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Abstract: Aerial insulator defect images have some features. For instance, the complex background
and small target of defects would make it difficult to detect insulator defects quickly and accurately. To
solve the problem of low accuracy of insulator defect detection, this paper concerns the shortcomings
of IoU and the sensitivity of small targets to the model regression accuracy. An improved SloU
loss function was proposed based on the regular influence of regression direction on the accuracy.
This loss function can accelerate the convergence of the model and make it achieve better results
in regressions. For complex backgrounds, ECA (Efficient Channel Attention Module) is embedded
between the backbone and the feature fusion layer of the model to reduce the influence of redundant
features on the detection accuracy and make progress in the aspect. As a result, these experiments
show that the improved model achieved 97.18% mAP which is 2.74% higher than before, and the
detection speed could reach 71 fps. To some extent, it can detect insulator and its defects accurately

check for and in real-time.
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1. Introduction

Insulators are key components that provide electrical insulation and mechanical sup-
port for current-carrying conductors on high-voltage transmission lines. Defects are likely
to occur due to various factors such as transient loads, mechanical stress, atmospheric
conditions, etc. Furthermore, they might then threaten the stable operation of transmission

Academic Editors: Ke Zhang
and Yincheng Qi

Received: 25 July 2022
Accepted: 17 August 2022
Published: 18 August 2022

lines which highly impacts the security of the power system. A UAV (Unmanned Aerial
Vehicle) is more efficient and convenient as it offers visual assessments of structures. There-
fore, it has gradually replaced the traditional manual inspection method. The detection

of insulator defects based on aerial images consequently has become popular. However,
insulator defects in aerial images often exhibit small targets and complex backgrounds in
the dataset. Therefore, it is difficult to detect insulator defects quickly and accurately.

Traditional methods of insulator defect detection focus on color, texture, edge, and
other features [1-4]. This kind of method relies on high-quality images and appropriate
shooting angles. It might suffer from weak robustness.

Object detection algorithms based on deep learning have been widely used in power
systems due to the good performance of the generalization capability and the ability
to extract features from complex backgrounds [5,6]. They are generally divided into
two categories: one-stage algorithm and two-stage algorithm. These two-stage object
detection algorithms mostly use RPN (Region Proposal Network) to reduce the interference
of complex background on insulator and its defect detection. Although the precision
of insulator detection could be improved, the low efficiency and slow speed cannot be
ignored [7-15].
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The YOLO series is a typical one-stage object detection algorithm, which eliminates the
RPN and generates the position coordinates and category probability of the object through
a single detection, which can quickly and accurately complete the detection task [16]. Since
its inception, the YOLO series of the algorithm is gradually developed in terms of accuracy
and speed. Moreover, it has evolved a variety of more advantageous algorithm models such
as YOLOv3, YOLOv4, YOLOV5, and YOLOX. In terms of the application in defect detection,
Wang et al. [17] used Gaussian parameters to model the coordinates of the predicted box,
which improved the accuracy of the YOLOV3 algorithm to detect defects to some extent.
Zhang et al. [18] used the YOLOV3 algorithm with a dense FPN structure to improve the
utilization of deep semantic information and shallow localization information, reduce the
number of model parameters, and improve the detection accuracy of insulator defects. Shen
et al. [19] and Duan et al. [20] suggested that the defect detection accuracy of the YOLOv3
algorithm could be improved by optimizing the regression loss. Tang et al. [21] divided
the task of defect detection into two parts and improved the accuracy by using YOLOv4
to detect defects in insulators segmented by U-net. Lv et al. [22] investigated the effect of
clustering algorithms on the detection results of the model, studied the effect of regression
loss on targets at different scales, and proposed an intelligent identification method for
electrical devices based on the YOLOv4 algorithm. Qiu et al. [23] used depthwise separable
convolution to reduce the number of parameters of the YOLOv4 algorithm, improved the
detection speed of the model, and used the Laplace sharpening method to preprocess the
insulator image. It actually alleviated the problem of reduced detection accuracy caused
by model lightweighting. Moreover, these studies are mainly based on YOLOv4 or earlier
versions, and there are few studies about the regression perspective of regression loss on
model accuracy.

Compared with the above algorithms, YOLOX has a faster detection speed and higher
accuracy on the COCO dataset [24]. The detection speed of its lightweight model YOLOX-S
achieved 75 fps which could make progress in the speed of defect detection. However, this
model still suffers from the problem of low accuracy when it detects defects. At the same
time, its detection results are vulnerable to the influence of complex backgrounds.

To improve the efficiency and accuracy of detection of insulator defects in high-voltage
transmission lines, this paper discusses the problem that defects are difficult to detect
and optimizes the YOLOX algorithm by further researching the regression loss. As for
complex backgrounds, the influence of the attention mechanism on the model accuracy is
also considered.

This paper proceeds as follows: It researches and analyses the defects of the regression
loss of the model, considering the shortcomings of this regression loss function and further
studies the law of the influence of regression angle on the accuracy of the model. The effects
of different attention mechanisms on the detection effect of the model are analyzed. An
improved YOLOX-S-based insulator defect detection method is proposed to achieve better
results without almost changing detection speed.

2. Structure and Characteristics of the YOLOX-S Model

The structure of the YOLOX-S model is shown in Figure 1, which can be divided into
three parts: Backbone (feature extraction network), Neck (feature fusion network), and
Head (prediction network).

The Backbone including CSPDarknet performs convolution calculation on the input
image, extracts sample features, and generates five feature layers containing different
levels of semantic information. Finally, it selects the last three feature layers as the input
information of the Neck.

The Neck part uses PANet (Path Aggregation Network) to fuse the feature informa-
tion extracted by the Backbone part. Therefore, it not only contains the information of
position, texture, edge, and others in low layers but also the strong semantic information in
high layers.



Sensors 2022, 22, 6186

3of 14

| . I
I YoloHea d Conv2D_BN_SiLU |
Backbone Input I Z i i
(640,640,3) } Conv2D_BN_SiLU Conv2D_BN_SiLU 1
. i .
Focus } Conv2D_BN_SiLU Conv2D_BN_SiLU 1
(320,320,12) | 1 ; 3 |
r | Cls Reg Obj |
Conv2D_BN_SiLU e oy, o g, = ] |
|1 Conv2D_BN_SiLU \ {920,320 64) Neck
| I{d00,160,128} Resblock_body
| v (160,1607,128) » Concat+Csplayer } N YoloHead
| Csplayer =
| (160,160,128) L ; v
,,,,,,,,,,, Resblock_body 7
(80,80,256) UpSampling2D ‘ ‘ Downsample
) t - v
Resblock_body % J |
(40,40,512) Conv2D_BN_SiLU | Concat+CspLayer YoloHead
¥
'
: Conv2D_BN_SilU
Conv2D_BN_SiLU (20,20,1024) + Concat+Csplayer ‘
\ 1 i !
X 1 SPPBottleneck
5 9
13 (20,20,1024) UpSampling2D ‘ ’ Downsample
3 ; L) 1 )
> 4 Csplayer R P | | J
Conv2D_BN_SiLU ! (20,20,1024) Conv2D_BN_SiLU [ Concat+Csplayer YoloHead

Figure 1. Model structure of YOLOX.

Different from the Head of the previous models of the YOLO series, the YOLOX model
decoupled the classification and the localization task. it solved the conflicts caused by the
coupled two tasks and improved the convergence speed.

Since YOLOX adopts the idea of Anchor-free, it is unnecessary to preset anchor
box which greatly reduces the computation of anchor-box clustering and improves the
detection speed of the model. However, the model cannot effectively mitigate the influence
of redundant information brought by complex backgrounds. In some special cases, the
regression loss adopted by the model cannot effectively guide the regression of the model,
so the detection accuracy of the model is low.

3. Improvements to the YOLOX Model

This section analyses the shortcomings of the regression loss used in the original model
and proposes a new regression loss function, SloU-d. Meanwhile, the structure of the model
is modified by replacing SPP with SPPF which slightly reduces the computational effort.
Furthermore, PAN (path aggregation network) is replaced by FPN (feature pyramid) and
ECA is embedded between the backbone and feature fusion layers to lighten the effect of
the complex background. Figure 2 shows the structure of the improved model.
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Figure 2. The structure of the improved model.
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3.1. 10U Loss Analysis and Improvement

Insulator defect targets are small targets with low proportion and small scale in the
input image. In the actual detection process, a small amount of offset and scaling of the
predicted box can make significant impact on the detection accuracy of the model for small
targets. Therefore, a suitable regression loss function would be important because it could
effectively optimize the regression performance of the model and improve the detection
accuracy of the model for defective small targets. At present, IoU (Intersection over Union)
is often used as the evaluation index of the model edge regression effect. According to it,
Yu et al. [25] proposed IoU loss. Moreover, regression losses such as GloU [26], DIoU [27],
CloU [27], and EloU [28] were proposed in the subsequent development.

The YOLOX-S model adopts IoU Loss as the regression loss of the model, and this
loss is consistent with the evaluation index of the border regression which can guide the
direction of model optimization to some extent. However, there are some problems. First
of all, as is shown in Figure 3a, the two boxes have no intersection, and the value of IoU
Loss is always 1, which means that it cannot effectively guide the optimization direction
of the model. Secondly, when the same predicted box is in different positions within the
ground-truth box, the value of IoU Loss remains the same, which cannot play a positive
role in the optimization of the model, as in Figure 3b. In addition, predicted boxes of
different shapes may have the same loss value within the same ground-truth box, as in
Figure 3c. Finally, IoU does not specify the regression angle of the model, and the high
degree of freedom in regression hinders the fast and accurate convergence of the model.

A g A

(a)

(b) (c)

Figure 3. The shortcoming of IoU, A refers to the ground-truth box, and B refers to the predicted box:
(a) the predicted box does not intersect with the ground-truth box; (b) the same predicted box is in
different positions within the ground-truth box; (c) different predicted boxes with the same area in
the ground-truth box.

As mentioned above, Gevorgyan [29] proposed the SIoU loss function. The new
penalty terms are introduced based on IoU. Firstly, the x-axis component and y-axis com-
ponent of the centroid distance are compared with the width and height of the smallest
external rectangle. Then, the scale-insensitive information of the centroid distance on the
x-axis and y-axis would be obtained which speeds up the regression of the model and im-
proves the regression accuracy of the model. Secondly, the angles formed by the centroids
of the two boxes and the x and y axes are calculated, and the angle loss is used to guide the
centroids of the predicted boxes to regress along the x and y axes of the ground-truth box
centroids. It reduces the freedom of the regression and further accelerates the convergence
of the network. Finally, the width and height of the two boxes were compared separately.
The scale-insensitive information of width and height was obtained, and it could further
improve the regression accuracy of the model.

The SIoU performs in the optimization process of the predicted box with the center
point of the predicted box converging to the x-axis. To be specific, it adjusts the center point
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of the predicted box approximately to the x-axis with the center point of the ground-truth
box and further reduces the distance components of the two center points in the x-axis
direction when the shapes of the two boxes are similar. In this process, the width and height
of the predicted box and the distance components of the two center points in the y-axis
direction are continuously adjusted to make the predicted box coincide with the actual box
as much as possible.

Figure 4 shows the different convergence of the predicted box to the ground-truth box
along the x-axis direction and the diagonal direction of the ground-truth box, respectively.
In both figures, the width of the predicted box and the ground-truth box are 4, the height is
b, the original distance between the center points of both boxes is d, and the convergence
rate is c. Figure 4a shows the convergence of the predicted box to the ground-truth box
along the x-axis direction. The predicted box converges to the ground-truth box in two
consecutive times, and the increment of the degree of overlap between the two boxes is
b x c. Figure 4b shows the convergence of the predicted box to the ground-truth box along
the diagonal direction of the ground-truth box, and the increment of the degree of overlap
of the two boxes is growing in the course of the two successive converged actual boxes. The

2
. . abc® . . (3abc ) .
increment of the degree of overlap is 5255 in the first convergence process and >

the second convergence process. Therefore, forcing the predicted box to converge along the
diagonal direction of the ground-truth box can effectively increase the regression efficiency
of the model and enable the loss function to converge quickly in the later stages of model
optimization. Meanwhile, the convergence along the diagonal direction of the ground-truth
box can make the center point of the predicted box on the x, y axes fall simultaneously in a
certain proportion, which is more conducive to the optimization of the model.

%
a A
d—c b /4
; a
=
.~ d—|2¢c
X b4 b «
d—2c
(a) (b)

Figure 4. The yellow box refers to the ground-truth box, the blue box refers to the predicted box, the
green box refers to the area where two boxes coincide. (a) The predicted box converges along the
x-axis direction to the ground-truth box; (b) the predicted box converges along the diagonal direction
of the ground-truth box to the ground-truth box.

In this paper, the angle loss of SloU is improved, and SloU-d is defined as follows:

A+ Q)
LSIOU*EI =1-—IoU + +

)

A =2 lADX(E) _ (A-2X(E @)
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where A and () are the distance loss and shape loss. As is shown in Figure 5, the yellow
box is the ground-truth box, and the blue box is the predicted box. ¢;, and c;, are the width
and height of the rectangle constructed at the center of the two boxes, C;, and Cj, are the
width and height of the minimum external rectangle, w and & are the width and height
of the predicted box, and wg; and hg; are the width and height of the ground-truth box. «
refers to the angle between the center point of the predicted box and the center point of the
ground-truth box, and S refers to the diagonal angle of the ground-truth box.

v

Figure 5. Schematic diagram of SIoU. The yellow box refers to the ground-truth box, the blue box
refers to the predicted box, and the green area refers to the minimum external rectangle of the
two boxes.

3.2. Analysis of Feature Fusion and Improvement of Embedded Attention Mechanism

The backbone of the model could extract a large amount of feature information. As
the depth of the model increases, the model could extract not only the shallow location
features but also the deep semantic features. In the meantime, it is necessary to combine the
shallow location information with the deep semantic information to enhance the detection
of the model at different scales.

The YOLOX model adopts PANet as the feature fusion layer. Firstly, the semantic
features of the deep layer are passed to the shallow layer by up-sampling. Then the fused
feature information is passed to the deep layer by down-sampling which increases both the
semantic expression capability of the shallow layer and the localization capability of the
deep layer. However, this feature fusion approach might be complicated for the detection
of insulator defects, so this paper uses FPN as the feature fusion layer of the model and
outputs the feature information from the deep layer directly to the prediction network of
the model.

However, the information extracted by the backbone contains both valid feature
information and invalid redundant features. The process of feature fusion cannot effectively
reduce the impact of redundant information on the detection capability of the model, while
the attention mechanism can assign greater weight to important features, reduce the
weight of redundant information, and lighten the influence of redundant features [30].
Therefore, it is necessary to use the attention mechanism to process the extracted feature
information and assign different weights to the feature information before the model
undergoes feature fusion.
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The attention mechanism originates from the study of human vision, which can
selectively focus on important information. Channel attentions such as ECA (Efficient
Channel Attention Module) and SE (Squeeze and Excitation) could assign weights to
the features of each channel, it can improve the classification ability of the model to a
certain extent. Spatial attention such as Non-Local Block could assign weights to the region
where the target is located which can reduce the influence of the background and enhance
the regression ability of the model. Moreover, there is a mixture of the above two types
of attention, CBAM (Convolutional Block Attention Module). To reduce the impact of
redundant information and keep the high detection speed of the model, ECA was finally
selected to enhance the weights of important features before feature fusion.

The structure of the ECA module is shown in Figure 6, and its generated channel
weights can correspond to the channels of the input feature information which can effec-
tively improve the learning efficiency of the model. The value of k in the figure is adaptively
related to the number of channels and is defined as follows:

log,(C) +b

k="¥(C) = =

©)

odd

where C represents the number of channels of the input feature information, and k is the
nearest odd number of C which has been processed, b =1, ¢y = 2.

ECA

Input feature Refined feature

H
1x1xC
C 1x1xC C
w w

Figure 6. The module structure of ECA.

4. The Experiment and Evaluation Indexes
4.1. Experimental Conditions

Experiments were performed on a local Ubuntu 20.04.2 computer with 96 GB memory,
CPU (Intel Xeon Platinum 8171M@ 2.60 GHz), 2 GPUs (NVIDIA GeForce RTX3090, 24 GB),
and environment version is Pytorch 1.6.0.

This experiment used 1588 aerial images of insulators, including 647 images with de-
fects. There were 2908 insulators in total and 715 insulators with defects. In the experiment,
the images of the entire data set were scrambled, and the data set was divided into the
training set, validation set, and test set according to the ratio of 8:1:1. Finally, 1286 images
of the training set, 143 images of the validation set, and 159 images of the test set were
obtained. The number of insulators and defects in each set is shown in Table 1.

Table 1. Data set division.

Dataset Image Insulator Defect
Train 1286 2346 578
Val 143 257 65
Test 159 305 72
Total 1588 2908 715

The aerial images which have the defect of insulators are shown in Figure 7.
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(e)

Figure 7. Images (a—f) show the defect of insulators.

4.2. Evaluation Indexes

In this experiment, three indicators of mAP (mean Average Precision), FPS (Frames
Per Second) are used to evaluate the model. AP refers to the area of the curve enclosed by
the prediction accuracy and recall of the model for a certain type of target. the definitions
of AP and mAP are

1
AP = /0 P(R)dR ©)
K aAp,
mAP = # (7)

P(R) refers to the Precision—Recall Curve, k represents the number of classes. Equations (8) and (9)
show the calculation of precision and recall.

TP

Precision = TP+ EP (8)
TP
Recal = TP+ EN 9)

TP (True Positive) is the example that represents the positive sample that is correctly
classified. FP (False Positive) means the negative sample that was misclassified. FN (False
Negative) is the example that represents a misclassified positive sample.

4.3. Experimental Process

The experiments adopt the idea of transfer learning to train the model with pre-trained
weights for 300 epochs. The first 50 epochs freeze the backbone of the model with the
initial learning rate set to 1 x 1073 and the batch size set as 16. After 50 epochs, the
whole model is trained with the initial learning rate reduced to 1 x 10~* and the batch
size set as 8. To facilitate the comparison of the effects of different improvements on the
experimental results, only one variable was changed for each training. The variables of the
study included the regression angle of regression loss and the attention mechanism (SE,
ECA, CBAM, and Non-Local).
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Figure 8 shows the loss curves of the original YOLOX-S model and the improved
model in this paper. In the figure, the validation loss of the original model converged to
2.6, and the validation loss of the improved model converged to 1.9. The trends gradually
became stable in the subsequent training processes without overfitting.

Loss

8.0 1 - improved-model| train

7.5 1 —— improved-model_val
——— original-model_train
— original-model _val

5_
0

loss

I - T U

5_
0 -
5 4

0 4
5 4
0 -

—_

.54

50 100 150 200 250 300
epoch

Figure 8. Loss curves of the original model and the improved method.

5. Research on Model Optimization Methods
5.1. The Effect of the Angle of Regression Loss

The regression angle is defined as the angle between the center point of the predicted
box and the center point of the ground-truth box. Figure 9 illustrates the validation loss
of the model with different regression angles. Testl defines the regression angle as the
diagonal angle of the ground-truth box, so that the center point of the predicted box
regresses along the diagonal direction of the ground-truth box. Test2 defines the regression
angle as /4, so that the center point of the predicted box regresses to the center point of
the ground-truth box along the line where /4 is located. Test3 defines the regression angle
as 0, so that the predicted box is regressed along the x-axis and y-axis direction where the
center point is located.

3.00
i‘ — test1
2.75 7 1 test2
@ | test3
82504 | ‘
2254 1/ { | A A | |
S 4 T / Y Mt /A | I "‘ .
VW AA A ARAMA KA AR
2.00 VYV VY YAV WY,
50 100 150 200 250 300

epoch

Figure 9. Validation loss of training with different regression angles.
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During the training of testl, test2, and test3, the number of training epochs, in which
the validation loss of training is less than 2, for the first time is 85, 114, and 116, respectively.
It is concluded that the test] has the fastest loss decrease and better training effect during
the training.

Table 2 shows the detection accuracy of the models trained with these three regression
angles with AP50. Test3 has the lowest detection AP for both targets. Test2 has the highest
detection AP for defects, but it reduces the AP of the model to detect insulators. Testl has
a slightly lower detection AP than test2 for defects while it has the largest mAP, 94.51%.
Overall, testl performs the best with improved detection AP for both targets. Compared
with the original model, the detection AP for defects is increased by 2.74%, and the detection
AP for insulators is increased by 0.18%.

Table 2. Detection AP of the models trained with different regression angles at AP50.

Method Defect AP/% Insulator AP/% mAP/%
Base ! 92.76 96.12 94.44
Test1 95.39 96.30 95.84
Test2 95.44 96.04 95.74
Test3 95.33 95.96 95.64

1 The base model is YOLOX-S.

The experimental results show that the closer the selected regression angle is to the
angle of the diagonal of the ground-truth box, the faster the convergence of the model, the
higher the detection accuracy. Therefore, the angle of the diagonal of the ground-truth box
is selected as the angle of the model regression loss in this paper.

5.2. The Impacts of Attention Mechanism

To investigate the influence of attention mechanism on model detection accuracy, this
paper embedded SE, ECA, CBAM, and Non-Local between the backbone and feature fusion
layers of the model and trained the model separately.

Table 3 shows the detection AP of the models with these four attention mechanisms
at AP50. The model detection mAP with embedded SE, ECA, CBAM, and Non-Local is
94.74%, 95.17%, 95.10%, and 94.40% where ECA and CBAM performed similarly. CBAM
is slightly better than ECA in defect detection. It is mainly due to the reason that CBAM
has both channel and spatial attention. Spatial attention has an enhanced effect on the
regression effect of the predicted box, but this attention mechanism has a more complex
computational process compared to ECA and has a greater impact on the detection speed of
the model. Considering these factors, ECA has a better performance with the AP increased
to 0.59% for insulators and 0.86% for defect AP. It can effectively assign weights to the
feature information and improve the detection effect of the model.

Table 3. Detection AP of the models with different attention mechanisms at AP50.

Method Defect AP/% Insulator AP/% mAP/% Fps
SE 93.52 95.92 94.74 71
ECA 93.62 96.71 95.17 71
CBAM 93.89 96.31 95.10 66
Non-Local 93.34 95.46 94.40 33

Figure 10 shows the heat map of the original model, and Figure 11 shows the heat
map of the model with ECA embedded. Among them, the center of the target which is
focused by the model would be highlighted. The higher the brightness, the more attention
it receives. The green box represents the insulator detected, and the orange box represents
the insulator defect detected. Only some of the highlight insulators in Figure 10a,b are
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insulator

)

detected. In addition, the insulator defects in Figure 10c receive almost no attention from
the model. Figure 11a,b can detect the low confidence insulators in Figure 10a,b which
received attention from the model but were not detected. As for the insulator defects that
existed in Figure 10c, the model pays high attention and detected them successfully. The
results indicate that the embedding of the attention mechanism can effectively mitigate the
influence of redundant features, improve the sensitivity of the model to important features
of the target, and improve performance.

(b)

Figure 10. Heat map of the detection of the original YOLOX-S model: (a) only one insulator has been
detected; (b) three insulators have been detected; (c) only one insulator has been detected, and the
defect has not been detected.

(b)

Figure 11. Heat map of the detection with the ECA embedded: (a) nine insulators have been detected;
(b) five insulators have been detected; (c) one insulator and one defect have been detected.

5.3. The Comparison of Predicted Results

As is shown in Table 4, ablation experiments are used to verify the effectiveness of
the improved algorithm in this paper. The position of “,/” in the table indicates that the
algorithm adopts this improved strategy. Algorithm 3 introduces CBAM on the basis of
Algorithm 2. This attention mechanism has little effect on the improvement of model
detection AP. The detection AP of insulators is increased by 0.1%, and the defect detection
AP is increased by 0.51%.

Table 4. The ablation experiments of different improvement strategy.

Model FPN SIoU-d ECA CBAM Insulator AP/% Defect AP/% mAP/% Fps
YOLOX-S 96.12 92.76 94.44 74
Algorithm 1 v 96.30 95.39 95.84 72
Algorithm 2 v v 96.28 96.28 96.28 71
Algorithm 3 v v Vv 96.38 96.79 96.58 62
Algorithm 4 v v v 96.57 97.79 97.18 71
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In comparison, ECA is introduced in Algorithm 4 on the basis of Algorithm 2. The
introduction of this attention mechanism greatly improves the detection AP of the model for
small targets with defects. The insulator detection AP is increased by 0.29%, and the defect
detection AP is increased by 1.51%. This result shows that ECA has a better performance in
improving the detection effect of the improved model in this paper.

Based on the above studies, this paper proposed an improved YOLOX-S model by
using SloU-d as the regression loss of the model to enhance the regression performance
of the model and ECA to lighten the influences of redundant features on the detection
accuracy of the model.

Figure 12 shows the predicted results of the original model, and Figure 13 shows the
predicted results of the improved model, where the red boxes indicate the detected insulator
targets, and the blue boxes indicate the detected defect targets. Only three insulators were
detected in Figure 12a. It is clear that insulators with complex backgrounds and insulators
with similar colors to the background cannot be detected well. One insulator was detected
in Figure 12b, and the defects present on it and the blocked insulator were not detected.
Two insulators were detected in Figure 12c, but the insulator which is located below it was
not completely boxed out. Figure 13a detects the two insulators that could not be detected
inFigure 12a.; Figure 13b detects the defect present on the insulator and the insulator that
is blocked in the lower right corner. Figure 13c detects the defect located on the insulator
below while completely boxing out the insulator below.

Figure 12. Detection result of the original model: (a) three insulators have been detected; (b) only
one insulator has been detected, and the defect has not been detected; (c) two insulators have been
detected, and the defect has not been detected.

(b)

Figure 13. The detection result of the improved model: (a) five insulators have been detected; (b) two

insulators and one defect have been detected; (c) two insulators and one defect have been detected.

The images adopted in the prediction of experiments are the actual detection images
which were not used in the training. The results show that the improved model could
effectively lighten the influence of the complex background on the detection of insulators
and its defects. The model could accurately detect insulator defects and have the ability
of generalization.
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Table 5 shows the comparison of the improved model with other models at AP50.
The Algorithm 4 achieves the best results in the detection of insulators and defective
targets, with 96.57% AP for insulator detection which increased by 0.45% and 97.79% AP
for defective targets which increased by 5.03%. In addition, there is no obvious decrease in
its detection speed.

Table 5. Detection accuracy of different models at AP50.

Model Insulator AP/% Defect AP/% mAP/% Fps
Faster-RCNN 93.24 65.05 79.15 8
SSD 86.74 62.04 74.39 65
YOLOV3 93.62 89.68 91.65 39
YOLOv4 91.86 90.43 91.15 32
YOLOV5-S 92.54 93.03 92.78 71
YOLOX-S 96.18 92.93 94.55 74
Algorithm 4 96.57 97.79 97.18 71

6. Conclusions

To achieve intelligent inspection of transmission lines, lighten the influence of complex
background on model detection, and improve the detection effect of the model on defects,
this paper explores the effects of regression angle and attention mechanism on model
accuracy based on YOLOX-S. The experimental results show that the regression of the
predicted box along the diagonal direction of the ground-truth box can effectively enhance
the regression effect of the model and improve the detection accuracy of the model for
small targets. The embedded of the channel attention mechanism between the backbone
and feature fusion layers can effectively lighten the influence of the complex background
on the detection accuracy of the model. The improved model in this paper has a detection
AP of 97.79% for insulator defects, achieving a rise of 5.03%. In addition, detection AP
reached 96.57% for insulators, a rise of 0.45%. The detection speed rose to 71 fps which can
satisfy the purpose of fast and accurate detection of defective small targets.

Author Contributions: Conceptualization, G.H. and T.L.; methodology, G.H.; software, T.L.; valida-
tion, T.L., M.Z. and R.W.,; formal analysis, G.H.; investigation, Q.L. and EZ.; resources, K.L., Q.L. and
F.Z.; data curation, Q.Y., Q.L. and EZ.; writing—original draft preparation, T.L.; writing—review and
editing, G.H., T.L. and L.Q.; visualization, M.Z.; supervision, K.L. and L.Q. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by the National Key R & D Program of China (No. 2020YFB0905900).
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Dataset link: https://github.com/InsulatorData/InsulatorDataSet
(accessed on 18 May 2022).

Conflicts of Interest: The authors declare no conflict of interest.

1. Qiu, Z.B.; Yu, X.B.;; Huo, F; Liu, Z.; Gong, W.X,; Li, Y.Q. Spray Image Processing of Composite Insulators Based on Interval
Classification of Uniformity Measure and Intelligent Identification of Hydrophobicity. High Volt. Eng. 2020, 46, 3008-3017.

2. Tan, P; Li, X.F; Xu, ].M.; Ma, ].E.; Wang, EJ.; Ding, ].; Fang, Y.T.; Ning, Y. Catenary insulator defect detection based on contour
features and gray similarity matching. J. Zhejiang Univ.-SCIENCE A 2020, 21, 64-73. [CrossRef]

3. Yin,].G,; Ly, Y.P; Gong, Z.X; Jiang, Y.C.; Yao, ].G. Edge Detection of High-Voltage Porcelain Insulators in Infrared Image Using
Dual Parity Morphological Gradients. IEEE Access 2019, 7, 32728-32734. [CrossRef]

4. Tang, B,; Qin, Q.; Huang, L. Transmission line aerial image recognition of insulator strings based on color model and texture
features. J. Electr. Power Sci. Technol. 2020, 35, 13-19.


https://github.com/InsulatorData/InsulatorDataSet
http://doi.org/10.1631/jzus.A1900341
http://doi.org/10.1109/ACCESS.2019.2900658

Sensors 2022, 22, 6186 14 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.
30.

Tang, W.H.; Niu, ZW.; Zhao, B.N,; Ji, T.Y,; Li, M.S.; Wu, Q.H. Research and Application of Data-driven Artificial Intelligence
Technology for Condition Analysis of Power Equipment. High Volt. Eng. 2020, 46, 2985-2999.

Zhang, Y.H.; Qiu, CM,; Yang, F.; Xu, S.W.; Shi, X.; He, X. Overview of Application of Deep Learning with Image Data and
Spatio-temporal Data of Power Grid. Power Syst. Technol. 2019, 43, 1865-1873.

Tao, X.; Zhang, D.; Wang, Z.; Liu, X.; Zhang, H.; Xu, D. Detection of power line insulator defects using aerial images analyzed
with convolutional neural networks. IEEE Trans. Syst. Man Cybern. Syst. 2018, 50, 1486-1498. [CrossRef]

Ling, Z.N.; Zhang, D.X,; Qiu, R.C;; Jin, Z.J.; Zhang, Y.H.; He, X,; Liu, H.C. An accurate and real-time method of self-blast glass
insulator location based on faster R-CNN and U-net with aerial images. CSEE ]. Power Energy Syst. 2019, 5, 474-482. [CrossRef]
Li, X.F; Su, H.S,; Liu, G.H. Insulator Defect Recognition Based on Global Detection and Local Segmentation. IEEE Access 2020, 8,
59934-59946. [CrossRef]

Liang, H.G.; Zuo, C.; Wei, WM. Detection and Evaluation Method of Transmission Line Defects Based on Deep Learning. IEEE
Access 2020, 8, 38448-38458. [CrossRef]

Zhai, YJ.; Yang, X.; Wang, Q.M.; Zhao, Z.B.; Zhao, W.Q. Hybrid Knowledge R-CNN for Transmission Line Multifitting Detection.
IEEE Trans. Instrum. Meas. 2021, 70, 1-12. [CrossRef]

Zhao, W.Q.; Xu, M.E,; Cheng, X.F,; Zhao, Z.B. An Insulator in Transmission Lines Recognition and Fault Detection Model Based
on Improved Faster RCNN. IEEE Trans. Instrum. Meas. 2021, 70, 1-8. [CrossRef]

Wang, S.Q.; Liu, Y.F; Qing, Y.H.; Wang, C.X,; Lan, T.Z.; Yao, R.T. Detection of Insulator Defects with Improved ResNeSt and
Region Proposal Network. IEEE Access 2020, 8, 184841-184850. [CrossRef]

Wang, B.; Dong, M.; Ren, M.; Wu, Z.Y.; Guo, C.X.; Zhuang, T.X.; Pischler, O.; Xie, J.C. Automatic Fault Diagnosis of Infrared
Insulator Images Based on Image Instance Segmentation and Temperature Analysis. IEEE Trans. Instrum. Meas. 2020, 69,
5345-5355. [CrossRef]

Zhong, ].P; Liu, Z.G.; Cheng, Y.; Wang, H.R.; Gao, S.B.; Nufiez, A. Adversarial Reconstruction Based on Tighter Oriented
Localization for Catenary Insulator Defect Detection in High-Speed Railways. IEEE Trans. Intell. Transp. Syst. 2020, 23, 1109-1120.
[CrossRef]

Sadykova, D.; Pernebayeva, D.; Bagheri, M.; James, A. IN-YOLO: Real-Time Detection of Outdoor High Voltage Insulators Using
UAV Imaging. IEEE Trans. Power Deliv. 2019, 35, 1599-1601. [CrossRef]

Wang, Q.; Yi, B.S. Insulator Defect Recognition in Aerial Images Based on Gaussian YOLOV3. Laser Optoelectron. Prog. 2021, 58,
254-260.

Zhang, X.T.; Zhang, Y.Y,; Liu, ].F; Zhang, C.H.; Xue, X.Y.; Zhang, H.; Zhang, W. InsuDet: A Fault Detection Method for Insulators
of Overhead Transmission Lines Using Convolutional Neural Networks. IEEE Trans. Instrum. Meas. 2021, 70, 1-12. [CrossRef]
Shen, J.Q.; Chen, X.J.; Zhai, H.X. YOLOv3 Detection Algorithm Based on the Improved Bounding Box Regression Loss. Comput.
Eng. 2022, 48, 236-243. [CrossRef]

Duan, C.H.; Wang, X.E; Ji, L.]J.; Cao, R.N. Application research of steel coil end face defect detection based on improved YOLOV3.
Manuf. Autom. 2021, 43, 185-188.

Tang, X.Y,; Huang, J.B.; Feng, ] W.; Chen, X.H. Image Segmentation and Defect Detection of Insulators Based on U-net and
YOLOVA. |. South China Norm. Univ. (Nat. Sci. Ed.) 2020, 52, 15-21.

Lv, EC.; Niu, L.L.; Wang, S.H,; Xie, Q.; Wang, Z.H. Intelligent Detection and Parameter Adjustment Strategy of Major Electrical
Equipment Based on Optimized YOLOv4. Trans. China Electrotech. Soc. 2021, 36, 4837-4848. [CrossRef]

Qiu, Z.; Zhu, X,; Liao, C.; Shi, D.; Qu, W. Detection of Transmission Line Insulator Defects Based on an Improved Lightweight
YOLOv4 Model. Appl. Sci. 2022, 12, 1207. [CrossRef]

Ge, Z,; Liu, S.T.; Wang, E,; Li, ZM.; Sun, ]. YOLOX: Exceeding YOLO Series in 2021. arXiv 2021, arXiv:2107.08430.

Yu, . H,; Jiang, YN.; Wang, Z.Y.; Cao, Z.M.; Huang, T. Unitbox: An advanced object detection network. In Proceedings of the 24th
ACM International Conference on Multimedia, Amsterdam, The Netherlands, 15-19 October 2016; pp. 516-520. [CrossRef]
Rezatofighi, H.; Tsoi, N.; Gwak, ].Y.; Sadeghian, A.; Reid, L.; Savarese, S. Generalized intersection over union: A metric and a loss
for bounding box regression. In Proceedings of the IEEE/CVF Conference on Computer Vision and Pattern Recognition, Long
Beach, CA, USA, 15-20 June 2019; pp. 658—666.

Zheng, Z.H.; Wang, P,; Liu, W,; Li, ].Z.; Ye, R.G.; Ren, D.W. Distance-IoU loss: Faster and better learning for bounding box
regression. In Proceedings of the AAAI Conference on Artificial Intelligence, New York, NY, USA, 7-12 February 2020; Volume 34,
pp. 12993-13000. [CrossRef]

Zhang, Y.F; Ren, W.Q.; Zhang, Z.; Jia, Z.; Wang, L.; Tan, T.N. Focal and efficient IOU loss for accurate bounding box regression.
arXiv 2021, arXiv:2101.08158. [CrossRef]

Gevorgyan, Z. SIoU Loss: More Powerful Learning for Bounding Box Regression. arXiv 2022, arXiv:2205.12740.

Guo, M.H,; Xu, T.X,; Liu, J.J.; Liu, Z.N,; Jiang, PT.; Mu, T.J.; Zhang, S.H.; Martin, R.R.; Cheng, M.M.; Hu, S.M. Attention
Mechanisms in Computer Vision: A Survey. Comput. Vis. Media 2022, 8, 331-368. [CrossRef]


http://doi.org/10.1109/TSMC.2018.2871750
http://doi.org/10.17775/CSEEJPES.2019.00460
http://doi.org/10.1109/ACCESS.2020.2982288
http://doi.org/10.1109/ACCESS.2020.2974798
http://doi.org/10.1109/TIM.2021.3096600
http://doi.org/10.1109/TIM.2021.3112227
http://doi.org/10.1109/ACCESS.2020.3029857
http://doi.org/10.1109/TIM.2020.2965635
http://doi.org/10.1109/TITS.2020.3020287
http://doi.org/10.1109/TPWRD.2019.2944741
http://doi.org/10.1109/TIM.2021.3120796
http://doi.org/10.19678/j.issn.1000-3428.0060479
http://doi.org/10.19595/j.cnki.1000-6753.tces.201595
http://doi.org/10.3390/app12031207
http://doi.org/10.1145/2964284.2967274
http://doi.org/10.1609/aaai.v34i07.6999
http://doi.org/10.1016/j.neucom.2022.07.042
http://doi.org/10.1007/s41095-022-0271-y

	Introduction 
	Structure and Characteristics of the YOLOX-S Model 
	Improvements to the YOLOX Model 
	IOU Loss Analysis and Improvement 
	Analysis of Feature Fusion and Improvement of Embedded Attention Mechanism 

	The Experiment and Evaluation Indexes 
	Experimental Conditions 
	Evaluation Indexes 
	Experimental Process 

	Research on Model Optimization Methods 
	The Effect of the Angle of Regression Loss 
	The Impacts of Attention Mechanism 
	The Comparison of Predicted Results 

	Conclusions 
	References

