing



methods often involve contrast adjustment. In lightning images, background elements
and structures typically exhibit lower luminance and darker hues compared to lightning
discharges, hence background interference can be addressed through techniques such
as contrast adjustment and image enhancement. Nevertheless, the efficacy of contrast
adjustment methods may be limited by the visual luminance disparity between lightning
and the surrounding environment, particularly when lightning channels occupy a small
portion of the image. Therefore, initial processing primarily employs adaptive threshold
segmentation and Gaussian denoising techniques. Subsequently, the lightning image is
converted from the RGB color space to grayscale for further analysis.

The segmented images only are 0 and 1. The adaptive threshold segmentation for-
mula is as follows:

Txy)=C*m(x,y) +k Q)

Where T(x,y) is the threshold at pixel (x,y) and m(x,y) is the statistical characteristics
of the pixel values within the window around pixel (x,y), such as mean or variance. C
and k are parameters of the algorithm, which are used to control the way in which the
threshold is calculated.

Contour Detection: Contour detection is a fundamental task in image processing
and computer vision aimed at identifying and extracting the boundaries of objects in an
image. In the context of lightning segmentation, The contour detection algorithm is able
to accurately identify edge contours in lightning images that accurately represent the
boundaries of the lightning. By extracting these boundaries, the lightning can be sepa-
rated from the complex background, providing an accurate data base for subsequent
analyses.

Based on the pre-processing, there is still some noise not removed. The contour in
the image is extracted by using the level set method, which mainly represents and em-
beds the curve or surface using the zero level set of a high-dimensional function (usu-
ally a signed distance function), thus transforming the curve evolution problem into a
partial differential equation solving problem[22][23]. Firstly, a high-dimensional
signed distance function @(x,y,t) = 0is constructed to represent the initial contour,
and its zero-level set is the initial contour to be detected. Define a velocity function F
that depends on the data items, curvature and control the evolution of the signed dis-
tance function ¢ according to the following partial differential equation.

dp _
21 Flvg| =0 )

Where ¢ is a signed distance function and F is a velocity function dependent on data
items, curvature, etc. The method describes the contour evolution process.

Contour usually refers to the boundary between an object and the background,
contour detection can help to analyze the shape, size and location in an image[24].
Based on the image of the lightning, width and area factor can be extracted to approxi-
mate the area of the lightning channel.

Curvature Estimation: According to the method of contour detection and segmen-
tation, most of the lightning channels can be extracted. However, this study also incor-
porates lightning feature estimation, that is, further extracting lightning channels based



on the curvature of lightning. Lightning channels typically manifest as curved lines,
and appropriate curvature thresholds can be estimated by examining the curvature curve
at a certain point[10][11]. That is, better identification of lightning channels can be
achieved through appropriate curvature. The calculation of curvature can be achieved
by solving the inverse of the curve tangent direction vector. Equations (3) to (7) are
applicable to most discrete spaces [30] . Figure 2 illustrates the parameters required for
measuring the curvature of lightning images[5]. Assuming there are n pixels, the curve
length is the sum of all lightning image pixels pj, and the total curvature computation
is the sum of absolute values of all angles represented in radians.

Fig. 2. Parameters required for the curvature measurement on the lightning image

Distance Factor(DF) =

n -
Arc length (Ek=1Pr)-1 (3)

Chord length ~ /(Xp—%0)2+(Yn—Yo)2

Where p,, is the lightning image pixel, n denotes the total number of pixels in the pic-
ture, and DF denotes the distance factor, which is obtained from the length of the curve
over the length of the chord.

__ Arc length _ (CR=q PRO-1 4
"1 = Chord length N 2 2 @
gth (Xn=%0)*+(Yn=Yo)
T, = Total curvature = Y }_|ay| (5)
73 = Total square curvature = (Yp_q|ay|)? (6)
__ Total curvature _ Yi_qlagl
Ta = Arc length — ((SR_, pr)-1) )

The above t,, t1,, 75, T, are correlation values of curvature, which are measured by
factors such as total curvature and curvature squared for lightning.



4 EXPERIMENTS

4.1 Datasets

This section presents the experimental results of methods based on threshold segmen-
tation, curvature and profile detection. The purpose of the experiment was to verify the
effectiveness and feasibility of the method in extracting lightning targets and analyzing
lightning morphology. We will describe the experimental design, the dataset, and the
results analysis.

The experimental data in this paper come from the digital images of lightning
channels of high-speed cameras obtained by our research team. Lightning images from
various typical environments are selected in Fig. 3, which can be roughly classified into
three types of images. The first is a single lightning channel image with a simple back-
ground that usually contains only one major lightning discharge channel. The second is
a multi-branch lightning channel image, in a specific environment, the lightning chan-
nel may bifurcate to form multiple branches. The third type is the lightning image with
bright clouds and light interference, and when the background complexity is high, such
as the lightning passage image above the city. Because the light is similar to the light-
ning light, the noise such as light cannot be completely filtered by threshold segmenta-
tion, and the extraction result is the lightning image with noise.

(d) (€) ®
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Fig. 3. (a~i) shows some of the lightning channel images used in this experiment.

In order to evaluate the performance and validity of the lightning classification
model, we conducted a series of tests. This section describes our testing methodology
and evaluation metrics. The main goal is to verify the applicability of the model in
different scenarios so as to comprehensively assess its performance. In this paper, we
use the intersection and merger ratio to evaluate the segmentation results. The intersec-
tion ratio is a measure of how much the segmented object or region overlaps with the
real object or region. The formula for calculating the intersection ratio is as follows:

IOU(XI Y) - Area(x)UArea(y) (8)

4.2 Comparison with the Other Methods

In order to fully evaluate the performance and advantages of the lightning segmen-
tation model, we compare the present method with several common segmentation meth-
ods as well as deep learning model[18] in Table 1.

Table 1. compares with other classical segmentation methods on the Lightning dataset

LIGHTNING SEGMENTATION METHOD I0U METRIC
EDGE DETECTION METHOD 60.1%
GLOBAL THRESHOLD METHOD 73.4%
LOCAL THRESHOLD METHOD 77.7%
DEEP LEARNING MODEL (U2_NET) 83.0%
OUR METHOD 88.0%

The experimental results show that the 10U indicator for edge detection rate is
60.1%. In this experiment, using the edge detection method may not be able to correctly
identify the lightning edges in some cases, such as for images with complex back-
grounds or high noise interference. The edge detection accuracy of 60.1% indicates that



there is still room for improvement of the current method in lightning segmentation,
which requires further research and optimization.

Although the accuracy of the global thresholding method (73.4%) is higher than the
traditional edge detection method (60.1%), it is still not very satisfactory. This may be
due to the fact that global thresholding methods uniformly use a fixed threshold when
processing images, which may not be adaptable enough to different image regions, re-
sulting in some edges not being recognized correctly.

The local thresholding method has better adaptability compared to the global thresh-
olding method and is able to dynamically adjust the threshold according to the local
features of the image. This enables the method to better cope with brightness and con-
trast variations in different regions of the image, thereby improving the accuracy of
lightning detection.

Local thresholding methods show high accuracy in lightning detection tasks because
they can dynamically adjust the threshold according to the local features of the image.
Lightning usually produces strong luminance changes in specific regions of the image,
and local thresholding methods can better adapt to such local features to accurately
detect lightning. Such localized luminosity variations can be captured efficiently by
local thresholding methods. By employing different thresholds in different regions of
the image, the local thresholding method can accurately identify these luminance
changes and thus achieve effective lightning detection. Although local thresholding
methods perform well in lightning detection, there may be local background noise in
some images, which may affect the accuracy of detection. Therefore, for some complex
image scenes, further optimization and improvement of the local thresholding method
may be required to improve the robustness of the detection.

The accuracy of the deep learning model in the lightning detection experiment re-
sults is 83.0%, which indicates that the deep learning model achieves relatively high
accuracy in the lightning detection task. By learning the lightning image data, the deep
learning model is able to effectively capture the features of lightning and accurately
distinguish it from the background. Despite the high accuracy rate achieved by the deep
learning model, there is still room for further improvement. More lightning image data
for training, as well as tuning of the model structure and parameters, may be needed to
further improve the model's performance and generalization ability.

The accuracy of 88.0% indicates that our method is highly effective in capturing and
identifying lightning. This may be due to the incorporation of methods such as contour
detection and curvature estimation in the proposed method, which allows it to be better
adapted to the lightning detection task. Due to the characteristics of lightning and the
complexity of images, the lightning detection task is often affected by local features
and background noise, while the proposed method can filter or suppress the background
noise well. To improve the accuracy, the proposed method fuses multiple models. This
fusion application allows the proposed method to capture and identify lightning more
comprehensively, thus improving the accuracy. The next Figure 4 shows a schematic
representation of several classical segmentation methods, as well as the lightning recog-
nition results based on contour detection and curvature estimation presented in this
chapter.
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Fig. 4. Lightning channel identification results (From left to right, the original image, edge de-
tection, global thresholding, local thresholding and our method)

4.3  Ablation Study

To understand the internal mechanism of the lightning segmentation model and to im-
prove its performance effectively, a series of ablation experiments are performed in this
paper. These experiments aim to systematically analyze the impact of individual com-
ponents or design choices in the model, thus exploring their contribution to segmenta-
tion accuracy and robustness. By comparing these experimental effects, we hope to
reveal the key factors of the lightning segmentation model to provide strong support for
further research and application. To this end, a series of experimental combinations are
designed in this paper, each adjusted or eliminated for a key factor in the model, while
keeping the other conditions constant. Figure 5 shows the comparison diagram of the
ablation experiment.

In this paper, we first identified the key factors requiring ablation, including thresh-
old segmentation, contour detection, curvature estimation algorithm, etc. Then, for each
key factor, the corresponding experimental combinations are designed, including con-
trol and experimental groups. In the control group, the original design of the model was
kept unchanged as a comparison group. In the experimental group, specific factors were
adjusted or eliminated to observe their effects on segmentation performance.
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Fig. 5. Comparison of the ablation experiments (From left to right this shows the original im-
age, the removal of contour detection, the removal of curvature estimation, and our Method)

In order to assess the importance of each component of the method based on
threshold segmentation, curvature and contour detection in lightning image processing.
We will use objective metrics to evaluate the effectiveness of the ablation experiments,
as shown in Table 2 below, which will help us to quantify the role of each component
in the overall system.

Table 2. I0U indicators for individual components in ablation experiments

ABLATION EXPERIMENT I0U METRIC
REMOVE CONTOUR DETECTION 68.4%
REMOVE CURVATURE ESTIMATION 86.9%
OUR METHOD 88.0%

The results of the ablation experiments show that in the absence of the threshold
segmentation step, the entire processing flow's almost impossible to proceed. This fur-
ther validates the importance of thresholding in lightning image processing, which
functions to separate the target region and reduce the effects of background noise.

Contour detection contributes more to the final processing results. The lack of con-
tour detection module decreases the accuracy of the system to 68.4%, which indicates
that contour detection plays a crucial role in the whole system. This may imply that the
system relies on contour information in identifying and locating targets, and the absence



of this step significantly affects the performance of the system. When faced with com-
plex environments, threshold segmentation cannot completely filter out all background
noise, which can bias the final result. Contour detection can analyze and describe the
shape of the target object. By calculating the perimeter area and other shape features of
the target object, the background noise is further filtered out to avoid the lightning im-
age from being confused with the background or other objects. At the same time, con-
tour detection has an impact on the subsequent curvature estimation.

Curvature estimation also plays an important role in the system, and although its
absence leads to a decrease in accuracy, the effect is relatively small. The accuracy of
the system when curvature estimation is missing is 86.9%, which is an improvement
over the accuracy when contour detection is missing, but still significantly lower than
the accuracy of the original method. This may mean that curvature estimation plays a
slightly lesser role in the system than contour detection.

The accuracy of the original method is 88.0%, indicating that the system has high
accuracy in the intact state. Contour detection and curvature estimation, although con-
tributing to the system performance, are not the only decisive factors. Based on the
experimental results, the focus of optimizing the system performance should be on im-
proving the accuracy of contour detection and curvature estimation. At the same time,
other components should be further optimized to improve the overall performance of
the system.

5 CONCLUSION

In this paper, we propose a lightning recognition segmentation algorithm based on
contour detection and curvature value estimation, which processes and analyzes light-
ning images. It fuses classical segmentation methods with contour detection and curva-
ture estimation to extract lightning images under different environmental conditions.
With the results obtained experimentally, the proposed method can effectively segment
the lightning target, identify the lightning region, and accurately separate the back-
ground noise. By analyzing the curvature and profile, we successfully extracted the
morphological features of the lightning target. Compared with conventional methods,
the methods in this study showed high adaptability and stability in handling lightning
images of different kinds and background conditions. Deep learning has shown strong
potential in the field of image segmentation. Future work will explore the reliability of
the method when applied to complex railway sites and improve recognition by combin-
ing lightning recognition and feature recognition algorithms. Traditional preprocessing
steps (e.g., threshold segmentation, contour detection, curvature estimation, etc.) are
fused into deep learning models to achieve a more automated and end-to-end flash im-
age segmentation process.
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