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Abstract: Outdoor, real-time, and accurate detection of insulator defect locations can effectively avoid
the occurrence of power grid security accidents. This paper proposes an improved GhostNet-YOLOvS5s
algorithm based on GhostNet and YOLOv5 models. First, the backbone feature extraction network of
YOLOVS was reconstructed with the lightweight GhostNet module to reduce the number of parameters
and floating point operations of the model, so as to achieve the purpose of being lightweight. Then,
a 160 x 160 feature layer was added to the YOLOVS network to extract more feature information of
small targets and fuzzy targets. In addition, the introduction of lightweight GSConv convolution in
the neck network further reduced the computing cost of the entire network. Finally, Focal-EIoU was
introduced to optimize the CIoU bounding box regression loss function in the original algorithm to
improve the convergence speed and target location accuracy of the model. The experimental results
show that the parameter number, computation amount, and model size of the GhostNet-YOLOvVS5s
model are reduced by 40%, 25%, and 36%, respectively, compared with the unimproved YOLOvS5s
model. The proposed method not only ensures the precision of insulator defect detection, but also
greatly decreases the complexity of the model. Therefore, the GhostNet-YOLOVSs algorithm can meet
the requirements of real-time detection in complex outdoor environments.
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1. Introduction

In recent years, China’s new energy vehicle industry has developed at a very fast speed under
the promotion of government policies, and people’s demand for electricity has become increasingly
large. Therefore, in the case of huge power supply, it is very important to ensure the safe, stable, and
reliable operation of the power grid for the whole power system. The complex power system will
inevitably have various failures, and the safety accidents caused by insulator failure account for the
highest proportion. This is due to the fact that insulators are exposed to harsh natural environments
such as rain, snow, and intense sunlight over long periods, which can lead to the deterioration of their
external structure and subsequently shorten their service life [1,2]. Insulators play a critical role in
power transmission lines, and research on the localization and identification of defects in insulators has
garnered significant attention [3]. Currently, drone aerial photography technology is widely used in the
inspection of transmission lines, which allows for the rapid acquisition of a large number of insulator
images in a short period. However, manually inspecting and screening these images for defects would
be extremely time-consuming [4]. Therefore, it is essential to develop an efficient detection method to
process the images captured by drones, enabling real-time localization of insulator defects.

At present, as the application scenarios of deep learning technology become more and more ex-
tensive, many researchers also apply this technology in insulator defect detection and location [5].
Insulator target detection algorithms based on deep learning can be divided into two categories. The
first category consists of two-stage object detection algorithms based on candidate regions, with rep-
resentative algorithms including the fast region-based convolutional neural network (Fast R-CNN) [6]
and Faster R-CNN [7], etc. The literature [8] proposed a method that combines the region partitioning
network (RPN) with Faster R-CNN to form an attention mechanism, which further improves detection
accuracy. However, due to the increased network complexity, this approach results in slower inference
speeds. The work in [9] introduced an improved Faster R-CNN model for the classification and detec-
tion of catenary insulators. This model employed the Inceptionv2 network for feature extraction and
utilizes both softmax and Src for cascading, thereby enhancing the accuracy of insulator detection. In
the literature [10], the random forest classification method was used for image segmentation, and then
a convolutional neural network was used to classify normal and defective insulators. Finally, Faster
R-CNN was used to recognize self-detonation defects of insulators. The work in [11] replaced the fea-
ture extraction network of Faster R-CNN with Resnet101 to improve detection accuracy, but its ability
to locate small objects was limited. The work in [12] replaced the backbone network of Faster R-
CNN with the lightweight EfficientNet and constructed feature pyramids with different resolutions to
achieve feature fusion, thereby enhancing the detection ability for objects of different scales, especially
for small objects.

The second type is a one-stage object detection algorithm based on regression. One-stage detection
algorithms usually use neural networks to extract advanced features in data and fuse feature maps to
achieve target positioning [13]. Examples include the single shot detector (SSD) [14] and You Only
Look Once (YOLO) [15] neural networks. In the literature [16], a lightweight SSD target recogni-
tion network was designed. A lightweight MobileNet [17] was used to replace the backbone feature
extraction network in the original network, and then a multi-model fusion algorithm was used to re-
alize insulator self-explosion fault detection. The work in [18] proposed an improved YOLOv3 [19]
algorithm, which improves the speed and accuracy of insulator defect detection by introducing the
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non-parametric attention mechanism SimAM into the backbone network. In the literature [20], a
lightweight MobileNet is combined with the backbone network of CenterNet [21], and the convolu-
tional block attention module (CBAM) is introduced to enhance the accuracy of predicting the location
of small insulator targets. In the literature [22], the GhostNet [23] module was used to reconstruct the
backbone network of the original YOLOvV4 [24], and an ECA-Net channel attention mechanism was
introduced to improve the detection ability of the model on small targets. The literature [25] introduced
the ShuffleNetv2 [26] module into YOLOVS5 [27] as the backbone feature extraction network, and then
introduced a multi-scale feature fusion network and a fourth prediction head to enhance the network’s
ability to sense small targets with insulator defects. In the literature [28], to reduce the impact of un-
even outdoor lighting on insulator detection, a method based on YOLOV5 was proposed. This method
employs image enhancement techniques, including illumination correction and compensation, to im-
prove the contrast and detail of the images. In the literature [29], a CBAM attention mechanism is
introduced into YOLOVS to obtain the space and channel weight coefficients, and the dimension of
input feature mapping is transformed to enhance the model’s ability to extract and fuse insulator defect
features. The aforementioned improvement methods have optimized detection models for various ap-
plication scenarios, but most of them are difficult to achieve the balance between the detection accuracy
of insulator defects and the model’s lightweight design. Furthermore, the background environment sur-
rounding insulators is often complex, and most defects are small in size, which significantly increases
the difficulty of detecting insulator defects.

To further address the challenges mentioned above, we propose an improved algorithm called
GhostNet-YOLOVS5s, which is based on the integration of GhostNet and the YOLOvS model. The
specific advantages and contributions of the proposed algorithm are as follows:

1) Reconstructs the lightweight backbone feature extraction network. A lightweight GhostNet fea-
ture extraction network is bottleneck combined with the Ghost bottleneck and GhostConv module,
which reduces the number of parameters, computation, and model size of the network models. This
optimization of reducing network complexity greatly facilitates the edge deployment of mobile embed-
ded devices, improves the real-time detection capability of the mobile devices, and saves the computing
memory consumption of the devices.

2) Adding a 160 x 160 feature layer is conducive to detecting small target objects, and extracting
more fine-grained feature information of small targets. However, in order to avoid too much redundant
information, the 160 x 160 feature layer of the feature pyramid network output no longer performs
YOLO Head prediction output. In addition, GSConv [30] is introduced again to optimize the traditional
convolution and save computing costs.

3) In order to further optimize the original bounding box loss function, a new Focal-EloU loss
function is constructed by combining the idea of Focal to detect difficult targets with EloU, which is
sensitive to positioning accuracy. Compared with the original loss function, Focal-EloU has higher
positioning accuracy and faster convergence speed.

2. Original YOLOVSs and improved YOLOvVS5s

2.1. Original YOLOv5s model

YOLOVS is a single-stage object detection network, primarily composed of four key structures:
input, backbone, neck, and head. According to the network model from large to small, YOLOVS5 can
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be subdivided into YOLOv5x, YOLOvVS5I, YOLOv5m, YOLOvVS5s, and YOLOvV5n. The overall network
structure of each version is the same, but the difference lies in the depth and width of the modules used
in the configuration file. Although larger network models have higher detection accuracy, the overall
network structure will be more complex, the detection speed will be slower, and the device memory
overhead will be larger. Considering that the model needs to be deployed to mobile devices and can
meet the application requirements of real-time detection, we choose the YOLOvVS5s version with a
relatively small number of parameters and model size as the improved basic model. The structure of
the YOLOVS network is shown in Figure 1.
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Figure 1. The structure of the YOLOVS5 network.

The backbone network of YOLOvVS adopts CSPDarknet53 as the feature extraction network, which
consists of Conv, C3, and SPPF. The front and back connection of Conv and C3 enhance the feature
extraction ability of the network. The C3 module not only transmits the feature information to the
lower layer, but also to the Concat operation with other layer structures of the neck network, which
strengthens the information exchange between different feature layers. SPPF serializes inputs through
multiple 5 X 5 sized maximum pooling layers, which can enhance the receptive field of the network and
obtain some significant features. The neck network mainly fuses extracted feature information, which
is composed of the feature pyramid network (FPN) and path aggregation network (PAN). FPN fuses
feature information from top to bottom, while PAN transfers feature information from the bottom layer
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to the high-level network. The introduction of FPN and PAN enables network models to detect targets
more accurately on the feature maps of different scale. The head network will predict and evaluate the
feature maps of three different scales, and obtain the specific location and category information of the
target in the detection image. Finally, when the target to be detected is predicted, the candidate box
with the highest confidence is reserved by using the non-maximum suppression (NMS) method.

2.2. Improved YOLOVvSs network model
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Figure 2. Network structure of GhostNet-YOLOVS5s.

To realize the real-time detection of insulator defects, this paper proposes a lightweight network
suitable for this study, which is called GhostNet-YOLOVSs. First, the backbone feature extraction
network of YOLOVSs is reconstructed using the GhostNet lightweight network, which replaces C3
and ordinary convolution with Ghost bottleneck and GhostConv modules, respectively, which reduces
the number of parameters and computation amount of the network. Second, a 160 x 160 small target
detection layer is constructed in the neck network, which is conducive to improving the detection
effect of small targets. At the same time, we also introduce the GSConv lightweight convolution in

Electronic Research Archive Volume 32, Issue 9, 5249-5267.



5254

the neck network. Finally, to cluster more high-quality anchor frames, the Focal-EloU loss function is
used to improve the positioning accuracy of detection targets. Figure 2 shows the network structure of
GhostNet-YOLOvVSs.

Due to factors such as the limited pixel size of small insulator defects, varying distances in UAV
aerial photography, and the complexity of the image background, directly using YOLOVS5s for insulator
defect detection may result in a significant number of missed detections and false positives. Therefore,
this paper introduces a 160 x 160 scale feature layer that is conducive to small target detection to
achieve fine-grained image detection and extract more details of small targets. That is, the 160 x 160
scale feature layer is obtained by upsampling again behind the 80 x 80 scale feature layer of the neck
network. The maximum sensitivity field of PS5 is suitable for large target detection, and P4 is suitable
for medium target detection. Based on P3, upsampling is carried out, and the P2 feature layer is fused
to realize the defect detection of small targets.

However, adding a 160 x 160 feature layer responsible for small target detection in the network
model will inevitably increase the number of network parameters and computational complexity. To
further compress the parameters and FLOPs of the network, GSConv lightweight convolution is in-
troduced into the PAN and FPN structure of the neck network, that is, GSConv is used instead of
the complex traditional convolution. Finally, due to the problem of sample imbalance in the process
of bounding box regression, the CIoU loss function used in the original YOLOvSs is improved into
Focal-EloU, which improves the convergence speed of model training without increasing the compu-
tational cost.

2.2.1. Reconstructing the backbone network

The YOLOVSs model primarily extracts feature information through traditional convolution oper-
ations within the CSPDarknet53 network. The working principle of traditional convolution is to use
convolutional kernels of different sizes and apply operations such as upsampling and pooling on the
feature map with specified strides to extract effective features, as shown in Figure 3(a). However,
when traditional convolution works on feature maps, adjacent convolution kernels may extract a large
amount of redundant information, which will affect the processing speed of feature information in the
whole network. Therefore, the traditional convolutional network model has a complex structure, a
large number of parameters and FLOPs, and high performance requirements for hardware devices.

To address the issues associated with traditional convolution, Huawei’s Noah’s Ark Lab proposed
GhostNet [23]. GhostNet introduces the Ghost module, which generates a portion of the feature maps
using a small number of traditional convolutions and then produces additional feature maps through
linear transformations. This approach reduces both computational cost and the number of parame-
ters. Compared to other lightweight networks like MobileNet [17] and ShuffleNetv2 [26], GhostNet
typically achieves higher accuracy with the same level of resource consumption. Therefore, this paper
reconstructs the backbone network using the GhostNet module, which can extract redundant feature in-
formation and simplify the computation process of the network with minimal computational resources,
without compromising the overall performance of the model. As shown in Figure 3(b), GhostConv
adopted in the Ghost module implements feature extraction in two steps. First, the traditional con-
volution operation is performed on the input image to obtain m(m < n) raditional feature maps with
compressed channels. Then s—1 new feature maps are obtained by linear transformation ®;. Finally,
the different feature maps are spliced to get n feature outputs.
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Figure 3. Structure diagram of different convolution modes. (a) Traditional convolution; (b)
Ghost module.

For a clearer comparison of the computational magnitude of traditional convolutions with Ghost-
Conv, we assume that a convolution kernel with a size of k X k is adopted, the size of the input image
is C X H x W, the size of the output feature map is ¢ X & X w, and the number of output channels
iIs ¢ = m + m(s — 1). Therefore, the computational amount required by traditional convolution is
C X kX k x cxhxw. However, in the Ghost convolution process, the computational amount required
to generate m traditional feature graphs is C X k X k X m X h X w and the computational amount required
to generate m X (s — 1) new feature graphs is m X k X k X (s — 1) X h X w, so the computational amount
of GhostConv is C X k X kXm X hXw+mXkXkXx(s—1)xhxw. Since C > s is satisfied
in the convolution calculation process, theoretically, the computational amount of GhostConv is only
1/s times that of traditional convolution. This reduces the amount of storage required for inference,
helping to run on low-memory devices. The computational amount ratio of the two convolutions can
be expressed as Eq (2.1).

Fy CXkXkxXcxXhxw _ Cxs
Fy Cxkxkxmxhxw+mxkxkx(s—1)xhxw C+s—1
where, F; and F, are the floating point computation amount of traditional convolution and GhostConv,

xS 2.1)
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respectively; w and & are the width and height of the output feature graph, respectively; C is the
number of input image channels; ¢ is the number of output feature graph channels; k X k is the size of
the convolution kernel; s is the number of new feature graphs generated by GhostConv; and m is the
number of feature graphs generated by traditional convolution.

2.2.2. GSConv convolution

In object detection tasks, lightweight networks are typically constructed using a large number of
depthwise separable convolutions to reduce the number of parameters and computational complex-
ity. However, depthwise separable convolutions process each channel’s information independently,
which results in the loss of many hidden connections, leading to lower feature extraction and fusion
capabilities compared to traditional convolutions. To address the shortcomings of depthwise separa-
ble convolutions, researchers have introduced the GSConv [30] convolutional module. The GSConv
module consists of three parts: traditional convolution, depthwise separable convolution, and shuffle,
as shown in Figure 4.

Conv

Inout v 70/ 004
u
P DWConVl Concat mms)

4,/ 844

mems Shuffle s

4

Output

Figure 4. The structure of the GSConv module.

The GSConv module first generates a feature map with the number of parameters halved through
traditional convolution, and then uses depthwise separable convolution to generate a new feature map.
Then, these two sets of different feature layers are Concat combined, and finally, this feature infor-
mation is infiltrated into the depthwise separable convolution through the shuffle operation, so that
the information between channels can be exchanged. The convolution calculation of this operation
method is close to the output of traditional convolution, but the calculation cost is reduced. The deep
separable convolution layer and shuffle layer structure of the GSConv module enhance the nonlinear
expression ability of feature information, making the GSConv module more suitable for lightweight
detection models. The floating-point computation of traditional convolution is Eq (2.2), the floating-
point computation of depth-separable convolution is Eq (2.3), and the floating-point computation of
GSConv convolution is Eq (2.4).

FLOPsy =WXHXkxkxCxc (2.2)
FLOPs; =WXxHXkxkx1Xc (2.3)
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FLOPs, :Wxkaxkxlx%(C+1) (2.4)

where, W and H are the width and height of the feature map respectively; k X k is the size of the
convolution kernel; and C and ¢ are the number of input and output feature channels, respectively.

According to the analysis of the above three formulas, as the number of feature channels gradually
increases, the computational amount of GSConv convolution is approximately half of that of ordinary
convolution, but its feature extraction ability is the same as that of ordinary convolution. Furthermore,
compared to depthwise separable convolutions, GSConv offers superior computational efficiency and
flexibility. It performs exceptionally well in tasks that require maintaining high accuracy while reduc-
ing computational overhead. Therefore, the introduction of GSConv convolution in the model reduces
the computation and parameter number, and improves the network running speed.

2.2.3. Improvement of loss function

The object detection algorithm usually adopts IoU to evaluate the overlap degree between the pre-
dicted box and the ground-truth box, while YOLOVS uses the optimized CIloU [31] loss function to
calculate the loss value. CloU takes into account such variables as the aspect ratio between the ground-
truth box and the predicted box, the center point distance, and the overlap area, which effectively
improves the detection capability of the model. The specific calculation formula is shown in Eq (2.5).

2 gt
Lossciou = 1 —IoU + ‘% + au
—_ U
@ = T b . (2.5)
_ 4 2
v = =(arctany; — arctany)

where, b and b*" are the central points of the prediction box and the ground-truth box, respectively; p is
the Euclidean distance between two central points; C is the diagonal distance of the minimum closure
area that can contain both the prediction box and the ground-truth box; « is the trade-off parameter;
and v indicates the length-width ratio of the target box.

The structure diagram of ClIoU is shown in Figure 5, which mainly makes the model converge
faster by optimizing the distance between the two target boxes. However, since the difference in aspect
ratio is reflected by the parameters in Eq (2.5), rather than the actual variation in confidence, effective
optimization of similarity is sometimes hindered.

In summary, traditional loss functions like IoU and CIoU have the following limitations: 1) they
require combination with other loss functions to handle class imbalance effectively; 2) they exhibit
slow convergence when dealing with targets that have little overlap; and 3) they are prone to inaccurate
localization in complex scenarios. To address these issues, this paper adopts the more advanced Focal-
EloU [32] to optimize the YOLOVS loss function, as it demonstrates superior performance in handling
class imbalance, improving localization accuracy, and accelerating training convergence. Focal-EloU
separates the aspect ratio and introduces the Focal idea to cluster more high-quality anchor frames. Its
mathematical expression is shown as Eq (2.6). The Focal-EloU loss function mainly includes overlap
loss, center distance loss, and width and height loss. The difference between it and CIoU is that width
and height loss is considered. The purpose of introducing width and height loss is to lessen the gap
between the width and height of the two target boxes, so the convergence speed of the target detection
algorithm can be further improved.
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e ch G (2.6)

Lossgoy = 1 - IoU + G NN AT WO ()
oU =
Lossgoca-giou = IoU” X Lossgiou

In Eq (2.6), y is the parameter that controls the suppression degree of the outliers, and the general
value is 3. C,, and C;, are the width and height of the minimum external rectangular box, respectively.

3. Experiment and analysis

3.1. Experimental environment and data collection

The experimental operating platform of this paper is the Ubuntu 18.04 system, using Pytorch1.9.0
as the deep learning framework, Python 3.8, and Intel(R) Xeon(R) Platinum 8255C CPU @2.50 GHz.
The GPU model was NVidia GeForce RTX 3080, and the graphics card memory was 10 GB. The
initial learning rate of the experiment was set as 0.01, the SGD optimizer was used to update the
network parameters, the learning momentum was 0.937, the weight decay rate was 0.0005, the batch
size was 16, and the number of training epochs was 200.

The experimental dataset in this paper comes from two parts: the Chinese Power Line Insulator
Dataset (CPLID) and the glass insulator defect picture provided by Question B of the 8th “Teddy Cup”
(https://www.tipdm.org/). The CPLID dataset consists of 600 images of normal insulators and 248 im-
ages of defective insulators, all captured by UAVs, with each image having a resolution of 1152 X 864.
The dataset from the 8th “Teddy Cup” Problem B contains 40 high-resolution images of glass insula-
tors. These high-resolution images may reduce detection speed, so the solution adopted in this paper is
to divide each image into a 4 X 4 grid and remove images that do not contain insulators, resulting in 286
usable images. Because the number of defective insulators in the dataset is too small, in order to avoid
the imbalance of categories affecting the insulator defect detection effect, data enhancement is used to
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expand the data. By means of horizontal flip, rotation, Gaussian blur and random pixel removal, the
image is expanded to 5228, which effectively increases the size of the training set and improves the
generalization ability of the model. The effect diagram after image enhancement is shown in Figure 6.
In this paper, the self-built dataset is randomly divided into a training set, validation set, and test set
according to the ratio of 6:2:2, and two detection labels are set, namely “insulator” and “defect”.

(d) ©)

Figure 6. Image enhancement effect. (a) Original; (b) Horizontal flip; (c) Rotation; (d)
Gaussian blur; (e) Random pixel removal.

3.2. Evaluation metrics

It is necessary to evaluate the experimental results objectively and accurately. This paper mainly
adopts average precision (AP), mean average precision (mAP), number of parameters, FLOPs, model
size, and frames per second (FPS) to appraise the detection performance of the trained model. The av-
erage precision is determined by recall (R) and precision (P) and is an intuitive measure of performance
results for a single category. The calculation formulas of R and P are, respectively, Eqs (3.1) and (3.2).
With the R as the horizontal coordinate and the maximum P rate corresponding to each recall rate as
the vertical coordinate, a P - R curve is drawn, and the AP value is the integral area under the curve.
The calculation formula is Eq (3.3). After obtaining multiple AP values of a single category, the mAP
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value is obtained by averaging them. The calculation formula of mAP value is Eq (3.4).

Tp

R= x 100% (3.1)
Tp+ Fy
T
P=—""x100% 3.2)
Tp+ Fp
AP = [} P(R)dR (3.3)
N
AP
map = 2L AP lN (3.4)

where, Tp indicates that the detection result of the positive sample is a positive sample, Fy indicates
that the detection result of a positive sample is a negative sample, and Fp indicates that the detection
result of a negative sample is a positive sample. N is the number of categories of targets to be detected
in the dataset. In this experiment, N = 2, that is, normal insulators and defective insulators.

3.3. Comparative experiment of different lightweight methods

In order to verify the optimal performance of the selected lightweight backbone network on the
self-built insulator dataset, this paper introduced three mainstream lightweight backbone networks to
replace the original YOLOVS5 backbone network, namely the MobileNetv3, ShuffleNetv2, and Ghost-
Net networks. The test results of different backbone networks are shown in Table 1. As can be seen
from Table 1, compared with the original CSPDarknet53 backbone network, the mAP@0.5, parameter
number, FLOPs, and model size of the ShuffleNetv2 lightweight backbone network decreased by 2.1%,
3.03 M, 8.3 G, and 5.8 MB, respectively. The mAP@0.5, parameter number, FLOPs, and model size
of the MobileNetv3 lightweight backbone network decreased by 3.5%, 2.55 M, 8.8 G, and 4.9 MB,
respectively. The mAP@0(.5, parameter number, FLOPs, and model size of the GhostNet lightweight
backbone network decreased by 1.1%, 2.43 M, 6.3 G, and 4.6 MB, respectively. The change curves
of mAP@0.5 and boundary box regression loss value for different lightweight improvement methods
are shown in Figure 7. Through the comprehensive analysis of this experiment, it can be found that
mAP@Q.5, parameter number, FLOPs, model size, and FPS of the GhostNet lightweight backbone
network are the best balanced among the three networks, and the bounding box regression loss is the
least. In order to enable the backbone network to obtain more useful information when extracting
features, and avoid the serious loss of accuracy caused by the excessive use of a lightweight backbone
network, in this paper, GhostNet was used to reconstruct the backbone network of YOLOvSs, which
ensured the accuracy of model detection while reducing the complex construction of the model, and
met the detection requirements of embedded mobile devices.

Table 1. Comparative experiments of different lightweight methods.

Precision Recall mAP@0.5 Parameters Flops Modelsize FPS

Backbone (%) @) (%) (M) G (MB) (t/s)
CSPDarknet53 97.0 88.2 93.0 7.02 15.8 13.8 107.5
ShuffieNetv2 94.8 85.6 90.9 3.99 7.5 8.0 99.0
MobileNetv3 95.1 83.0 89.5 4.47 7.0 8.9 86.9
GhostNet 96.5 86.7 91.9 4.59 9.5 9.2 101.1
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Figure 7. Comparison experiment curve of different lightweight methods. (a) The change in
curve in mAP@0.5; (b) The change in curve in loss value.

3.4. Ablation experiment

To further verify the effectiveness of the improved method in this paper, an ablation experiment
of the improved network model was conducted, and a total of 5 groups of experiments were set up.
The ablation experiment results are shown in Table 2. Compared with Group 1, after using the Ghost-
Net lightweight backbone network to reconstruct CSPDarknet53 in Group 2, mAP@0.5 decreased
by 1.1%, but the parameters, FLOPs, and model size decreased by 34.6%, 39.9%, and 33.3%, respec-
tively. Group 3 introduces GSConv convolutions with less computational effort into the neck network.
Compared with Group 2, mAP@0.5 increases by 0.3%, and the number of parameters, FLOPs, and
model size decrease by 9.8%, 5.3%, and 9.8%, respectively, indicating that GSConv convolutions can
not only compress the computational cost, but also enhance the detection precision of the model. How-
ever, using lightweight modules may sacrifice some detection accuracy. Therefore, in Group 4, a 160
x 160 feature layer conducive to fine-grained target detection was introduced on the basis of Group 3 to
more accurately identify small insulator targets. Although the parameters and FLOPs of the model are
slightly increased compared with Group 3, mAP@0.5 is increased by 0.5%, which fully indicates that
the 160 x 160 scale feature layer remarkably improves the detection capability of the model. Finally,
Group 5 used Focal-EIoU loss to optimize CloU loss, and further improved the positioning precision
and convergence speed of the model as mAP@0.5 reached 93.1%. The ablation experiments from
Group 2 to Group 5 show that each improved method has the role of the optimization model. Com-
pared with YOLOVS5s in Group 1, the mAP@0.5 of the improved GhostNet-YOLOvS5s model (Group 5)
was increased by 0.1%, and the parameters, FLOPs, and model size were dropped by 39.3%, 27.8%,
and 37.7%, respectively. Although the FPS dropped by 6.4 frames, the FPS of 101.1 frames can still
meet the needs of drone aerial photography detection. The comparison curve of ablation experimental
results in this paper is shown in Figure 8. It can be seen from Figure 8(a) that each improvement
method adopted gradually improves the mAP@0.5 index, and it can be seen from Figure 8(b) that
the boundary box regression loss value of the proposed method is minimal, indicating that adopting
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Focal-EloU to optimize the loss function can indeed improve the positioning precision of the model.

Table 2. Results of ablation experiments.

Group Model mAP@0.5 Parameters FLOPs Model size FPS
P (%) M) G (M (f/s)
1 YOLOVS5s 93.0 7.02 15.8 13.8 107.5
2 YOLOVSs + GhostNet 91.9 4.59 9.5 9.2 101.1
3 YOLOVSs + GhostNet + GSConv 92.2 4.14 9.0 8.3 120.5
YOLOVS5s + GhostNet + GSConv +
4 160 % 160 feature layers 92.7 4.26 114 8.6 98.0
YOLOvV5s + GhostNet + GSConv+
> 160 x 160 feature layers + Focal-EloU 93.1 4.26 4 86 101.1
1.0 010 —— YOLOVSs
YOLOv5s+GhostNet
0.09 —— YOLOv5s+GhostNet+GSConv
0.9 1 —— YOLOv5s+GhostNet+GSConv+160x 160 feature layer
0.08 — QOurs
g 0.8 A g 0.07 1
g él 0.06
g% D 0051
—— YOLOv5s
YOLOv5s+GhostNet 0.04
0.6 1 —— YOLOvSs+GhostNet+GSConv
—— YOLOv5s+GhostNet+GSConv+160x160 feature layer 0.03
—— Qurs
030 % s0 75 160 135 180 175 200 0 25 50 75 100 125 150 175 200

Epoch Epoch

(@ (b)

Figure 8. Comparison curve of ablation experimental results. (a) The change in curve in
mAP@Q.5; (b) The change in curve in loss value.

In order to show the detection effect of the improved model more directly, three insulator defect
images with different backgrounds were selected in the test set to test the trained model. As shown
in Figure 9, the detection results of the insulator images using the YOLOvV5s and GhostNet-YOLOvVS5s
models were visualized. The YOLOvS5s algorithm model has a false detection of an insulator defect
in the second image, and a false detection of an insulator defect and an overlapping false detection of
an insulator in the third image. However, the improved GhostNet-YOLOvSs algorithm model in this
paper can accurately locate the insulator and defect position in the aerial image. The problem of false
detection and missing detection in insulator defect detection is solved effectively.
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Figure 9. Comparison of effects before and after improvement. (a) Visual effects of
YOLOVS5s; (b) Visual effects of GhostNet-YOLOVSs.

3.5. Comparative experiments of different algorithms

To better evaluate the performance of the improved model in this paper, we selected different target
detection algorithms to conduct comparative experiments in the same dataset, namely Faster-RCNN,
SSD, YOLOv7-tiny [33], and YOLOvS8s. As can be seen from Table 3, mAP@0.5 of GhostNet-
YOLOVS5s reaches 93.1%, the number of parameters is 4.26 M, the FLOPs is 11.4 G, and the model
size is only 8.6 MB. It can be seen from the experimental results that compared with other algo-
rithms, the GhostNet-YOLOvVS5s model has the least parameters, FLOPs, and model size. Although the
mAP@0.5 of the improved algorithm in this paper is 1.1% and 0.2% lower compared to Faster R-CNN
and YOLOv7-tiny, respectively, the parameter number, FLOPs, and model size are greatly reduced.
Through the comparative experimental analysis of the above different algorithms, the improved algo-
rithm proposed in this paper can take into account both precision and being lightweight, so that the
model accuracy and weight can achieve a good balance effect, and further demonstrate the superiority
of the GhostNet-YOLOVS5s algorithm. GhostNet-YOLOVSs not only greatly reduces the number of
parameters, FLOPs, and model size, but also further reduces the requirements for hardware configura-
tion. Therefore, the improved model can meet the need of fast real-time detection of insulator defect
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images taken by UAVs.

Table 3. Comparative experimental results of different algorithms.

Precision Recall mAP@0.5 Parameters FLOPs Model size

Model (%) @) (%) (M) G)  (MB)
Faster R-CNN 96.7 89.8 94.2 136.72 401.7 167.2
SSD 87.5 84.3 87.2 62.70 26.3 94.6
YOLOV5s 97.0 88.2 93.0 7.02 15.8 13.8
YOLOV7-tiny 95.9 88.0 93.3 5.73 13.0 11.7
YOLOVSs 96.0 88.4 93.0 10.64 28.4 21.5
GhostNet-YOLOvV5s (Ours) 96.8 88.4 93.1 4.26 114 8.6

4. Conclusions

This paper presents a defect detection model of a lightweight insulator based on the GhostNet-
YOLOVvSs. First, the backbone feature extraction network was reconstructed with the lightweight
GhostNet network. Although the detection accuracy is slightly reduced, the complexity of the net-
work is greatly reduced. Then the traditional convolution of the neck network was replaced by the
lighter GSConv module, which not only reduces the calculation cost of the model, but also improves
the mAP@0.5 by 0.3%. In addition, a 160 X 160 feature layer was added to the neck network, which
is conducive to fine-grained target detection, so as to enhance the feature extraction ability of the net-
work for small targets and fuzzy targets, and further improves the detection performance of the model.
Finally, the Focal-EloU loss function was introduced to solve the problem of sample imbalance in
boundary box regression, which effectively improved the convergence speed and target location ac-
curacy of the model. Experiments show that, compared with YOLOvVSs, GhostNet-YOLOVS5s greatly
reduces the number of network parameters and FLOPs, and saves the memory space occupation on
the premise that mAP@0Q.5 is not reduced. Therefore, the algorithm proposed in this paper is con-
ducive to the deployment of UAV equipment with limited memory space and computing resources,
so that the UAV can complete the real-time detection of insulator defects during the transmission line
inspection task.

However, due to the limited availability of publicly accessible insulator datasets, it is challenging to
collect a diverse range of insulator defects that would effectively enhance model training. As a result,
the detection ability of the proposed algorithm for untrained defects needs to be further improved.
Additionally, the detection method employed in this study has certain limitations. For instance, the
detection of heavily occluded targets may result in false positives or missed detections, and it is unable
to directly detect internal damage of insulators. Therefore, future research can focus on the following
aspects: 1) Introducing an attention mechanism to enable the model to better focus on the key parts of
occluded targets. 2) Collecting infrared or thermal images to train a dedicated model specifically for
detecting internal damage, which can then be combined with the object detection model to separately
handle external and internal defect detection. Finally, in real-world scenarios, we plan to deploy the
algorithm proposed in this paper on edge devices such as drones equipped with chips. The deployed
system will be used for real-time defect detection, with the results being promptly fed back to operators
or control centers to enable timely maintenance or repairs.
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