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Abstract: In the field of defect detection in sewers, some researches focus on high accuracy. However,
it is challenging for portable on-site devices to provide high performance. This paper proposes
a lightweight sewer defect detection model, You Only Look Once (YOLO) v5-Sewer. Firstly, the
backbone network of YOLOvVb5s is replaced with a stacked MobileNetV3 block. Secondly, the C3
module of the neck of YOLOvVb5s is improved with a C3-Faster module. Thirdly, to compensate for
the accuracy loss due to the lightweight network, a channel attention (CA) and convolutional block
attention module (CBAM) are added to the proposed method. Finally, the Efficient Intersection
over Union (EIOU) is adopted as the localization loss function. Experimental validation on the
dataset shows that YOLOv5-Sewer achieves a 1.5% reduction in mean Average Precision (mAP) while
reducing floating-point operations by 68%, the number of parameters by 55%, and the model size by
54%, compared to the YOLOv5s model. The detection speed reaches 112 frames per second (FPS) with
the GPU (RTX 3070Ti). This model successfully implements a lightweight design while maintaining
the detection accuracy, enhancing its functionality on low-performance devices.

Keywords: sewer; defect detection; lightweighting; YOLOv5s

1. Introduction

At present, closed-circuit television (CCTV) inspection technology is widely employed
in sewer inspection tasks. This technique involves workers analyzing videos or images
captured by CCTV within the pipelines to identify internal defects in the sewer system.
Nevertheless, the extended duration of these inspections can result in visual fatigue, thereby
compromising the accuracy of defect identification. Consequently, the utilization of au-
tomatic detection methods has been recognized as an effective solution [1-5]. Numer-
ous methodologies for the detection of defects in sewer systems have been proposed
by researchers.

Ye et al. [6] introduced an image recognition algorithm for the diagnosis of sewer issues,
employing feature extraction and machine learning techniques. This algorithm utilizes
a support vector machine (SVM) for the categorization of sewer defects. On a similar
note, Myrans et al. [7] proposed a machine learning algorithm that utilizes a random
forest classifier ensemble to identify different fault types. Despite their effectiveness, both
algorithms necessitate manual feature extraction, so their adaptability to the intricate
environments encountered in practical engineering applications within sewer systems
is limited.

Kumar et al. [8] utilized convolutional neural networks (CNNs) for the classification
of sewer defects. Chen et al. [9] applied a classifier built with InceptionV3 to identify
sewer defects. These methods based on single-label classifiers are not well suited for
situations where sewer systems exhibit multiple defects simultaneously. The limitation in
handling multiple defects underscores the need for further advancements in classification
methodologies to address the complexity of real-world sewer environments.

In certain studies, researchers have employed semantic segmentation models to ad-
dress the challenge of identifying multiple defects in sewer systems. Wang et al. [10]
introduced a neural network named DilaSeg-CRF, which combines a CNN with dense
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conditional random fields (CRF) to improve the accuracy in recognizing three types of
sewer defects. Similarly, Pan et al. [11] proposed a semantic segmentation network called
PipeUNet, designed for the identification of four typical defects. Despite their effective-
ness in handling multiple defect types, it is worth noting that the detection speed of both
methods is low. This limitation in detection speed may pose challenges, especially in appli-
cations where real-time monitoring and rapid analysis are crucial. Further research and
development efforts are needed to optimize the efficiency of such semantic segmentation
models for faster and more practical sewer defect identification.

Furthermore, some researchers have turned to object detection models for sewer defect
detection tasks. Cheng et al. [12] put forward an automated method based on Regions with
CNN Features (R-CNN), designed for high-precision and rapid sewer defect detection.
Wang et al. [13] introduced a sewer defect detection model utilizing the Faster R-CNN
algorithm, incorporating clustering analysis to effectively enhance the accuracy of defect
detection in sewer systems. Despite the high accuracy achieved by these object detection
models, there is a limitation in their consideration of on-site equipment performance.
Addressing the practicality of these models with on-site tools and conditions is an essential
aspect for further research and implementation in real-world sewer inspection scenarios.

In recent years, the field of object detection has seen notable advancements, with the
You Only Look Once (YOLO) series of algorithms, as proposed by Redmon and Liu [14,15],
demonstrating advantages such as high speeds, accuracy, and relatively low computational
costs. Addressing the specific application to pipeline defect detection, Chen et al. [16]
introduced an improved YOLOV5 algorithm, based on Cycle-GAN. This enhanced algo-
rithm proves effective in identifying defective areas within pipelines. However, existing
defect detection models pursue high accuracy and overlook the performance on low-
performance devices.

Zhang at al. [17] introduced a lightweight method for the detection of sewer defects
based on the improved YOLOV5, which can accurately identify four types of sewer defects.
However, the model is still complex, with a large number of parameters, model size,
and floating-point operations. YOLOV5, being a newer iteration in the YOLO series,
outperforms many other object detection algorithms, including Faster R-CNN [18] and the
Single-Shot Multi-Box Detector (SSD) [19], in terms of recognition performance. However,
in practical sewer defect detection tasks, certain drawbacks persist. For on-site computing
devices with limited computational power, the computational demands of YOLOV5 can be
excessive, leading to suboptimal detection speeds. This limitation highlights the need for
further optimization or alternative approaches to make such advanced algorithms more
feasible for real-world sewer inspection scenarios.

This paper introduces a lightweight yet highly accurate model for the detection of
sewer defects. While computer vision has been widely applied in inspecting buildings,
dams, bridges, roads, industrial artifacts, and various pipelines (water, gas, petroleum),
including sewers, this study stands out by addressing applications for field devices with
limited computational capacities.

The approach is built upon an optimized version of You Only Look Once (YOLOV5)
for the detection and classification model. Certain stages of the pipeline have been replaced
with carefully crafted and tailored components. The resulting iteration is
named YOLOv5-Sewer.

Experimental validation on the dataset, coupled with a comparison against alternative
pipeline methods, demonstrates superior performance while maintaining acceptable accu-
racy levels. In conclusion, the proposed model successfully implements a more lightweight
design for low-performance devices, achieving commendable detection accuracy and
overall enhanced performance.

The rest of this paper is organized as follows. In Section 2, we introduce the method of
model lightweighting and the method of compensating for accuracy losses. In Section 3, we
introduce the dataset acquisition and improvements, the experimental environment, com-
parative experiments among different lightweight backbone networks, fusion experiments
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with various improvement modules, comparative experiments with other popular object
detection models, detection speed comparisons on portable devices, and the visualization
of the detection results. Finally, the conclusions drawn from this study are presented in
Section 4.

2. YOLOv5-Sewer Network Design
2.1. Related Works

YOLOVS5s is a lightweight model within the YOLOv5 framework. Many studies
on sewer defect detection are based on YOLOVS5 [2,17,20-22]. This paper introduces a
novel and lightweight sewer defect detection model named YOLOv5-Sewer, based on the
improved YOLOV5s, specifically designed for the recognition of eight types of defects
commonly found in sewer systems. These defects encompass cracks, utility intrusion,
obstacles, joint offset, debris, holes, buckling, and roots. The proposed model adopts
MobileNetV3 block [23] stacking as the backbone network, aiming to reduce the model
size and associated detection equipment costs. To further enhance the speed and accuracy
in pipeline defect detection, the paper introduces the C3-Faster module, based on Point
Convolution (PConv) and a FasterNet block [24,25], replacing the original C3 module
in YOLOv5s.

Addressing the challenge of dark sewer backgrounds, the paper incorporates a convo-
lutional block attention module (CBAM) [26] and channel attention (CA) [27] to mitigate
their impact on the model. Moreover, the Efficient Intersection over Union (EIOU) localiza-
tion loss function [28] is employed to enable the network to adapt effectively to multi-scale
sewer defects. The experimental results validate the effectiveness of the proposed YOLOv5-
Sewer model, demonstrating its capability to achieve lightweighting with high accuracy in
sewer defect detection tasks.

2.2. YOLOw5-Sewer Network Architecture

The challenges posed by the complexity of sewer environments, homogenized images,
and features such as medium- to long-distance dimness [29] present difficulties in sewer
defect detection. These characteristics contribute to visual similarity, impacting the accuracy
of defect detection and adding complexity to the network.

In response to these challenges, this paper proposes enhancements to YOLOv5s,
a lightweight model known for its outstanding performance in object classification and
detection. The objective is to tailor this model to the swift and effective detection of
defects within sewer systems. The framework of the proposed model, YOLOv5-Sewer,
is depicted in Figure 1. This framework aims to address the unique challenges posed by
sewer environments, providing a robust and efficient solution for defect detection in such
complex scenarios.

The enhancements to the YOLOvV5s network in the proposed YOLOv5-Sewer model
are as follows.

1.  The original backbone of the YOLOV5s network is substituted with MobileNetV3
block stacking. This modification is aimed at reducing the network’s complexity.

2. The C3 module is upgraded to the C3-Faster module, incorporating partial convo-
lutions. This adjustment focuses the network on crucial regions of the feature map,
enhancing its ability to capture relevant information.

3. To counteract the reduction in detection accuracy resulting from the lightweight
design, a convolutional block attention module (CBAM) and channel attention (CA)
modules are integrated. These attention mechanisms help the network to adapt to the
challenging visual characteristics of sewer environments.

4. The Efficient Intersection over Union (EIOU) localization loss function is introduced,
replacing the original Complete Intersection over Union (CIOU) loss function. This
adaptation allows the model to effectively handle multi-scale sewer defects.
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Figure 1. The framework of the YOLOv5-Sewer model.

The improved YOLOv5-Sewer model demonstrates robust capabilities in detecting
pipeline defects. It successfully mitigates the impact of dim backgrounds in sewer envi-
ronments, leading to enhanced accuracy in defect detection. Furthermore, the lightweight
design reduces redundant computations, thereby lowering the training costs. This makes
the model well suited for rapid defect detection in sewers on-site, particularly on low-
configuration computing devices, owing to its optimized model size, computational effi-
ciency, and detection speed.

2.2.1. Lightweight Network

In the traditional YOLOV5 series [30], the backbone utilizes the complex CSPDarknet53
network structure, which significantly increases the computational load of the model,
resulting in slower detection speeds. This limitation poses challenges to the practical
applicability of the model, particularly in on-site computing devices, where deploying
large and intricate models for sewer defect detection can be problematic.

To address this issue, the proposed YOLOv5-Sewer model opts for a more lightweight
backbone structure, utilizing MobileNetV3 block stacking. This choice aims to reduce the
computing and memory requirements during training, albeit with a slight decrease in mean
Average Precision (mAP). The MobileNet block, constituting the backbone, consists of three
main components. Firstly, the input undergoes a 1 x 1 ordinary convolution to increase the
dimensionality. Subsequently, depth-wise separable convolutions with different kernel sizes
(3 x 3 or5 x b) are applied. Finally, a1 x 1 ordinary convolution reduces the dimensionality
for the output. This inverted residual structure helps to maintain the correlation between
the input and output, and the low-dimensional features are extended to high-dimensional
ones by depth-wise separable convolutions. The incorporation of a non-linear activation
function enhances the interaction capabilities among channels, contributing to an efficient
and lightweight backbone structure for sewer defect detection.

As illustrated in Figure 2, MobileNetV3 incorporates the Squeeze and Excitation
Network (SENet) [31] after depth-wise separable convolutions. This integration allows
for the adjustment of the weights in different channels, facilitating a focused emphasis on
relevant channels. Additionally, to enhance the model’s computation speed, some swish
activation functions are replaced with hard swish activation functions.

The introduction of the Squeeze and Excitation Network enhances the adaptability
of the MobileNetV3 backbone by enabling the model to dynamically adjust its focus on
relevant channels, thereby improving its ability to capture important features. Moreover,
the substitution of the swish activation functions with hard swish contributes to faster
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model computation. The combined effect of these enhancements results in a significantly
advantageous and lightweight MobileNetV3 backbone for sewer defect detection. This
lightweight design proves beneficial, particularly in environments with limited compu-
tational resources, making the proposed model well suited for deployment in scenarios
where the computing capabilities are constrained.
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Figure 2. The structure of the MobileNetV3 block.

2.2.2. C3-Faster

Chen et al. [24] introduced the FasterNet block, a neural network module that incorpo-
rates the PConv convolution technique. This integration is designed to enhance the model’s
computation speed without compromising its accuracy. The structure of this module is
illustrated in Figure 3. The utilization of PConv convolution within the FasterNet block
contributes to efficient and rapid computation, making it a valuable component in the
proposed model’s architecture.

Identity

C, Filters

Figure 3. The structure of the FasterNet block.

The Point Convolution (PConv) operation is designed to perform convolution only on
select input channels for spatial feature extraction while preserving the remaining channels.
This approach aims to reduce memory access and minimize redundant computations.
To fully and efficiently utilize all channel information, the proposed model introduces
Pointwise Convolution (PWConv) after PConv. PWConv involves a 1 x 1 convolution
operation along the channel dimension.

PWConv exhibits a T-shaped convolutional receptive field on the input feature map,
focusing more on the central position compared to a regular convolution. This central posi-
tion is distinguished by a higher Frobenius norm, indicating the presence of more crucial
information in the feature map. By incorporating PWConv after PConv, the model strives
to capture and emphasize significant spatial features, enhancing the overall effectiveness of
the sewer defect detection process.
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To enhance the network performance and reduce the number of parameters, the Faster-
Net block module is integrated into the original YOLOv5’s C3 module, resulting in the
C3-Faster module. The network structure is illustrated in Figure 4. The incorporation of
the C3-Faster module into YOLOvS5s significantly improves the operational speed of the
network. Simultaneously, it successfully reduces the number of parameters, contributing to
a more efficient and accurate model.

C3 C3-Faster

Conv
BN,
Bottleneck v Rel. U

Figure 4. The structure of the C3 and C3-Faster blocks.

The combination of PConv and PWConv, along with the introduction of the FasterNet
block module, plays a pivotal role in enhancing the performance of the sewer defect
detection model. This integration not only effectively boosts the network speed but also
yields satisfactory results in terms of model accuracy, making it a valuable improvement to
the YOLOV5 architecture for sewer defect detection tasks.

2.2.3. Convolutional Block Attention Module

The convolutional block attention module (CBAM) is incorporated into the proposed
model to address challenges posed by dim backgrounds and low-resolution images. CBAM
enables the model to focus more on learning and extracting crucial features relevant to
sewer defects. This becomes particularly crucial under low-resolution conditions, as CBAM
is adept in capturing the features of sewer defects at lower resolutions. It takes into account
differences between pixel categories, channel features, and contextual correlations. The
structure of this module is illustrated in Figure 5.

Channel

Input Feature Attention . _
P Module Spatial Refined Feature

Attention

/5\ Module
7 X
> (X > (X)—>

Figure 5. The structure of the convolutional block attention module.

The channel attention mechanism of CBAM can be expressed using the following
Equation (1):
Mc(F) = oc(MLP(avgpool (F)) + MLP (maxpool (F))) 1)

where F represents the input feature map; avgpool and maxpool denote average pooling
and max pooling operations, respectively. MLP refers to a multi-layer perceptron, and ¢
represents the sigmoid function.

In the channel attention module, the input feature map undergoes both avgpool and
maxpool operations based on width and height, resulting in two feature maps. These
feature maps are then fed into a shared multi-layer perceptron (MLP), and the generated
features are passed through the spatial attention module. Weighting is applied to the
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feature maps to emphasize crucial features. The spatial attention can be expressed using
the following Equation (2):

Ms(F) = o(f"*7 ([avgpool (F); maxpool (F)))) @

The spatial attention module takes the output feature map from the channel attention
module as input and performs channel-wise max-pooling and average-pooling operations
to obtain two feature maps. These feature maps are then concatenated along the channel
dimension and reduced to a single channel through a convolution operation. Subsequently,
the spatial attention feature is generated using the sigmoid activation function. The final
output feature map of the CBAM attention mechanism is obtained by the element-wise
multiplication of the spatial attention module output feature map with the input feature
map, as described by the following Equation (3):

Y = F® Mc(F) ® Mg(F) 3)

The integration of CBAM into the sewer defect detection model based on YOLOv5s
serves to enhance the attention to crucial channels. This improvement results in the
enhanced ability of the model to focus on defect features. The heightened attention provided
by CBAM contributes to more accurate detection results in practical applications, especially
in challenging scenarios with dim backgrounds and low-resolution images. The refined
feature extraction facilitated by CBAM enhances the model’s discriminative power, making
it well suited for sewer defect detection in real-world settings.

2.2.4. Coordinate Attention

To overcome the limitations of CBAM, particularly in neglecting long-range depen-
dencies, channel attention (CA) is integrated into the model. In contrast to CBAM, CA not
only considers channel information but also incorporates position information related to
the direction, providing a more comprehensive understanding of the relationships between
defects at different locations. This holistic consideration enables the model to more accu-
rately locate and identify sewer defects, taking into account not only the features within
channels but also their spatial relationships.

Additionally, the lightweight design of CA allows it to be easily integrated into ex-
isting network structures without significantly increasing the computational complexity.
The structure of CA is illustrated in Figure 6. This integration represents a thoughtful
enhancement, addressing the limitations of CBAM and improving the model’s capa-
bility to capture both channel-wise and spatial dependencies for more effective sewer
defect detection.

The CA module is designed to address the limitations of CBAM in handling long-
range dependencies. The module follows a series of operations to effectively capture spatial
and positional information, contributing to the accurate localization of targets. The process
is as follows.

1. Decomposition of Avg pool: To preserve spatial information and obtain positional
information for long-range channel dependencies, CA decomposes the Avg pool
by pooling separately in the X and Y directions. This generates feature maps of
dimensions C x H x 1 and C x 1 x W, allowing the attention module to capture
long-range dependencies along one spatial direction while preserving the positional
information along the other spatial direction.

2. Feature map fusion: The obtained feature maps are fused through a concatenate
operation.

3. Processing through convolution and activation: Through a 1 x 1 convolutional kernel
and activation operation, the fused feature maps are processed.

4. Spatial split: A split operation is applied along the spatial dimension, dividing the
feature maps into two parts, C/r x H x land C/r x 1 x W.
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5. Up-sampling and final attention vector: An up-sampling operation is performed
through a 1 x 1 convolutional kernel, combined with the sigmoid activation function,
to obtain the final attention vector.

6. Element-wise multiplication: The final attention vector is used to perform element-
wise multiplication on the original feature maps, resulting in the final feature maps
with attention weights in the X and Y directions.

Input
— Residual | CxHxW
/\
CxHx1[XAvgPool | [Y AvgPool | Cx1xW
| Concat+Conv2d | C/rxIx(W +H)

| BatchNorm+Non-linear | C/rx1x(W +H)

CxHx1[ Conv2ad | [ Conv2d | CxIxW
CxHx1| Sigmoid | | Sigmoid | Cx1xW
v v
| Residual | CxHxW

Output

Figure 6. The structure of coordinate attention.

The CA attention module, with its ability to effectively handle long-range dependen-
cies, proves to be a valuable enhancement over CBAM. Additionally, its lightweight design
makes it a practical and efficient tool that can be seamlessly integrated into sewer defect
detection models based on YOLOvVb5s.

2.2.5. Loss Function

The YOLOvV5 network employs the Complete Intersection over Union (CIOU) as its
localization loss function, taking into account the overlapping area, the distance between
the center points, and the aspect ratio of the true and predicted bounding boxes, as shown
in Equations (4)—(6).

2 b, bgt
Leiou =1—Viou + P(Ciz) +av 4)
4 w8t w.,
v= 5 (arctan et arctan ﬁ) (5)
v
L — 6
(1-"Viou) +o ©

where Vo represents the Intersection over Union (IOU), v represents the aspect ratio
impact factor, « is the weight, and ¢ represents the diagonal of the minimum rectangle
containing both the true and predicted boxes. b and b&' are the central points of the
predicted bounding box and the ground-truth bounding box, respectively; p is the Euclidean
distance between the center point of the predicted bounding box and the center point of
the ground-truth bounding box; ws' and h8' are the width and height of the ground-truth
boundary box, respectively; and w and & are the width and height of the predicted boundary
box, respectively.

The EIOU loss function is built upon CIOU, considering the length and width influence
factor of the predicted and true boxes, as shown in Equation (7).

p*(b,b8Y) | p*(w,ws’)  p*(h,h8")

Lejou = Liou + Lgis + Lasp = 1 = Viou + +
v (@) + (h)® (we)? (he)?

)
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where Loy represents the loss of overlap between the prediction frame and the real frame,
Lgis represents the loss of center distance between the prediction frame and the real frame,
Lgsp represents the loss of width and height of the predicted box and the real box, and w*
and h¢ are the width and height of the smallest enclosing box that covers both boxes.

The EIOU loss function is composed of three parts, inheriting considerations from the
loss function for the overlap area and center point distance between the true and predicted
boxes. These three parts are designed to comprehensively address various aspects of
bounding box localization. Below is a brief explanation of each part.

1. The first part is based on the CIOU loss, which considers the overlapping area. This
component measures how well the predicted bounding box aligns with the truth
bounding box.

2. The second part involves the calculation of the center point distance loss. This loss
term evaluates the differences in the x and y coordinates of the center points of
the predicted and true bounding boxes. Minimizing this distance contributes to
accurate localization.

3. The third part deals with the aspect ratio loss. In this calculation, the lengths and
widths of both boxes are separately computed. This component aims to minimize the
differences in width and length between the predicted and true bounding boxes. This
is particularly important in addressing variations in aspect ratio.

3. Experiment and Results Analysis

In this paper, the storm drain model dataset [32] and pipe-root dataset [33], both pub-
licly available datasets, serve to evaluate the detection performance of the YOLOv5-Sewer
model. These datasets are merged and optimized to form a comprehensive dataset cap-
turing diverse scenarios relevant to sewer defect detection. The experiments integrate the
YOLOv5s model with various enhancement methods to assess performance improvements.
The evaluation process includes a thorough examination of the YOLOv5-Sewer model’s
detection accuracy and lightweight characteristics. Comparative analyses are conducted,
contrasting the YOLOv5-Sewer model with other existing models. The assessment crite-
ria consider not only the detection accuracy but also lightweight indicators, providing a
comprehensive understanding of the model’s performance.

The aim of these experiments is to objectively demonstrate the superior detection
performance and lightweight characteristics of the YOLOv5-Sewer model compared to
other models. The merged and optimized dataset allows for a robust evaluation of the
model’s capabilities in identifying sewer defects across various conditions and scenarios.

3.1. Sewer Defect Image Dataset

The storm drain model dataset, comprising 1059 images, covers various defects,
including cracks, utility intrusion, obstacles, joint offset, debris, holes, and buckling, totaling
2246 annotated defects. The pipe-root dataset specifically focuses on root defects, featuring
415 images with 788 annotated defects. To maintain a 7:2:1 ratio for the training, validation,
and testing sets within the storm drain model dataset, the images and annotation files from
the pipe-root dataset are randomly split into corresponding sets based on the same ratio.
This merging and random splitting process results in a combined dataset of 1474 images,
covering eight defect categories. The training, validation, and testing sets include 949, 269,
and 134 images, respectively. Partial images are shown in the following Figure 7.

The merged dataset exhibits significant variation in the annotated quantities across the
different categories of pipeline defects. Notably, there are 788 annotations for roots, while
holes have only 88 annotations. Due to this imbalance, the training of the YOLOv5s network
on this merged dataset for 300 epochs yields mean Average Precision (mAP) of 77.9% for
facility intrusion and 31.1% for holes. The substantial difference in annotation quantities
can impact the training results. To mitigate this issue, data augmentation techniques,
including image flipping and noise addition, are applied to images corresponding to
categories with smaller annotation quantities. Simultaneously, data optimization involves
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removing some low-quality images related to categories with larger annotation quantities.
These improvements result in a refined training set consisting of 1130 images, where the
annotation quantities for various defect categories range between 400 and 500. This refined
dataset aims to address imbalances and enhance the model’s training performance.

USMH: MH005911 USMH: ORPHAN NODE PF033305 USMH: MH012964
DSMH: MHO005120 DSMH: PF007588 DSMH: PF003251

USMH: IN024862
DSMH: MH008900

L
Alignment Right &

Figure 7. Partial images in the dataset.

3.2. Experimental Parameters and Experimental Configuration

The environment is configured on the Windows 11 operating system, and PyTorch is
utilized as the primary framework. The specific details of the experimental environment
configuration are presented in Table 1.

Table 1. Experimental environment configuration.

Name Environment Configuration
Operating system Windows 11
CPU 17 12700
GPU NVIDIA RTX 3070Ti
Memory 32G
GPU graphics memory 8G
Python version 3.8
Algorithm framework Pytorch 1.10.0

3.3. Evaluation Indicators

The evaluation metrics include the mAP, FPS, model size, and parameters. The AP and
mAP scores are calculated as shown in Equations (8) and (9). AP represents the area under
the precision-recall (PR) curve, obtained by integrating the PR curve for each category. It
provides the AP for each category, and mAP is the average AP across all categories.

1
Vap :/0 p(r)dr 8)

m
Vinap = p Y Vap, )
i=1
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3.4. Analysis of Experimental Results
3.4.1. Reducing the Number of Model Parameters Using MobileNetv3 Block

To address the constraints posed by the limited computing resources of on-site devices
for sewer defect detection, modifications are made to enhance the model’s lightweight
characteristics. These adjustments include adopting MobileNetV3 block stacking as the
backbone of the network. To assess the impact of this modification on the model’s per-
formance, horizontal comparative experiments are conducted with two other lightweight
backbone networks: the Efficient Model (EMO) [34] and GhostNet [35].

The aim of these experiments is to compare the performance of the YOLOv5-Sewer
model with MobileNetV3 block stacking against models utilizing EMO and GhostNet as
backbones. The experimental results, presented in Table 2, offer insights into the relative
impact of these lightweight backbone networks on the detection performance of the models.
This comparative analysis is pivotal in identifying the most suitable lightweight backbone,
allowing the model to achieve a lightweight design with minimal accuracy loss.

Table 2. Horizontal comparison experiments of backbone networks.

Backbone
Test FLOPs/G Param/M Size/MB mAP/% FPS
EMO GhostNet MobileNetV3
1 X X X 15.8 7.03 145 85.5 149
2 v X X 29.6 4.32 9.1 82.7 93
3 X \/ X 6.0 3.26 7.0 78.6 107
4 X X Vv 5.9 3.53 7.5 80.3 136

y/ denotes the use of this backbone; x denotes the absence of this backbone.

The implementation of lightweight backbones, including MobileNetV3, EMO, and Ghost-
Net, in all three models successfully diminishes the parameter count. However, this reduction
in the number of parameters has a trade-off, leading to a decrease in mean Average Preci-
sion (MAP). This is primarily attributed to the decreased number of convolutions in these
lightweight backbones, leading to the weakened feature extraction capability of the back-
bone network.

Among the three models, the one enhanced based on GhostNet exhibits the most
significant mAP reduction, reaching 6.9%. The model improved with EMO experiences the
smallest decrease in mAP, which is 2.8%. However, this improvement is achieved at the
cost of increased model computation and a reduction in the detection speed. The model
enhanced with MobileNetV3 has a relatively low number of floating-point operations, with
minor losses in accuracy and detection speed. It achieves the optimal overall performance.

To achieve a lightweight model design without excessively compromising the ac-
curacy, further enhancements are applied to the YOLOv5s-MobileNetV3 model. These
improvements involve the utilization of the C3-Faster module to reduce the parameters
and computation. Attention modules are integrated, and the Efficient Intersection over
Union (EIOU) is employed as the model’s localization loss function to enhance the recog-
nition accuracy. The iterative improvement process is geared towards optimizing the
overall performance of the model, ensuring minimized accuracy loss while attaining a
lightweight design. This makes it highly suitable for deployment on on-site operational
devices dedicated to sewer defect detection.

3.4.2. Fusion Experiments

The YOLOv5s-MobileNetV3 model is sequentially integrated with C3-Faster, CA,
CBAM, and the EIOU loss function for fusion experiments. They undergo training and
validation on the dataset, and the results are shown in Table 3.
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Table 3. Fusion experiment results.
Module
Test FLOPs/G Param/M Size/MB mAP/% FPS
C3-Faster CA CBAM EIOU
1 X X X X 5.9 3.53 7.5 80.3 136
2 Vv X X X 4.8 2.97 6.4 82.3 147
3 vV v X X 4.9 3.03 6.5 83.4 126
4 v v v X 5.1 3.14 6.7 83.7 112
5 Vv v Vv v 5.1 3.14 6.7 84.0 112

+/ indicates the adoption of this module; x indicates the non-adoption of this module.

The experimental results illustrate that each improvement made to the YOLOv5s-
MobileNetV3 model contributes positively to the final outcome. Specifically, the following
outcomes are noted.

1. The integration of the C3-Faster module not only reduces the model computation,
parameters, and size but also enhances the mean Average Precision (mAP) and
detection speed.

2. The inclusion of attention mechanisms incurs minimal computational and parameter
costs while improving the recognition accuracy.

3. The fusion of these modules results in positive optimizations across the overall perfor-
mance metrics.

When all three modifications are combined, the best optimization effect is achieved,
resulting in average accuracy of 83.7%. Additionally, employing the Efficient Intersection
over Union (EIOU) as the model’s localization loss function further improves the accuracy
by 0.3%, reaching final accuracy of 84%. Despite a slight reduction in accuracy compared
to the YOLOv5s model, the final model exhibits significant decreases in computation by
68%, parameters by 55%, and model size by 54%. Moreover, the detection speed reaches
112 frames per second (FPS).

These results emphasize the more lightweight design of the YOLOv5-Sewer model
compared to other models and its acceptable accuracy loss. The substantial decrease in
computational requirements and model size makes the optimized YOLOv5-Sewer model
highly suitable for deployment on on-site operational devices for sewer defect detection,
addressing real-world demands for rapid and efficient detection in sewer environments.

3.4.3. Contrast Experiments

In order to further validate the reliability of the YOLOv5-Sewer model for sewer
defect detection, comparative experiments are conducted against popular object detec-
tion algorithms, including Faster-RCNN, YOLOv3-tiny [36], SSD, YOLOv7-tiny [37], and
YOLOvV5-GBC [17]. The experimental results, summarized in Table 4, highlight the perfor-
mance of YOLOv5-Sewer in comparison to these algorithms.

Below are the key results of YOLOv5-Sewer compared to Faster-RCNN, YOLOv3-tiny,
SSD, and YOLOv7-tiny on this dataset.

1. Faster-RCNN:

¢  mAP improved by 7.4%;

*  Detection speed increased by 100 FPS;

*  Floating-point operations decreased by 98.6%;
¢  Parameters decreased by 97.7%;

¢ Model size decreased by 26.4%.

2. YOLOv3-tiny:
*  mAP improved by 6.9%;
*  Detection speed decreased by 51 FPS;

¢  Floating-point operations decreased by 60.5%;
*  Parameters decreased by 63.9%;
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*  Model size decreased by 62.3%.
3. SSD:

*  mAP improved by 5.7%;
*  Detection speed increased by 78.3 FPS;
*  Floating-point operations decreased by 91%;
*  Parameters decreased by 88%;
¢ Model size increased by 6%.
4. YOLOv7-tiny:
*  mAP decreased by 0.3%;
*  Detection speed increased by 60 FPS;
¢  Floating-point operations decreased by 61.4%;

*  Parameters decreased by 47.9%;
*  Model size decreased by 45.5%.

Due to the different datasets and device models used, YOLOv5-Sewer and YOLOvV5-
GBC are compared in terms of lightweight indicators. The specific results are as follows:

¢  Floating-point operations decreased by 58.2%;
*  Parameters decreased by 73.9%;
*  Model size decreased by 85.4%.

Table 4. Comparison of experimental results.

AP0.5/%
Test FLOPs/G Param/M  Size/MB mAP/% FPS
2 3 4 5 6 7

a 701 861 703 80.7 849 623 792 79.1 370 137 9.1 76.6 12
b 70.6 884 701 793 832 654 815 783 129 8.7 17.8 77.1 163
C 716 904 732 864 864 601 872 707 63 26.3 6.3 78.3 33.7
d 720 921 830 909 940 721 927 773 13.2 6.03 12.3 84.3 52
e 778 96.1 804 928 889 698 902 764 5.1 3.14 6.7 84.0 112

1-8 represent cracks, utility intrusion, obstacles, joint offset, debris, holes, buckling, and roots, respectively;
a—e represent Faster-RCNN, YOLOv3-tiny, SSD, YOLOv7-tiny, and YOLOv5-Sewer, respectively.

Taking into account the lightweight metrics and mean Average Precision (mAP), the
YOLOv5-Sewer model achieves a lightweight design with acceptable accuracy trade-offs.
It demonstrates improvements over Faster-RCNN and SSD in terms of mAP and detection
speed, while also outperforming YOLOv3-tiny and Yolov7-tiny in terms of floating-point
operations, parameters, and model size. Although YOLOv3-tiny has the highest detection
speed, it occupies more resources and has lower accuracy. The comprehensive evaluation
suggests that YOLOv5-Sewer is well suited for sewer defect detection, offering a favorable
trade-off between lightweight characteristics and detection accuracy.

3.4.4. Detection Results

To enhance the realism of the on-site environment simulations, this study includes
FPS comparative experiments using an Intel NUC Mini PC featuring an i5-1240P processor.
The corresponding experimental results are presented in Table 5.

As indicated in Table 5, the YOLOv5-Sewer model demonstrates a notably superior
detection speed compared to other models when deployed on the Intel NUC Mini PC with
i5-1240P. Consequently, the lightweight model proposed in this article exhibits outstanding
performance on portable devices.
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Faster-RCNN

The performance of the YOLOv5-Sewer model is validated on the Intel NUC Mini
PC with i5-1240P and compared with other models, using the test set derived from the
merged dataset. To evaluate the model’s general applicability and robustness, images
in the test set underwent adjustments in brightness and hue to simulate scenarios with
inadequate lighting conditions. The training, validation, and testing sets included 1130,
269, and 268 images. The test results are depicted in Figure 8.

Table 5. Comparative experiments on the Intel NUC Mini PC with i5-1240P.

Model Name FPS
Faster-RCNN 0.5
SSD 3.5
YOLOvV5s 8
YOLOv7-tiny 9
YOLOV3-tiny 9
YOLOV5-Sewer 12

Model name represents the name of the defect detection model used, and FPS represents frames per second.

There are a total of 10 rows of images in Figure 8, with each two rows representing the
detection results of a model. The first and second rows depict the detection results of the
original image and the image under dim conditions, respectively. As shown in the image in
column 7, there are underwater cracks. The dim condition image intentionally diminishes
the brightness and tone of the original image. Based on the outcomes of the sewer defect
detection, the YOLOv5-Sewer model can successfully identify eight types of sewer defects
with a low miss rate, even in dimly lit conditions. Consequently, the YOLOvV5-Sewer
model exhibits strong performance in tasks related to sewer defect detection. Therefore,
YOLOv5-Sewer successfully achieves model lightweighting with acceptable accuracy loss.
The YOLOv5-Sewer model is more suitable for rapid defect detection on portable on-
site devices.

In conclusion, the YOLOv5-Sewer model exhibits superior performance in the realm
of sewer defect detection, boasting several advantages. These include a diverse range
of categories, enabling the identification of eight types of sewer defects, such as cracks,
utility intrusion, obstacles, joint offset, debris, holes, buckling, and roots. Additionally,
the model showcases a fast detection speed, lightweight design, and acceptable accuracy
on low-performance devices. Its universal applicability and robustness are evident as it
successfully detects defects under dim conditions.

@8 Dim image

Figure 8. Cont.
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Figure 8. The detection results of sewer defects using different models, including original image and
dim images.

4. Conclusions

In this paper, a lightweight and high-precision model named YOLOv5-Sewer is pro-
posed for sewer defect detection in low-computational-capacity field devices. The model
leverages lightweight MobileNetV3 block stacking as the backbone network, resulting in
significant reductions in model size, parameters, and floating-point operations. C3-Faster,
an improved C3 module, is introduced to further reduce redundant computations and focus
on important regions, enhancing the computational efficiency. Additionally, attention mod-
ules, including CA and CBAM, are integrated to improve the feature extraction, and the
EIOU loss function is employed for accurate localization, compensating for the decrease in
detection accuracy due to the lightweight design. Finally, the detection performance of the
YOLOv5-Sewer model is demonstrated to be close to that of the original YOLOv5s model,
while outperforming other classical models in terms of model size, parameters, and the
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number of floating-point operations. The detection speed of this model on low-performance
devices exceeds that of the original YOLOv5s.

However, this paper acknowledges that there is a certain deficiency in the training
convergence speed of the YOLOv5-Sewer model. Further research is being conducted
to improve the convergence speed during model training. This improvement aims to
shorten the training time and improve the efficiency of the detection models in practical
applications. In addition, the types of sewer defects and the number of images will be
expanded in the future to ensure the universal applicability of the model. The continued
reduction of the accuracy loss is also a focus of future research.
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