Duan et al. Intell. Robot. 2025, 5(1),70-87

DOI: 10.20517/ir.2025.05 Intelllgence & RObOtlcs

Research Article

M) Check for updates

A novel real-time intelligent detector for monitoring
UAVs in live-line operation on 10 kV distribution net-
works

Haibo Duan’, Fanrong Shil, Bo Gao?, Yingyue Zhou', Qiushi Cui3

School of Information Engineering, Southwest University of Science and Technology, Mianyang 621010, Sichuan, China.
2Electric Power Research Institute of State Grid Ningxia Electric Power Co., Ltd., Yinchuan 750011, Ningxia, China.
3School of Electrical Engineering, Chongging University, Chongging 400044, China.

Correspondence to: Prof. Fanrong Shi, School of Information Engineering, Southwest University of Science and Technology, No.59,
Middle Section of Qinglong Avenue, Fucheng District, Mianyang 621010, Sichuan, China. E-mail: sfr_swust@swust.edu.cn

How to cite this article: Duan, H.; Shi, F.; Gao, B.; Zhou, Y.; Cui, Q. A novel real-time intelligent detector for monitoring UAVs in
live-line operation on 10 kV distribution networks. Intell. Robot. 2025, 5(1), 70-87. http://dx.doi.org/10.20517/ir.2025.05

Received: 21 Oct 2024 First Decision: 11 Dec 2024 Revised: 22 Dec 2024 Accepted: 3 Jan 2025 Published: 21 Jan 2025

Academic Editor: Simon Yang Copy Editor: Pei-Yun Wang Production Editor: Pei-Yun Wang

Abstract

The live-line operation of 10 kV distribution networks is critical for ensuring uninterrupted and high-quality power
supply. However, operational sites face challenges such as insufficient intelligent monitoring and suboptimal real-
time performance. To address these issues, this study proposes the FEM-YOLOv8 algorithm, specifically designed
for protective equipment detection in live-line operation scenarios. The proposed algorithm is deployed on edge de-
vices compatible with unmanned aerial vehicles (UAVs), enabling remote, autonomous, and intelligent monitoring.
Key improvements include the introduction of an enhanced FAST-C2f module, replacing the original C2f module in
the Backbone to improve feature extraction efficiency while reducing model complexity. Additionally, a lightweight ef-
ficient channel attention (ECA) mechanism is incorporated into the Backbone and Neck to enhance target feature de-
tection and representation capabilities. The bounding box regression loss function is replaced with metric preserving
distance intersection over union (MPDIloU) to further boost detection accuracy and robustness. The FEM-YOLOv8
model is implemented on the Atlas 2001 DK A2 edge device, which is suitable for UAV deployment. Experimental re-
sults demonstrate that the improved FEM-YOLOv8 model achieves 93.1% precision (P), 85.9% recall (R), and 92.3%
mean average precision (mAP), surpassing the baseline model by 2.8, 3.2, and 2.2 percentage points, respectively.
With a detection speed of 83 frames per second (FPS) and a power consumption of only 10.2 W, the model satisfies
real-time performance and detection accuracy requirements, providing significant contributions to grid intelligence
and power operation safety.
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1. INTRODUCTION

The live-line operation of 10 kV distribution networks is widely recognized as an effective approach to avoid-
ing maintenance-related power outages and ensuring uninterrupted power supply. However, as the demand
for live-line operation continues to grow, the increasing complexity and difficulty of these tasks have also led
to heightened risks '/, At present, live-line operations are primarily supervised manually at distribution sites,
which incurs significant labor costs. Additionally, maintaining prolonged concentration during monitoring
is challenging for personnel, often resulting in subjective judgments that lead to false or missed detections.
These issues make it difficult to address and prevent safety incidents promptly, thus significantly hindering the
automation and intelligent management of power systems %/, Risk prevention and control have consequently
become critical areas of safety research for live-line operations, playing a pivotal role in ensuring worker safety
and advancing the development of distribution networks *). Although video surveillance and similar technical
measures are employed on-site to assist in monitoring*, such as supervising the wearing of personal protec-
tive equipment (PPE) and observing operational behaviors, existing cloud-based control systems often lack
real-time capabilities and adequate intelligence . This limitation becomes particularly evident in scenarios
involving unsafe behaviors, such as improper usage of insulated helmets, capes, or gloves, where on-site sys-
tems fail to provide timely alerts. To address these challenges, it is imperative to develop intelligent methods
capable of real-time detection of PPE to ensure worker safety and enhance the safety management of live-line
operations. The integration of advanced detection techniques with intelligent monitoring systems offers a
promising solution for improving the safety and efficiency of live-line operations in distribution networks.

Edge computing has been recognized as an innovative paradigm designed to perform real-time data anal-
ysis and computation closer to sensing terminals!”). This approach offers notable advantages, including
low latency, high efficiency, reduced network bandwidth consumption, and enhanced privacy protection®).
In recent years, significant advancements in unmanned aerial vehicle (UAV) technology have facilitated its
widespread application across various domains, such as border patrol, fire detection, traffic monitoring, and
power line inspection. UAVs, equipped with high-definition cameras, are capable of real-time image data
collection. When combined with edge computing, this capability enables efficient data processing and analy-
sis, allowing timely detection of faults and potential risks'°!. Simultaneously, deep learning technology has
demonstrated remarkable advantages in intelligent detection tasks. Through the use of multi-layer neural net-
works, high-level features can be extracted from image data, substantially enhancing detection accuracy and
real-time processing capabilities. In complex and dynamic environments, deep learning has shown superior
performance, making it widely applicable to tasks such as power line inspections "', Additionally, distributed
communication and event-triggered strategies have proven effective in reducing communication overhead and
improving response efficiency in power system management!'>'*), providing theoretical support for real-time
intelligent detection. Based on these advancements, an intelligent detection model for PPE, FEM-YOLOvs,
is proposed in this study. The model leverages deep learning technology and is deployed on edge devices
compatible with UAVs to enable real-time intelligent detection of PPE at operation sites. This approach offers
significant contributions to the digitalization and intelligent management of power grids.

The key contributions are summarized as follows:

(1) To minimize model complexity while maintaining detection accuracy, the partial convolution (PConv)
operation was introduced into the Backbone, forming the FAST-C2f module to replace the original C2f mod-
ule. This effectively reduces resource consumption. Moreover, a lightweight efficient channel attention (ECA)
mechanism was incorporated into both the Backbone and Neck, enabling the model to dynamically learn
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channel importance and significantly enhance detection accuracy.

(2) Metric preserving distance intersection over union (MPDIoU) was employed as the bounding box regres-
sion loss function, accelerating network convergence and further improving detection performance and ro-
bustness.

(3) The FEM-YOLOvVS model was deployed on edge devices equipped with Huawei’s Ascend 310 Al accelerator
chip. Notably, the acronym FEM reflects the initials of the three key improvements proposed in this study:
FAST-Cz2f, ECA, and MPDIoU, clearly highlighting the algorithm’s core innovations. Additionally, a real-time
intelligent inspection solution integrating UAV's for live-line operations was developed, establishing a robust
foundation for intelligent management at operation sites.

2. RELATED WORKS

In recent years, deep learning object detection algorithms have found extensive use in intelligent detection
tasks for power applications'*l. These algorithms can be mainly categorized into two-stage detection methods,
represented by fast region-based convolutional neural network (R-CNN) [ and faster R-CNN "¢/, and one-
stage detection methods, represented by You Only Look Once (YOLO) 7~} and single shot multibox detector
(SSD) 2?1, Two-stage detection methods first extract candidate boxes and then classify these regions while
performing bounding box regression. For example, Kong et al. used the Mask R-CNN model to detect whether
construction workers at power sites were wearing safety helmets!?*. Lei et al. proposed a Faster R-CNN-
based method to detect broken power line insulators and bird nests'>*/. Yang et al. utilized the Faster R-CNN
model to detect oil leakage incidents in substations, providing robust technical support for the safe operation of
substations [/, While two-stage detection methods are known for their high accuracy, they suffer from poor
real-time performance and high memory consumption (>, As a result, researchers have shifted their focus to
one-stage detection algorithms.

One-stage detection methods operate end-to-end, directly extracting features and predicting their locations
and other attributes, which effectively improves detection efficiency. Compared to two-stage algorithms, one-
stage methods are simpler, more efficient, and better suited for engineering applications'?”). Consequently,
they have been widely adopted for detection tasks at power operation sites /. For instance, Li et al. utilized
the YOLOvss detection model and deployed it on UAVs to detect bird nests on transmission lines **). Zhao
et al. applied an improved YOLOvs5s algorithm to detect missing bolts in transmission line inspection im-
ages captured by UAVs*°), He et al. conducted research on detecting equipment such as safety helmets and
protective clothing worn by power workers, developing an object detection algorithm based on the YOLOv7-
Tiny model, which enhanced detection performance under complex backgrounds and target occlusion con-
ditions*!). Panigrahy et al. used the YOLOvSn object detection model in conjunction with UAVs equipped
with edge computing devices to effectively identify the condition of insulators (e.g., damaged or normal), sig-
nificantly enhancing the intelligence level of power line inspection *2). Wang et al. proposed a YOLOv3-based
object detection and tracking method for the safety detection of live operations in power distribution net-
works [*?/. This method achieved high detection accuracy and real-time performance by detecting the wearing
of helmets and identifying hazardous area intrusions in distribution network scenarios, effectively improving
the safety management of power systems. However, YOLOv3 still has limitations in detection capability under
complex scenarios, particularly with small objects or in complex backgrounds. Li proposed a power operation
site risk identification technique based on the YOLOv8 model with the introduction of the BoTNet module **,
This method optimized existing object detection algorithms, significantly improving detection accuracy. How-
ever, the addition of the BoTNet module increased the complexity of the detection model, leaving room for
improvement in terms of efficiency and real-time performance.
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In summary, the combination of deep learning-based intelligent detection models and UAV technology has
achieved remarkable results in power inspection scenarios. However, in the context of live operations in power
distribution networks, many methods still face challenges such as high model complexity, insufficient real-time
performance, and the lack of deployment on edge computing platforms to achieve real-time detection. To
address these issues, we propose an improved FEM-YOLOVS intelligent detection model for power operation
protection. This model is optimized based on the YOLOvS algorithm and deployed on edge devices compatible
with UAVs, providing robust technical support for the real-time intelligent management and control of power
operations.

3. FEM-YOLOVS8 ALGORITHM

Released in 2023 as part of the YOLO series, YOLOVS is recognized as the successor to YOLOvS5, offering
improved capabilities in object detection. The model provides five scales: N (Nano), S (Small), M (Medium),
L (Large), and X (Extra Large). Among these, the lightweight N and S models feature fewer parameters and
faster inference speeds but lower detection accuracy, whereas the L and X models prioritize higher accuracy
at the cost of increased computational demands, making them suitable for performance-critical applications.
To meet the real-time, accuracy, and edge deployment requirements of high-risk live-line operation scenarios,
the YOLOvSs model is selected in this study as the baseline for further optimization. Structurally, YOLOvS8
consists of three primary components: Backbone, Neck, and Head, as illustrated in Figure 1. Compared to
YOLOVs, significant optimizations and improvements have been incorporated into these components. In
the Backbone, the cross stage partial (CSP) concept is retained, with the C3 modules from YOLOvS refined
into more lightweight C2f modules. The number of channels has also been adjusted to further reduce com-
plexity. For the Neck, the path aggregation network (PAN)-feature pyramid network (FPN) structure is pre-
served [*>*°/, but the convolutional layers before the Upsample layers have been removed. Furthermore, all C3
modules in the Neck are replaced with the improved C2f modules. In the Head, a decoupled head structure
has been introduced, separating the classification head from the detection head. Additionally, the Anchor-
Free concept *”! has been integrated to align the predicted boxes more closely with the ground truth, thereby
improving detection accuracy and overall model performance. These enhancements are designed to achieve
an optimal balance between lightweight design and performance, making YOLOvS a more effective solution
for diverse object detection tasks.

The original YOLOvS8s model is characterized by relatively high resource consumption, rendering it unsuit-
able for deployment on resource-constrained edge devices. Furthermore, its detection accuracy does not meet
the stringent precision requirements of live-line operation scenarios. To overcome these limitations, an im-
proved model, FEM-YOLOVS, is proposed in this study based on YOLOvSs. The improved model achieves
a balance between lightweight design and detection performance, enabling efficient deployment on edge de-
vices while satisfying the demands for real-time detection and high precision. FEM-YOLOVS is particularly
suited for complex scenarios such as live-line operations. The detailed structure of FEM-YOLOVS is depicted
in Figure 2, with the proposed improvements visually highlighted in red. First, a new FAST-Ca2f structure is
introduced using the PConv method to replace the original C2f modules in the feature extraction stage. This
adjustment effectively reduces the model’s complexity, making it more suitable for edge applications. Second,
an ECA attention mechanism is incorporated at the end of the Backbone network and after the Upsample
modules in the Neck, enhancing feature selection across channels and improving overall feature representa-
tion. Finally, MPDIoU is adopted as the bounding box regression loss function, accelerating the convergence
of the algorithm and improving the localization accuracy of detected object boundaries.

3.1. FAST-C2f module
To enhance the deployability of models on resource-constrained edge devices, commonly used lightweight
model architectures such as MobileNet **) and ShuffleNet ) have been developed. These architectures ex-
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Figure 2. Structure of the FEM-YOLOvV8 model.

tract features from input data using depthwise convolution or group convolution. However, despite effectively
reducing giga floating-point operations per second (GFLOPs), these methods often encounter increased mem-
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Figure 3. PConv structure diagram. PConv: Partial convolution.

ory access requirements, which negatively affect detection accuracy.

To address this limitation, a method called PConv was proposed by Chen et al.[**). PConv performs standard
convolution on a subset of the input feature maps channels, while the remaining channels are preserved for
subsequent 1 x 1 pointwise convolution to retain and utilize additional information. This approach significantly
reduces computational redundancy and memory access, improving both the detection accuracy and speed of
convolutional neural network models. The structure of PConv is illustrated in Figure 3.

The number of floating-point operations for PConv can be calculated as follows:

FLOPs = hxw x k* x (c,)? (1)

The memory access characteristics of PConv are as follows:

hxwx20p+k2ch,zhxwx20p (2)

Where h, w, and k represent the height, width, and kernel size of the feature map, respectively. ¢, denotes the
number of channels used for conventional convolution, while ¢ represents the total number of input channels.
Since typically only 1/4 of the input channels are involved in the convolution operation, ¢,/c = 1/4, the
computational cost of PConv is approximately 1/16 that of standard convolution, and the memory access
requirement is reduced to about 1/4. The remaining ¢ —c, channels are excluded from computation, requiring
NO Memory access.

In this study, the concept of PConv is employed to design the FasterBlock, which replaces the Bottleneck in the
original C2f module, resulting in the new FAST-C2f module. The structure of the FAST-C2f module is shown
in Figure 4. FasterBlock consists of one PConv and two 1 x 1 convolutional layers, forming a reverse residual
block structure. Batch normalization (BN) and the rectified linear unit (ReLU) activation function are applied
only after the middle 1 x 1 convolutional layer to preserve feature diversity while achieving lower latency. The
FAST-C2f module is integrated into the Backbone for feature extraction and processing, enhancing detection
performance while significantly reducing the number of parameters and computational complexity.
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Figure 5. Structural diagram of the ECA module. ECA: Efficient channel attention.

3.2. ECA attention mechanism

In the task of detecting protective equipment in live-line operation scenarios, the large working range of per-
sonnel leads to highly complex and variable background features, including interference from power lines,
buildings, towers, and other intricate structures. These factors significantly increase the difficulty of detection.
To address this issue, the ECA attention mechanism is incorporated into the network to enable the model to
focus more effectively on the critical features of the target objects. ECA [*!/ was proposed based on the obser-
vation that dimensionality reduction in squeeze-and-excitation (SE) models “*/ can adversely affect prediction
performance. Unlike traditional attention mechanisms, ECA offers a lightweight and efficient design that en-
hances model performance without significantly increasing computational complexity. The structure of the
ECA module is depicted in Figure 5.

The module first applies global average pooling to the input data to aggregate spatial information. A 1 x 1 con-
volutional layer is then employed to perform cross-channel information interaction, avoiding dimensionality
reduction. The size of the convolution kernel & is adaptively determined using

log,(C) + 1

> (3)

k=y(C) =

odd

Where C represents the channel dimension, and the [*| 44 operator denotes the nearest odd number.
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Figure 6. Calculation method of MPDloU. MPDIloU: Metric preserving distance intersection over union.

Subsequently, k is applied through one-dimensional convolution. Finally, a Sigmoid activation function is used
to calculate the weight of each channel, and the resulting weights are multiplied element-wise with the original
input feature map to generate the final feature map.

3.3. MPDIoU loss function

In YOLOVS, the complete intersection over union (CIoU) loss function is employed to optimize object detec-
tion. CIoU considers three factors: the overlap area between the predicted box and the ground truth box, the
distance between their center points, and their aspect ratio. However, the optimization effect is reduced when
the predicted box and the ground truth box share the same aspect ratio but differ in width and height, which
limits the accuracy of model training!**). To overcome this limitation, a new bounding box regression loss
function, MPDIoU [““l, is introduced in this study to replace the original CloU. The structure and workflow of
MPDIoU are illustrated in Figure 6.

In Figure 6, the outer rectangular box represents the input image, with h and w denoting the height and width
of the input image. Box A indicates the ground truth box, while Box B represents the predicted box by the
model. The dashed line in the top-left corner shows the distance between the top-left corners of the ground
truth and predicted boxes, and the dashed line in the bottom-right corner indicates the distance between the
bottom-right corners of the ground truth and predicted boxes. In this figure, (x{, y}) and (x7, y) represent the
top-left coordinates of the ground truth and predicted boxes, respectively, while (x5, y3) and (x5, y) denote
the bottom-right coordinates of the ground truth and predicted boxes. Additionally, (x, y!) and (x], y1)
indicate the bottom-left and top-right coordinates of the intersection between the ground truth and predicted

boxes, respectively.

The loss function is written as follows:

di? = (17 = x18)* + (01 = y18)? (4)
dr? = (x2F = 25)2 + (y2F = y2%)* (5)
Lypprov = 1+(d%+d§)/(h2+w2) —IoU (6)

Here, d; and d; represent the distances between the top-left corners and the bottom-right corners of the pre-
dicted box and the ground truth box, respectively, and 7oU denotes the intersection over union between the
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Figure 7. Sample images from the dataset. All images are original, and copyright is retained by the authors.

Table 1. Detailed distribution of target bounding boxes in the sample library (Unit: Number of instances)

Category  Trainingset  Validationset Testset Total

helmet 1,546 201 197 1944
shawl 1,480 190 191 1,861
gloves 1,799 219 227 2,245

ground truth box and the predicted box.

4. EXPERIMENTS

4.1. Experimental environment and dataset

The model training experiments were conducted on the Huawei Cloud ModelArts platform. The “pytorch1.s-
cuda10.2-cudnn7-ubuntu18.04” image was used, with resource specifications of “GPU: 1*P100 (16 GB) | CPU:
8 cores, 64 GB”. Due to the absence of publicly available datasets for live-line operations, a custom sample
library was constructed using images collected from a live-line operation training base and real operation sites
in an autonomous region. Data collection devices included the Xiaomi 13 smartphone and DJI Mavic 3 UAV.
Following the removal of blurry and duplicate images, a total of 1,346 images were retained in the sample library.
To visually demonstrate the collected image data, Figure 7 provides examples of images from the sample library.
These images were collected from live-line operation training bases and real operation sites in the autonomous
region, covering various typical live-line operation scenarios and fully reflecting the diversity of the dataset and
the complexity of the operation site backgrounds.

The collected data were filtered and annotated using the MakeSense labeling tool, and the images were catego-
rized into three classes: insulated helmets (helmets), insulated shawls (shawls), and insulated gloves (gloves).
For the experiments, the dataset was randomly divided into training, validation, and test sets in an 8:1:1 ra-
tio. Table 1 presents the detailed distribution of target bounding boxes for each class across the three subsets,
with the unit indicating the number of instances. Specifically, the training set contains 1,546 helmets, 1,480
shawls, and 1,799 gloves. The validation set includes 201 helmets, 190 shawls, and 219 gloves, while the test
set comprises 197 helmets, 191 shawls, and 227 gloves. This dataset serves as a reliable foundation for training,
validation, and testing of the FEM-YOLOvS detection algorithm developed in this study.

To enhance the model’s generalization capability and reduce the risk of overfitting, a comprehensive online
data augmentation strategy was applied during training. The augmentation process included two primary
steps. First, basic transformations such as translation, scaling, and flipping were applied to the input images.
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Figure 8. The rendering after data augmentation. The image is original, and copyright is retained by the authors.

Second, mosaic data augmentation was implemented by randomly cropping and combining four images into
one. This approach effectively enriched the diversity and comprehensiveness of the dataset samples, contribut-
ing to improved training performance. The results of the data augmentation process are presented in Figure 8.

4.2. Evaluation indicator and parameter configuration

The training accuracy of the model is evaluated using the widely adopted metrics of precision, recall, and mean
average precision (mAP). Considering the deployment of the model on resource-constrained edge devices,
additional metrics such as the number of parameters (Params), computational cost (GFLOPs), model size
(Model Size), and frames per second (FPS) are introduced to assess the model’s complexity and computational
efficiency. These metrics provide a comprehensive basis for comparing the proposed approach with existing
methods.

The precision (P) and recall (R) are expressed as follows:

TP

P=——— x100% ()
TP+ FP
TP
R = m X 100070 (8)

Where TP denotes true positives, where positive samples are correctly identified; F P refers to false positives,
where negative samples are incorrectly identified as positive; and FN represents false negatives, where positive
samples are incorrectly identified as negative.

The mAP is used to evaluate the overall detection accuracy across all categories. The task studied in this paper
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Figure 9. (A) Comparison of loss curves between YOLOv8s and FEM-YOLOvS8; (B) Comparison of mAP curves between YOLOv8s and
FEM-YOLOv8. mAP: Mean average precision.

is a multi-class classification problem. For each category, precision and recall are calculated, and a precision-
recall (P-R) curve is plotted. The area under the curve represents the average precision (AP) for that category.
The mAP is then obtained by averaging the AP values of all categories, as expressed in:

1
AP = /0 P(R)dR (9)

2 AP;
i=1

mAP = x 100% (10)

where n denotes the total number of categories, and AP; represents the AP of the i-th category.

During model training, the input image size was uniformly set to 640 x 640, with a batch size of 64 and eight
worker threads. The training process was conducted for 300 epochs. The initial learning rate was set to 0.01,
and stochastic gradient descent (SGD) was employed as the training optimizer. The loss function and mAP
curves for both the FEM-YOLOvS8 model and the baseline YOLOv8s model are presented in Figure 9. As
illustrated in Figure 9A and B, the loss function values for both models exhibit a decreasing trend, while the
mAP values increase during training. After 200 iterations, the loss values and mAP stabilize, indicating that the
network has converged. Compared to YOLOvss, the FEM-YOLOvS model demonstrates faster convergence,
lower loss values, and higher mAP, highlighting its superior detection performance.

4.3. Experimental results and analysis

4.3.1 Ablation experiments

To further evaluate the effectiveness of the proposed improvements, ablation experiments were conducted,
and the results are presented in Table 2. In the table, “v” indicates the inclusion of specific improvements.
As illustrated in Table 2, the proposed enhancements effectively improve the model’s performance while op-
timizing its lightweight design. The incorporation of the FAST-C2f module resulted in a 0.2% reduction in P,
accompanied by increases of 0.2% in R and mAP. Additionally, the parameter count and computational cost
were reduced by 12.6% and 14.4%, respectively, achieving a significant reduction in complexity without com-
promising accuracy. The introduction of the lightweight ECA attention mechanism and the MPDIoU loss
function further enhanced the model’s performance. The ECA attention mechanism improved the models
ability to focus on critical targets within input images, achieving increases of 2.5%, 1.6%, and 1.5% in P, R, and
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Figure 10. Performance comparison of P, R, and mAP in ablation experiments. (A) Precision curve; (B) Recall curve; (C) mAP curve. P:
Precision; R: recall; mAP: mean average precision.

Table 2. Ablation experiment results

Methods FAST-C2f ECA  MPDIoU P/% R/% mAP/% Parameters/10° GFLOPs

1 90.2 831 90.3 11 284
2 v 895 843 905 9.7 243
3 v v 920 859 920 9.7 243
4 v v v 923 864 924 9.7 243

ECA: Efficient channel attention; MPDIloU: metric preserving distance intersec-
tion over union; P: precision; R: recall; mAP: mean average precision; GFLOPs:
giga floating-point operations per second.

mAP, respectively, compared to using only the FAST-C2f module, without increasing the parameter count or
computational cost. Overall, the proposed improvements enabled the final FEM-YOLOv8 model to achieve
increases of 2.1%, 3.3%, and 2.1% in P, R, and mAP, respectively, relative to the original YOLOv8s model,
while reducing the parameter count and computational cost by 12.6% and 14.4%. These enhancements not
only ensure a lightweight design but also significantly improve detection accuracy and real-time performance,
fully satisfying the requirements for efficient real-time detection in live-line operation scenarios. The proposed
improvements have been demonstrated to be both effective and practical.

Figure 10 illustrates the variation curves for key metrics, including P, R, and mAP, obtained during the abla-
tion experiments. As observed in the figure, all proposed improvements contributed to an increase in mAP,
with the most significant enhancement attributed to the integration of the ECA attention mechanism. All
models were trained for 200 epochs, after which the curves stabilized, indicating convergence. Compared to
the baseline YOLOv8s model, the improved FEM-YOLOv8 model achieved faster convergence and superior
detection performance, as reflected in the metric trends.

4.3.2 Comparison experiments

To evaluate the performance of the proposed FEM-YOLOv8 model, comparisons were conducted with sev-
eral mainstream one-stage object detection models suitable for edge deployment, as presented in Table 3. The
results demonstrate that the FEM-YOLOv8 model offers significant advantages in detecting protective equip-
ment. Specifically, the params, GFLOPs, and model size of FEM-YOLOVS are 9.7 x 10, 24.3, and 18.7 MB,
respectively, representing reductions of 12.6%, 14.4%, and 12.6% compared to the original YOLOv8s model,
thereby achieving a lightweight design. In terms of detection accuracy, the mAP of FEM-YOLOvS reaches
92.4%, exhibiting improvements of 6.5%, 4.8%, 11.9%, 3.7%, and 3.5% over SSD, YOLOv3, YOLOv3-tiny,
YOLOvss, and YOLOV10s, respectively. Furthermore, the edge deployment tests, as shown in Table 4, in-
dicate that FEM-YOLOvS meets real-time detection requirements (> 30 FPS) and demonstrates exceptional
efficiency and real-time capability. Overall, the improved FEM-YOLOvS model surpasses other algorithms
in terms of mAP while maintaining lower model complexity, making it well-suited for high-risk live-line op-
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Table 3. Comparison experiment results

Model mAP/%  Params/10° GFLOPs  Model size/MB
SSD 85.9 236 61.1 92.2

YOLOv3 87.6 61.5 154.6 118.0
YOLOv3-tiny 80.5 8.7 129 16.8

YOLOv5s 88.7 7.0 15.8 4.4

YOLOv8s 90.3 1.1 284 22.0

YOLOvV10s 88.9 8.0 24.8 6.4
FEM-YOLOv8  92.4 9.7 243 18.7

mAP: Mean average precision; GFLOPs: giga floating-
point operations per second.
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Figure 11. Application scheme.

eration scenarios. It satisfies the dual requirements of detection accuracy and real-time performance, thereby
offering significant practical application value.

5. DEPLOYMENT

The edge deployment platform utilized in this study is the Atlas 200l DK A2, an AI development platform
designed by Huawei for edge computing scenarios. The platform is applicable to pre-research and development
in fields such as robotics, UAVs, and audio-video processing. It comprises three primary components: the Atlas
200 AT acceleration module, a multimedia processing chip (Hi3559C), and a local area network (LAN) switch.
The Atlas 200 Al integrates the Ascend 310 Al processor, a high-performance, low-power chip tailored for
tasks such as image recognition, video processing, inference computation, and machine learning. A maximum
computing power of 10 TOPS (FP16) is achieved by the device. The platform operates on the Ubuntu 22.04
LTS operating system, and its neural network computing architecture is based on compute architecture for
neural networks (CANN) version 7.0.RC1.

Figure 11 illustrates the application scheme of the proposed method. First, the model is optimized and trained
on the ModelArts platform. Then, the trained model undergoes a format conversion process to ensure compat-
ibility with edge devices. This includes three stages: exporting the model in the pt format (the original training
model generated by the PyTorch AI framework), converting it to the onnx format (an open neural network
exchange format developed by Facebook and Microsoft, facilitating model conversion and optimization across
diverse frameworks), and finally transforming it into the om format (optimized for deployment on the Atlas
2001 DK A2 hardware platform). Finally, the model is deployed on the Atlas 200l DK A2, which is suitable
for UAV applications. During the application phase, the edge device, integrated with a UAV equipped with a
camera, enables real-time intelligent detection of protective equipment for live-line operations. This setup ef-
fectively supports safety monitoring in high-risk live-line operation scenarios, showcasing its practicality and
efficiency.
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Figure 12. P-R curve of the model on the edge platform. P-R: Precision-recall.

Table 4. Model deployment experiment results

Model P/% R/% mAP/% Model size/MB  FPS
YOLOv8s 903 827 901 220 81
FEM-YOLOv8  93.1 859 923 19.6 83

P: Precision; R: recall; mAP: mean average precision;
FPS: frames per second.

To assess the performance of the proposed model on the edge platform, both the baseline YOLOv8s model
and the improved FEM-YOLOVS (pt) model developed in this study were converted into an edge-compatible
format (om) and deployed on the Atlas 200I DK A2, which supports 10 TOPS of computing power and FP16
precision. The P-R curves of the models are displayed in Figure 12, and the performance results are summarized
in Table 4.

As shown in Figure 12, the improved FEM-YOLOvS8 model exhibited superior detection performance com-
pared to the original YOLOv8s model, as evidenced by the larger area under the P-R curve. In particular, for
the “gloves” category, the mAP value increased by 4.6 percentage points, with other categories also demonstrat-
ing varying degrees of improvement. However, by comparing Tables 2 and 4, a slight decrease in mAP was
observed during the model conversion process due to network structure fusion, with the mAP of YOLOvS8s
and the FEM-YOLOvVS model decreasing by 0.2% and 0.1%, respectively. As detailed in Table 4, the proposed
FEM-YOLOvS8 model achieved P, R, and mAP values of 93.1%, 85.9%, and 92.3%, respectively. These represent
improvements of 2.8%, 3.2%, and 2.2% compared to the baseline YOLOv8s model. Additionally, the model size
was reduced to 19.6 MB, representing a 10.9% decrease, along with a slight improvement in detection speed.
These results confirm the efficiency and outstanding detection capabilities of the improved FEM-YOLOvS
model on edge devices, fully meeting the dual requirements of real-time performance and detection accuracy
in resource-constrained environments.

To visually highlight the enhanced detection capabilities of the proposed FEM-YOLOv8 model, both the FEM-
YOLOVS and baseline YOLOv8s models were deployed on the Atlas 200I DK A2 platform for testing. For
evaluation, a subset of test images was selected, and the corresponding visualization results are presented in
Figure 13.

As illustrated in Figure 13, the FEM-YOLOv8 model demonstrates superior detection performance compared
to the baseline YOLOvss model. The FEM-YOLOvs model exhibited higher detection confidence and pro-
duced no false detections, indicating stronger anti-interference capability, enhanced detection accuracy, and
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FEM-YOLOVS detection results

Figure 13. Deployment testing. All images are original, and copyright is retained by the authors.

improved robustness in target detection. The results further validate the effectiveness of the FEM-YOLOvS
algorithm in accurately detecting protective equipment worn by workers, such as insulated helmets, insulated
shawls, and insulated gloves. Additionally, in future applications, the FEM-YOLOvS algorithm can be inte-
grated with UAV platforms and alarm systems to enable real-time monitoring at work sites. If workers are
found not wearing the required protective equipment, the system can automatically trigger an alert, provid-
ing timely reminders to enhance operational safety. This integration will promote the intelligent development
of live-line operations, contributing to improved safety management and digital transformation in the power
industry.

6. CONCLUSIONS

In this study, a real-time intelligent detection method for UAV-based live-line operations was proposed, specif-
ically designed to meet the requirements for real-time detection of insulated protective equipment at live-
line operation sites. The proposed method is built upon an improved YOLOv8s model, which incorporates
FasterBlock modules, ECA attention mechanisms, and the MPDIoU loss function to enhance detection ac-
curacy and robustness. These improvements have been shown to significantly enhance the model’s detection
performance. The improved FEM-YOLOv8 model was successfully deployed on edge intelligent devices ca-
pable of being mounted on UAV platforms. With a computing power of 10 TOPS and a power consumption
of just 10.2 W, the system achieves a detection speed of 83 FPS, effectively demonstrating its suitability for
real-time intelligent management and control of live-line operation sites. In future work, efforts will focus
on further optimizing the model architecture to improve real-time detection performance and increase ro-
bustness under complex environmental conditions. Additionally, future work will focus on improving UAV
technology by adopting tethered UAVs integrated with advanced sensors, such as high-definition and ther-
mal imaging cameras, to enhance the efficiency and precision of intelligent management and control tasks at
live-line operation sites. These improvements are expected to optimize real-time monitoring capabilities and


http://dx.doi.org/10.20517/ir.2025.05

Page 85 Duan et al. Intell. Robot. 2025, 5(1), 70-87 | http://dx.doi.org/10.20517/ir.2025.05

further contribute to the automation and intelligent development of power grid operations, ensuring greater
safety and reliability in power management.
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