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Abstract: Road markings are vital to the infrastructure of roads, conveying extensive guidance and
information to drivers and autonomous vehicles. However, road markings will inevitably wear
out over time and impact traffic safety. At the same time, the inspection and maintenance of road
markings is an enormous burden on human and economic resources. Considering this, we propose a
road marking inspection system using computer vision and deep learning techniques with the aid of
street view images captured by a regular digital camera mounted on a vehicle. The damage ratio of
road markings was measured according to both the undamaged region and region of road markings
using semantic segmentation, inverse perspective mapping, and image thresholding approaches.
Furthermore, a road marking damage detector that uses the YOLOv11x model was developed
based on the damage ratio of road markings. Finally, the mean average precision achieves 73.5%,
showing that the proposed system successfully automates the inspection process for road markings.
In addition, we introduce the Road Marking Damage Detection Dataset (RMDDD), which has been
made publicly available to facilitate further research in this area.

Keywords: road markings; damage detection; computer vision; deep learning

1. Introduction

In recent years, there has been rapid progress in the development of autonomous
vehicles (AVs). The Society of Automotive Engineers (SAE) defines six levels of driving
automation ranging from level 0 (no automation) to level 5 (full automation) [1]. Although
there are no SAE level 5 AVs on the roads, some systems can support drivers away from the
wheel, achieving SAE level 3 (conditional automation) capabilities. With the development
of AV technologies, several aspects must be enhanced to embrace the era of AVs, including
traffic management, road infrastructure adaptation, revenue and budgeting, liability and
insurance, police and emergency services, and social justice and equity [2]. Road infras-
tructure adaptation is currently considered the most urgent problem to be solved. On the
one hand, roads and other road infrastructure (e.g., lanes, markings, and signals) require
adjustments and maintenance to accommodate AVs. However, implementing smart road
technologies that are compatible with AVs will enhance road safety and efficiency.

The concept of road infrastructure adaptation for AVs should not only consider what
new infrastructure needs to be established but also provide information about the support
of road infrastructure for AVs. Thus, corresponding adjustments and maintenance can
be performed to cope with the requirements of AVs. Before AVs came into play, there
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was already an established framework of road infrastructure adaptation called road clas-
sification, which was designed for conventional motorized vehicles, i.e., human drivers.
Traditional road classification systems are called functional classification systems (FCSs) [3].
In previous decades, FCSs have been used by transportation planners to convey the level
of service of roads. In recent years, rapid developments in the field of AVs have led to a
renewed interest in road classification. Smart road classification (SRC) is widespread and
primarily focuses on the degree of adaptation of AVs and connected vehicles [4]. A five-
level SRC was established by the World Road Association, as shown in Table 1 [5]. Two
indicators were considered to determine the SRC levels. These are the level of service for
automated driving (LOSAD) and infrastructure support for automated driving (ISAD). The
LOSAD comprises five levels that represent the readiness of a road for automated vehicles
and the ISAD consists of five levels that focus on connectivity support. The SRC can help
all stakeholders (road administration, road operators, equipment manufacturers, mobile
network operators, users, and information management providers) know what to provide
and expect from road facilities [6,7].

Table 1. The content of smart road classification.

Type of Road Segments

Content

Human-way (HU)
Assisted-way (AS)

Automated-way (AT)
Full Automated-way (FA)

Autonomous-way (AU)

Do not support automation.

Present partial support for automation, with remarkably fewer disengagements than on
HU road segments.

Present similar physical characteristics to AS road segments, but also present connectivity
capabilities that could help connected vehicles prevent and avoid disengagements.
Present full support for SAE level 4 vehicles and good connectivity capabilities.

Present full support for SAE level 4 vehicles and exceptional connectivity capabilities.
They can only be used by SAE level 4 and 5 vehicles.

In the context of the SRC, a classification of the readiness of European highways to
adopt connected, automated, and electric vehicles was proposed by the European Asphalt
Pavement Association (EAPA) more recently, which is also known as the EAPA proposal.
It should be noted that the EAPA is dedicated to asphalt paving for road construction
and maintenance. This proposal defines six levels (from A to F) of roads to provide road
information about the support level for AVs. One of the key parameters of the EAPA
proposal is the condition of road markings. Four types of values of the condition of
road markings—inadequate, adequate, satisfactory, and excellent—are used as important
indicators to determine the EAPA proposal [8].

Road markings play a vital role in both AVs and SRC fields. A future road network
will be a mix of human-driven vehicles and AVs, making road markings an important
infrastructure element today and in the future [9]. Properly installed and well-maintained
road markings provide abundant guidance and information to drivers and AVs. In contrast,
damaged road markings pose significant challenges to human drivers and camera-sensor-
based AVs because traffic safety is dependent on the visibility of road markings. Road
markings inevitably wear out over time and thus the inspection and maintenance of road
markings are crucial. However, the previous practice was to manually inspect the degree of
road marking damage, which makes inspection and maintenance costly in terms of human
and economic resources. To address these challenges, automated inspection systems using
computer vision and deep learning techniques have gained attention. While several studies
have focused on road damage detection, methods for detecting road marking damage have
rarely been explored. One of the obstacles is the lack of publicly available datasets that
specifically address road marking damage with detailed annotations and classifications.

In this study, we propose an automated road marking inspection system that leverages
computer vision and deep learning techniques using street view images captured by a
regular digital camera mounted on a vehicle. Our system includes a road marking damage
assessment process that employs semantic segmentation, inverse perspective mapping
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(IPM), and image thresholding techniques to quantify the damage of road markings. Based
on the assessment results, we develop road marking damage detectors using state-of-the-
art object detection models, such as YOLOv11. Experimental results demonstrate that
our system effectively automates the inspection process for road markings, achieving a
mean average precision (mAP) of 73.5%. Another notable contribution of our work is the
establishment of the Road Marking Damage Detection Dataset (RMDDD), which includes
both original and augmented versions with detailed annotations of various types of road
markings and their damage grades. The dataset can be downloaded at https://drive.google.
com/file/d/1wYLujqrHKYOmOWHIxI0ftMhzerHKgl97 /view?usp=drive_link (accessed
on 25 November 2024). By making the RMDDD publicly available, we aim to facilitate
further research in this area and enable other researchers to replicate and extend our work.

The remainder of this paper is organized as follows. Section 2 describes related work.
Section 3 introduces the proposed method for inspecting road marking damage. The road
marking damage detection dataset and results of the experiments are presented in Section 4.
Section 5 presents our discussion and, finally, Section 6 concludes the paper.

2. Related Research

Various studies [10-15] that take advantage of the latest developments in deep learn-
ing and computer vision techniques have been conducted to improve the efficiency of road
maintenance. Most of these studies have focused on road damage inspections. Among
the best-known of these studies was the proposal of a computer vision and data-driven
method-based solution to detect distress on road surfaces [10]. In a previous study, Chun
et al. [11] developed an automated asphalt pavement crack detection method using an
image-processing technique and a naive Bayes-based machine learning approach. Recently,
the accurate real-time detection of road damage has become possible due to the devel-
opment of several object detection frameworks, such as Faster R-CNN [16], YOLO se-
ries [17-19], and SSD [20]. For example, Maeda et al. [12,13] developed road damage
detection methods using SSD Inception V2 and SSD MobileNet. In addition, the dataset
published by these authors, named RDD-2018, in which eight different defects of the Japanese
road network were proposed, has gained wide attention from researchers in this field.

Although road damage detection approaches have achieved convincing results, meth-
ods for detecting road marking damage have rarely been studied, with the exception
of [21-24]. Vokhidov et al. [21] proposed a CNN-based method to recognize damaged
arrow markings. Chong et al. [22] designed a hierarchical semantic segmentation strategy
using U-Net to estimate the damage ratio of road markings based on damaged parts and
regions. Unlike the semantic segmentation approach, Iparraguirre et al. built three types of
road marking damage detectors using three different object detection architectures (Faster
R-CNN, SDD, and EfficientDet) [23]. It should be noted that a new dataset of road marking
defects is proposed in this study which is considered high complexity compared with
the previous dataset. Kong et al. detected and assessed road marking defects at the city
scale using a deep learning approach to contribute to road marking repair operations [24].
Table 2 summarizes representative studies in the fields of road damage detection and road
marking damage detection.

Table 2. Representative studies in the field of road damage detection and road marking damage detection.

Road Damage Detection Road Marking Damage Detection
Reference Approach Year Reference Approach Year
[10] Image classification 2014 [21] Image classification 2016
[11] Image segmentation 2015 [22] Image segmentation 2021
[12] Object detection 2018 [23] Object detection 2022
[13] Object detection 2020 [24] Image segmentation 2022
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3. Materials and Methods

This section presents the damage assessment process for road markings, followed
by the inspection system proposed in this study. Specifically, the initial step involves
the assessment of road marking damage, where the damage ratios of road markings are
meticulously measured. Secondly, the RMDDD are systematically designed based on the
outcomes of the previous step. In the final stage, road marking damage detectors are
trained using the YOLO series models.

3.1. Road Marking Damage Assessment Process

The fundamental idea of a road marking damage assessment is to measure the damage
ratio of road markings based on their undamaged parts and the entire region [24]. Figure 1
shows the overall flowchart of the process. The process encompasses several steps, includ-
ing data acquisition, semantic segmentation, inverse perspective mapping, image cropping,
image thresholding, and the calculation of damage ratios. Each of these steps is explained
in detail subsequently.

Road ?3 N\
Marking Camera

Data Acquisition
| Original Image Segmentation Result |
Segmentation
BEV Image BEV Image
Cropping Cropping

Cropped Image | Cropped Image |

Thresholding

Thresholding Result

I |
Thresholding
I |

| Thresholding Result |

Damage Ratio

Figure 1. Overall flowchart of road marking damage assessment.

3.1.1. Data Acquisition

For data acquisition, a front-view camera mounted on a vehicle was used, as shown
in Figure 1. The camera used in this study is a low-cost regular digital camera, making
our proposed method cost-effective. Street view images were collected from three cities in
Japan—Yokohama, Chofu, and Nogata—in November 2015, November 2015, and March
2017, respectively. Figure 2 shows an example of a captured street view image, and the
road marking on the left side indicates a school zone.
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Figure 2. Example of street view image.

3.1.2. Semantic Segmentation

The second step is the semantic segmentation of the original image. In this study,
the damage ratios of road markings were measured according to their undamaged parts
and regions. Semantic segmentation was used to extract the integral regions of the road
markings. It should be noted that the regions of road markings need to be completely
extracted without defects, as this is crucial for the accurate calculation of the damage ratios.
On the other hand, the undamaged part can be extracted from the original image using an
image thresholding approach.

Since the problem of multiple-scale objects is prevalent in street view images [25], a
neural network specifically designed for road marking segmentation known as a multiscale
attention-based dilated convolutional neural network is used to handle the original image.
This neural network uses multiple-scale images that are resized from the original image as
inputs to learn the attention weights of each scale. Then, it merges the semantic predictions
from each separate network to obtain the final output. Multi-scale inputs are used to
improve segmentation accuracy by combining the advantages of each input scale. In
addition, dilated convolution is adopted in the feature extraction process to utilize a larger
range of spatial context information [25]. The performance analysis shows that the method
outperforms other state-of-the-art models by addressing the problem of multiple-scale
objects in street view images. In addition, the ablation experiments show that the neural
network yields the best results by combining multiscale attention and dilated convolution.
The segmentation result is promising because the neural network successfully extracts the
entire road marking region. Figure 3 shows an example of the segmentation result shown
in Figure 2.

Figure 3. Example of segmentation result.

3.1.3. Inverse Perspective Mapping

In the captured street view images, the pixels occupied by each road marking are
different. As shown in Figure 2, the distant road marking of the approach to the pedestrian
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and bicycle crossings (prismatic road marking on the right side of the road) is thinner
than the nearby marking. This is not conducive to a damage assessment of the road
markings [24]. Moreover, the street view image is horizontal, and the perspective effect
can negatively affect the road marking damage assessment. Therefore, IPM is adopted
to convert the street view images into a bird’s eye view (BEV) images. Generally, IPM
maps the pixels of an image from a horizontal to a vertical view through a homography
matrix, which is a transformation matrix. In this study, the Open Source Computer Vision
Library (OpenCV) [26], which provides more than 2500 optimized algorithms for computer
vision tasks, was used to conduct the IPM on both the original image and the segmentation
result. We primarily used the functions of cv2.getPerspectiveTrans form, which takes the
four pairs of corresponding points as input and outputs the transformation matrix, and
cv2.warpPerspective, which applies the transformation matrix to the input image to obtain
the BEV image. Figure 4 shows the BEV images obtained in this study through the IPM
process.

Figure 4. Examples of the obtained BEV images (left: original image; right: segmentation result).

3.1.4. Image Cropping

To conduct an independent damage assessment of road markings, each instance must
be cropped from both the original image and the segmentation result. Figure 5 shows
examples of cropped road marking images.

Figure 5. Examples of the cropped road marking images (left: original image; right: segmentation result).

3.1.5. Image Thresholding

Because the goal of the assessment process is to measure the damage ratios of road
markings according to their areas, it is necessary to convert the areas of the undamaged
parts and regions to the number of pixels in the image for calculation. Image thresholding
can perform the basic segmentation of an image and convert it into a binary image, where
the pixels are either 0 or 1 (or 255) [27]. Hence, image thresholding is employed to extract
the undamaged parts and regions of road markings from the cropped images obtained in
the previous step. Figure 6 shows the thresholding results obtained using OpenCV.

Figure 6. Examples of the thresholding results (left: original image; right: segmentation result).
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3.1.6. Damage Ratio
The damage ratio of road markings can be measured as follows:
Nug
R=1-—-% 1
N M

where N,,; is the number of pixels in the undamaged part of the road markings, N; is the
number of pixels in the road marking region, and R represents the damage ratio of the
road markings. Because the IPM process eliminates the perspective effect, every pixel in
the binary image obtained in the previous step has the same area in reality. Thus, the ratio
of the area of the undamaged part to that of the road marking region can be regarded as
the ratio of the number of pixels in the undamaged part to the number of pixels in the
road marking region. In Figure 6, the original image shows an undamaged area containing
2573 pixels, while the total number of pixels in the region indicated by the segmentation
result is 3841, leading to a damage ratio of 0.33.

3.2. Road Marking Damage Inspection System

A flowchart of the road marking damage inspection system using the object detection
approach is shown in Figure 7. Inspired by [24], the damage ratios (R) of the road markings
are divided into three grades: slight, moderate, and severe. A damage ratio of 0-10% is
regarded as slight damage, which indicates that there is no need for maintenance. A damage
ratio of 10-50% is regarded as moderate damage, which means that the defects must be
repaired. A damage ratio of 50-100% is regarded as severe damage, which means that
the defects require urgent responses. The results of the road marking damage assessment
are then used as labeled data to train the object detection models. The object detection
model can detect and locate the objects of interest in an image, which, in this study, are road
markings with damage-grade labels. There are many excellent object detection algorithms,
including Faster R-CNN [16], the YOLO series [17-19,28], and SSD [20]. After training and
model validation, the obtained weights could automatically detect road markings with
damage-grade labels from a street view image.

0-10%: Slight Damage

Training Data

‘ Damage Ratio | == 10-50%: Moderate Damage ‘

4
— &5
e T e e

Figure 7. Flowchart of road marking damage inspection system.
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4. Results
4.1. RMDDD

Based on the road marking damage assessment process described in Section 3.1, we
developed the RMDDD. This dataset is a significant outcome of our study and serves as
a foundation for training and evaluating road marking damage detection models. For
the road marking damage assessment, 1000 street view images with 3909 road marking
instances were processed. Specifically, the damage ratios of road markings were measured
during the road marking damage assessment process. As mentioned earlier, damaged road
markings are divided into three grades according to their damage ratios: slight, moderate,
and severe damage. On this basis, we divided road markings into line, arrow, block,
and word and number markings according to their shapes. This means that the RMDDD
contains 12 classes (see Table 3).

Table 3. Classification system of the proposed RMDDD.

Shape Grade of Damage Class Name

Slight damage ADO
Arrow Moderate damage AD1
Severe damage AD2
Slight damage LDO
Line Moderate damage LD1
Severe damage LD2
Slight damage BDO
Block Moderate damage BD1
Severe damage BD2

Slight damage WNDO

Word and Number Moderate damage WND1

Severe damage WND2

An annotation tool called Roboflow is used to manually annotate the street view
images. Road markings are annotated with bounding boxes, which is a commonly used
method of annotation in object detection. The original street view image consists of 1920
x 1080 pixels. Since the ratio of road markings to the whole image is not small, most of
the objects are large, and thus the images are resized to 640 x 640. Large objects can be
detected better using small-size images [25].

Given the limitations of the original RMDDD, which consists of only 1000 images
and 3909 instances as mentioned before, data augmentation approaches are applied to
increase the number of instances and images of each class. Despite these efforts, a data
imbalance problem remains in the original RMDDD. As shown in Figure 8, the LDO class
is over-represented, whereas the classes AD1, AD2, BD2, WNDO, WND1, and WND2
are under-represented. The imbalance in the number of instances and images across
different classes could potentially impact the detector’s ability. To address this issue, data
augmentation was specifically applied to the under-represented classes (AD1, AD2, BD2,
WNDO, WND1, and WND2). Horizontal and vertical flipping, cropping, and additive
brightness adjustments were adopted to generate a synthetic dataset, referred to as the
augmented RMDDD, which consists of 2640 images and 10,453 instances. The augmented
RMDDD comprises 2440 training images, along with 100 validation images and 100 test
images. Examples of the road marking damage detection datasets are shown in Figure 9.
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w
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o
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Figure 8. Number of instances and images in each class.

Figure 9. Examples of the RMDDD.

4.2. Road Marking Damage Detector

Detectors based on the YOLOvS8 [19], YOLOv9 [29], YOLOvV10 [30], and YOLOv11 [31]
architectures have been built to address the proposed RMDDD. As we know, a significant
advancement in the field of object detection was marked by the introduction of the YOLO
algorithm, developed by Redmon et al. [17]. This algorithm revolutionized the approach to
real-time object detection by enabling simultaneous detection and classification within a
single neural network framework. As shown in Figure 10, the abstract architecture of the
YOLO series is comprised of three essential components. Firstly, the backbone functions as
the main feature extractor, employing convolutional neural networks to convert raw image
data into multi-scale feature maps. Secondly, the neck serves as an intermediary processing
layer, utilizing specialized structures to aggregate and refine feature representations across
various scales. Lastly, the head acts as the prediction mechanism, producing the final
outputs for object localization and classification based on the refined feature maps [28,32].

The detectors are trained using an NVIDIA A100 GPU and PyTorch 2.4.1 is used for
the deep-learning framework. After exploring several hyperparameters, the weights of
the best fit are generated. The optimizer used is a stochastic gradient descent (SGD) with
a momentum of 0.937. The learning rate and weight decay are set as 0.01 and 0.0005,
respectively. The models are trained for 100 epochs, with a batch size of 16. The detailed
hyper-parameters are listed in the configuration file, which is stored in the repository
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alongside the RMDDD. After the training, the models are evaluated using the test set. The
mean average precision (mAP), precision, and recall are used as evaluation metrics for
assessing the performance of the YOLO models on the RMDDD. The results are presented
in Table 4. The YOLOv11x model demonstrates the best overall performance, achieving a
mAP50 of 73.5%. It also shows strong results in precision and recall, with values of 67.3%
and 72.4%, respectively. Additionally, the YOLOv11x model achieves an inference speed of
4.0 milliseconds per image, translating to approximately 250 frames per second, which is
suitable for real-time applications. In comparison, the YOLOv11n model achieves a faster
speed of 385 frames per second, making it an excellent choice for applications where speed
is critical. Figure 11 shows the mAP values of each class obtained with YOLOv11x model.
Overall, more than half of the classes have mAP values greater than 73%. A reasonably
accurate baseline for road marking damage detection is made in this study.

Input Backbone Neck Head

g pi

Figure 10. Abstract architecture of YOLO series models [32].

o —

Table 4. Performance statistics of the YOLO models on the RMDDD.

Model mAP50 (%) mAP50-95 (%) Precision (%)  Recall (%) Speed (ms per Image) Layers = GFLOPs
YOLOv8x 724 51.4 68.8 68.5 39 268 257.4
YOLOvV9-e 73.1 53.1 65.9 75.8 53 467 102.5
YOLOv10x 68.7 48.6 61.0 68.7 6.1 503 169.9
YOLOv11x 73.5 53.3 67.3 724 4.0 464 194.5
YOLOv1ln 66.8 46.9 63.3 65.7 2.6 238 6.3

all . /3.5

WND2 I  60.2

WND1 . /3.7

WNDO I 36.4
LD2 . /3.2
LD1 . /3.8
LDO . 33.9
BD2 I /1.8
BD1 I  59.6
BDO I 35.0
AD2 I 30.9
AD1 I  50.2
ADO I 331

0.0 20.0 40.0 60.0 80.0 100.0

Figure 11. mAP values of each class obtained by the model of YOLOv11x.
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Figure 12 presents the visual results of road marking damage detection based on
the YOLOv11x model on four test images. The first row corresponds to the ground truth
labels, whereas the second row represents the predictions performed by the YOLOv11x-
based detector. It can be seen that road marking damages are successfully detected by the

bounding boxes.
W598c97e6f
o A
=

&l 7AD0 0.4] ADMBGHCN
RIS —=ag D0 0,94
AL

Figure 12. Visualization of road marking damage detection results of YOLOv11x on four test images
(first row: ground truth; second row: results of prediction).

5. Discussion
5.1. RMDDD

To the best of our knowledge, the dataset constructed by Iparraguirre et al. [23] rep-
resents the first effort to create a dataset specifically for road marking damage detection.
However, only lane defects are annotated in their dataset. In contrast, the RMDDD pro-
posed in this study is more extensive and detailed, encompassing a broader range of road
markings. Firstly, the RMDDD proposed in this study covers road markings of different
shapes, which are divided into four types: line, arrow, block, and word and number. Sec-
ondly, the damage ratios of the road markings are precisely calculated and classified into
three grades: slight, moderate, and severe. Overall, the RMDDD is more detailed and
comprehensive than the previous dataset.

Moreover, data augmentation approaches are implemented to generate the augmented
version. Figure 13 shows the number of instances in each class of both the original and
augmented RMDDD. Compared to the original version, the data imbalance problem is
improved in the augmented version by implementing data augmentation specifically
for the under-represented classes. However, the data imbalance problem persists. This is
primarily because the augmented instances are often derived from the same original images,
leading to a proportional increase in the over-represented classes as well. Consequently, the
relative imbalance between the over-represented (LD0) and under-represented classes (AD1,
AD2, BD2, WNDO, WND1, and WND2) remains. To address the issue of data imbalance,
future research could explore advanced methods such as generative adversarial networks
(GANSs) [33] for synthetic data generation. GANSs could be used to create additional
instances for under-represented classes, potentially reducing bias and improving model
performance. For example, Shrivastava et al. exploit GANs to enhance the realism of
synthetic images. Their method not only refines the visual fidelity of generated images
but also aligns them more closely with real-world data distributions, which significantly
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WND2
WND1
WNDO
LD2
LD1
LDO
BD2
BD1
BDO
AD2
AD1
ADO

B Augmented
H Original

o

improves the training effectiveness of object detection models. This technique demonstrates
a crucial application of GANs in augmenting training datasets, particularly when real
annotated data is scarce or when certain classes are under-represented [34]. Similarly, Zhang
et al. explore a novel approach where GANs are modified to generate synthetic instances
of infrequent classes, thus addressing class imbalance directly. This method involves
dynamically adjusting the generation process based on feedback from the object detection
model’s performance, which helps ensure that the synthetic data is not only diverse but
also tailored to improve the detector’s ability to recognize less frequent objects [35].

ADO
580

256

m||1]]

1000 1500 2000 2500

(0]
o
o

AD1 | AD2 BDO BD1 BD2 LDO LD1 LD2 <WNDO WND1 WND2
525 310 535 380 830 | 2320 | 1510 @ 840 785 625 310

105 62 311 253 166 815 460 234 157 125 62

H Augmented M Original

Figure 13. Number of instances in each class of the original and augmented RMDDD.

5.2. Road Marking Damage Detector

The road marking damage detectors are trained using pretrained models and then
fine-tuned. Because road markings with three types of damage grades are unique, we also
try to train them from scratch. The results show that a mAP of 69.3% is obtained when
training YOLOv11x from scratch. This is significantly lower than the 73.5% mAP obtained
using the pretrained model. This suggests that transfer learning is effective for the road
marking damage detection task.

The mAP of road markings with moderate damage is lower than that of the others.
Because the damage ratio of road markings with moderate damage is defined as 10-50%,
road markings with a damage ratio slightly greater than 10% are incorrectly detected as
having slight damage. In addition, road markings with a damage ratio slightly lower
than 50% are incorrectly detected as severely damaged. This can be observed in the visual
analysis shown in Figure 14. BD1 in the test image is incorrectly detected as BD2 (see
Figure 14a,b). BD1 in another test image is incorrectly detected as BDO (see Figure 14c,d).
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Figure 14. Samples of test images with labels (a,c) and predictions of incorrect detection (b,d).

6. Conclusions

This study proposes an automatic road marking inspection system using street view
images. Properly installed and well-maintained road markings provide abundant guidance
and information for drivers and AVs. However, few studies have addressed the detection
of road marking defects. To address this issue, a road marking damage assessment process
that employs semantic segmentation, IPM, and image thresholding techniques is proposed.
The core idea is to compare the areas of the undamaged part of the road markings with their
damaged regions. This approach results in a significant contribution of this study, which
is the creation and public release of the RMDDD. The augmented version of the RMDDD
contains 2640 images with 10,453 instances of road markings, categorized into four types:
line, arrow, block, and word and number. The damage for each road marking is further
classified into three grades: slight, moderate, and severe. By making the RMDDD publicly
available, we aim to facilitate further research in this area and enable other researchers to
replicate and improve upon our results. State-of-the-art models, specifically the YOLO
series, are employed to train road marking damage detectors. Experimental results indicate
that the detector utilizing the YOLOv11x model achieves a promising performance of
73.5% mAP, automatically and effectively detecting damage to road markings. This system
represents a significant advancement in the field of road marking inspection, offering a
robust solution for maintaining road safety and efficiency. Future research will focus on
deploying the proposed system in real-world scenarios. This will help to validate the
effectiveness and adaptability of this system outside of controlled environments, ensuring
reliability under various conditions.

The road marking damage assessment process should be improved, particularly in
terms of the image cropping process. In this study, the image cropping process is conducted
manually; however, this should be replaced by an automated process to eliminate human
error. Training a detector to recognize road markings based on their geometric shapes is
an effective method to automate image cropping and reduce human errors, enhancing the
precision of the RMDDD. Furthermore, future efforts should focus on exploring advanced
methods, such as synthetic data generation, to continuously improve the balance and
quality of road marking damage detection datasets.

Author Contributions: ].W. conceived the work, processed the data, and wrote the paper. W.L. and
Y.M. supervised the data processing and revised the manuscript. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was partially supported by JSPS KAKENHI Grant Number 22K18303.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The dataset can be downloaded at https://drive.google.com/file/d/
1w YLujqrHKYOmOWHIxI0ftMhzerHKgl97 /view?usp=drive_link (accessed on 25 November 2024).


https://drive.google.com/file/d/1wYLujqrHKY0mOWHlxl0ftMhzerHKgl97/view?usp=drive_link
https://drive.google.com/file/d/1wYLujqrHKY0mOWHlxl0ftMhzerHKgl97/view?usp=drive_link

Sensors 2024, 24, 7724 14 of 15

Conlflicts of Interest: Author Junjie Wu was employed by the company Nippon Koei Co., Ltd. The
remaining authors declare that the research was conducted in the absence of any commercial or
financial relationships that could be construed as a potential conflict of interest.

References

1. SAE International. Available online: https:/ /www.sae.org/ (accessed on 2 June 2023).

2. Tech Policy Lab, University of Washington. Driverless Seattle: How the City Can Plan for Automated Vehicles. 2017. Avail-
able online: https:/ /techpolicylab.uw.edu/wp-content/uploads/2017/10/TPL_Driverless-Seattle_2017.pdf (accessed on 25
November 2024).

3. Hancock, M.W.; Wright, B. A Policy on Geometric Design of Highways and Streets; Report; American Association of State Highway
and Transportation Officials: Washington, DC, USA, 2018.

4. PIARC (World Road Association). Available online: https://www.piarc.org/en/ (accessed on 3 June 2023).

5. PIARC Special Project “Smart Roads Classification”. World Road Association, Project. 2021. Available online: https://www.
piarc.org/ressources/documents/a92c0d3-34594-PIARC-Call-for-Proposals-Smart-Roads-Classification.pdf (accessed on 25
November 2024).

6.  Christopher, M.; Edward, J.; Steve, K.; Shelley, R. Connected Roadway Classification System Development; Report; The Texas A&M
University System: College Station, TX, USA; Insightful Leadership Institute: Fayetteville, AR, USA, 2019.

7.  Panagiotis, L.; Stamatis, M.; Jakob, R.; Selim, S.; Robert, P.; Anna-Maria, A.; Yannick, W.; Hatun, A.; Xavier, D.; David, P.
INFRAMIX-Road Infrastructure Ready for MIXed Vehicle Traffic Flows. Project INFRAMIX. European Union’s Horizon 2020
Research and Innovation Programme, Europe. 2019. Available online: https://www.inframix.eu/wp-content/uploads/D5.4
-Infrastructure-Classification-Scheme.pdf (accessed on 25 November 2024).

8.  EAPA. Classification of Readiness of European Highways for Adopting Connected, Automated and Electric Vehicles; Report; European
Asphalt Pavement Association: Bruxelles, Belgium, 2019.

9. Cha, Y.-J.; Choi, W.; Buyukozturk, O. Deep learning-based crack damage detection using convolutional neural networks.
Comput.-Aided Civil Infrastruct. Eng. 2017, 32, 361-378. [CrossRef]

10. Varadharajan, S.; Jose, S.; Sharma, K.; Wander, L.; Mertz, C. Vision for road inspection. In Proceedings of the IEEE Winter
Conference on Applications of Computer Vision, Steamboat Springs, CO, USA, 24-26 March 2014; pp. 115-122.

11. Chun, P; Tatsuro, Y,; Yukino, T. Automatic Detection of Cracks in Asphalt Pavement Using Deep Learning to Overcome
Weaknesses in Images and GIS Visualization. Appl. Sci. 2015, 11, 892. [CrossRef]

12.  Maeda, H.; Sekimoto, Y.; Seto, T.; Kashiyama, T.; Omata, H. Road Damage Detection and Classification Using Deep Neural
Networks with Smartphone Images. Comput.-Aided Civil Infrastruct. Eng. 2018, 33, 1127-1141. [CrossRef]

13.  Arya, D.; Maeda, H.; Ghosh, S.K.; Toshniwal, D.; Omata, H.; Kashiyama, T.; Sekimoto, Y. Global Road Damage Detection:
State-of-the-art Solutions. In Proceedings of the IEEE International Conference on Big Data (Big Data), Atlanta, GA, USA, 10-13
December 2020; pp. 5533-5539.

14. Akarsu, B.; Karakose, M.; Parlak, K. A fast and adaptive road defect detection approach using computer vision with real time
implementation. Int. |. Appl. Math. Electron. Comput. 2016, 4, 290-295. [CrossRef]

15. Fan, Z.; Wu, Y; Lu, J.; Li, W. Automatic pavement crack detection based on structured prediction with the convolutional neural
network. Comput. Vis. Pattern Recognit. arXiv 2018, arXiv:1802.02208.

16. Ren, S.; He, K,; Girshick, R.; Sun, ]J. Faster R-CNN: Towards real-time object detection with region proposal networks. IEEE Trans.
Pattern Anal. Mach. Intell. 2017, 39, 1137-1149. [CrossRef] [PubMed]

17. Redmon, J.; Farhadi, A. YOLOv3: An Incremental Improvement. arXiv 2018, arXiv:1804.02767.

18. YOLOV5. Available online: https://github.com/ultralytics/yolov5 (accessed on 15 June 2023).

19.  YOLOVS. Available online: https:/ /github.com/Pertical/YOLOVS (accessed on 15 November 2023).

20. Liu, W,; Anguelov, D.; Erhan, D.; Szegedy, C.; Reed, S.; Fu, C.-Y.; Berg, A.C. SSD: Single Shot MultiBox Detector. In Proceedings of
the European Conference on Computer Vision, Amsterdam, The Netherlands, 11-14 October 2016.

21. Vokhidov, H.; Hyung, G.H,; Jin, K.K; Toan, M.H.; Kang, R.P. Recognition of Damaged Arrow-Road Markings by Visible Light
Camera Sensor Based on Convolutional Neural Network. Sensors 2016, 16, 2160. [CrossRef] [PubMed]

22. Chong, W,; Shurong, L.; Kai, W.; Zijian, Z.; Ying, W. Damage inspection for road markings based on images with hierarchical
semantic segmentation strategy and dynamic homography estimation. Autom. Constr. 2021, 131, 103876.

23. Iparraguirre, O.; Iturbe-Olleta, N.; Brazalez, A.; Borro, D. Road Marking Damage Detection Based on Deep Learning for
Infrastructure Evaluation in Emerging Autonomous Driving. IEEE Trans. Intell. Transp. Syst. 2022, 23, 22378-22385. [CrossRef]

24. Kong, W,; Teng, Z.; Xin, M.; Zhang, S.; Chen, M.; Lv, G. Automatic Detection and Assessment of Pavement Marking Defects with
Street View Imagery at the City Scale. Remote Sens. 2022, 14, 4037. [CrossRef]

25. Wu, J; Liu, W,; Maruyama, Y. Automated Road-Marking Segmentation via a Multiscale Attention-Based Dilated Convolutional
Neural Network Using the Road Marking Dataset. Remote Sens. 2022, 14, 4508. [CrossRef]

26. OpenCV. Available online: https://opencv.org/about/ (accessed on 7 September 2023).

27. Image Thresholding. Available online: https://docs.opencv.org/4.x/d7/d4d/tutorial_py_thresholding.html (accessed on 7

September 2023).


https://www.sae.org/
https://techpolicylab.uw.edu/wp-content/uploads/2017/10/TPL_Driverless-Seattle_2017.pdf
https://www.piarc.org/en/
https://www.piarc.org/ressources/documents/a92c0d3-34594-PIARC-Call-for-Proposals-Smart-Roads-Classification.pdf
https://www.piarc.org/ressources/documents/a92c0d3-34594-PIARC-Call-for-Proposals-Smart-Roads-Classification.pdf
https://www.inframix.eu/wp-content/uploads/D5.4-Infrastructure-Classification-Scheme.pdf
https://www.inframix.eu/wp-content/uploads/D5.4-Infrastructure-Classification-Scheme.pdf
https://doi.org/10.1111/mice.12263
https://doi.org/10.3390/app11030892
https://doi.org/10.1111/mice.12387
https://doi.org/10.18100/ijamec.270546
https://doi.org/10.1109/TPAMI.2016.2577031
https://www.ncbi.nlm.nih.gov/pubmed/27295650
https://github.com/ultralytics/yolov5
https://github.com/Pertical/YOLOv8
https://doi.org/10.3390/s16122160
https://www.ncbi.nlm.nih.gov/pubmed/27999301
https://doi.org/10.1109/TITS.2022.3192916
https://doi.org/10.3390/rs14164037
https://doi.org/10.3390/rs14184508
https://opencv.org/about/
https://docs.opencv.org/4.x/d7/d4d/tutorial_py_thresholding.html

Sensors 2024, 24,7724 15 of 15

28.

29.

30.

31.
32.

33.

34.

35.

Juan, R.T.; Diana, M.C.-E. A comprehensive Review of YOLO Architecture in Computer Vision: From YOLOv1 to YOLOvS and
YOLO-NAS. arXiv 2024, arXiv:2304.00501v6.

Wang, C.Y.; Yeh, L.H.; Liao, H.YM. YOLOvV9: Learning What You Want to Learn Using Programmable Gradient Information. In
Proceedings of the European Conference on Computer Vision, ECCV 2024, Milan, Italy, 29 September—4 October 2024; Springer:
Cham, Switzerland, 2024.

Wang, A.; Chen, H.; Liu, L.; Chen, K,; Lin, Z.; Han, J.; Ding, G. YOLOV10: Real-Time End-to-End Object Detection. arXiv 2024,
arXiv:2405.14458.

Yolov1l. Available online: https://github.com/ultralytics/ultralytics (accessed on 15 November 2024).

Alif, M.; Hussain, M. YOLOv1 to YOLOv10: A comprehensive review of YOLO variants and their application in the agricultural
domain. arXiv 2024, arXiv:2406.10139.

Goodfellow, I.; Pouget-Abadie, J.; Mirza, M.; Xu, B.; Warde-Farley, D.; Ozair, S.; Courville, A.; Bengio, Y. Generative Adversarial
Nets. Adv. Neural Inf. Process. Syst. 2014, 63, 139-144. [CrossRef]

Shrivastava, A.; Pfister, T.; Tuzel, O.; Susskind, J.; Wang, W.; Webb, R. Learning from Simulated and Unsupervised Images
through Adversarial Training. In Proceedings of the 2017 IEEE Conference on Computer Vision and Pattern Recognition (CVPR),
Honolulu, HI, USA, 21-26 July 2017.

Zhang, S.; Chi, C; Yao, Y,; Lei, Z; Li, S.Z. Bridging the Gap Between Anchor-Based and Anchor-Free Detection via Adaptive
Training Sample Selection. In Proceedings of the 2020 IEEE Conference on Computer Vision and Pattern Recognition (CVPR),
Seattle, WA, USA, 13-19 June 2020.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://github.com/ultralytics/ultralytics
https://doi.org/10.1145/3422622

	Introduction 
	Related Research 
	Materials and Methods 
	Road Marking Damage Assessment Process 
	Data Acquisition 
	Semantic Segmentation 
	Inverse Perspective Mapping 
	Image Cropping 
	Image Thresholding 
	Damage Ratio 

	Road Marking Damage Inspection System 

	Results 
	RMDDD 
	Road Marking Damage Detector 

	Discussion 
	RMDDD 
	Road Marking Damage Detector 

	Conclusions 
	References

