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ABSTRACT

Intact pavement markings organize the utilization of the pavement surface area, increase the
road capacity, and improve traffic safety. However, deterioration occurring over the service life
will lead to traffic safety hazards. A detailed inspection is regarded as the central tenet of
pavement marking management. Conventional manual assessment approaches are time-
consuming, qualitative, and argued to be subjective. Thus, cost reduction, quantitative analysis,
and automatization have been the focus of research. Unmanned Aerial Vehicle (UAV) platform
has been studied wildly in civil tasks due to its low cost and high maneuverability. A UAV-based
platform was developed in this research to address the inefficiency, access limitations, and
image processing of existing road marking inspection systems. In this research, the resolution
of the image is 5472 x 3080 pixels and is captured with a fixed focal length of 8.8 mm. Given
intensity differences between pixels of paintings and asphalt backgrounds, the pixels belong-
ing to painting regions are classified using the K-mean clustering algorithm. After detecting all
parking lines from images, the Otsu method was employed to determine the threshold of 0.9 as
the quantitative indicator of painting quality. The UAV-based platform exhibits expected
performance in assessing the pavement markings in a parking area. Future research will
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explore the deployment in city-scale applications.

1. Introduction

Pavement markings are regarded as a crucial element
in securing the safe operation of road networks (Bahar
et al. 2006). Indeed, the correlation between deteriora-
tion of the retro-reflectivity of the marking material
and safety has been the focus of several research
projects such as a) Explanatory analysis on the fre-
quency of traffic crashes and the state of degradation
of lane strips (Donnell, Karwa, and Sathyanarayanan
2009), b) Serviceability level of markings in terms of
age and traffic volume (Benz et al. 2009), and ¢)
Emphasize on maintaining the quality level of strips
to avoid road incidents (Carlson, Park, and Kang 2013).
Sitzabee, Hummer, and Rasdorf (2009) concluded that
degradation of markings was associated with service
age, initial retro-reflectivity, traffic load, and the lateral
location of the line. Besides, the factorial analysis did
not observe a significant correlation between the dur-
ability of markings and factors such as snowplow activ-
ities, region, line width, and line thickness. Thus,
inspection becomes a feasible measure to control the
quality of markings since the complexity of the over-
arching degradation model. Jiang (Jiang 2008) recom-
mends a 20% sampling rate of all existing markings to

assure effective management, referring to the work
completed by (Weinkein, Branham, and Ginder 2002).
Sampling is the backbone of an empirical pavement
marking  management  system.  Accordingly,
Sasidharan, Karwa, and Donnell (2009) proposed
a data-driven decision-making platform for reliable
maintenance of pavement markings. In practice,
a great amount of resources is allocated to the main-
tenance and replacement of marking segments since
their important functions on regulating and navigating
the traffic. For example, the Washington State
Department of Transportation (WSDOT) re-strips
more than 4,500 miles (7242 km) of highways
every year. The average cost for pavement marking
application is $1,811 per mile (1125 $/km) and
$2.6 per unit for marker replacement, calculated by
data from (Pike et al. 2014). A sizable amount of
resources is spent on maintaining roads in acceptable
conditions defined by regulations. Manual inspection
exhibits great reliabilities in ascertaining the safety of
road users. However, traditional manual inspection
approaches are costly, time-consuming, subjective,
and risk-prone (Gong et al. 2022; Liu et al. 2021;
McGhee 2004). New methods with accuracy and
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automation are urgent in the integrity assessment of
pavement marking.

Road quality inspection vehicles emerged in the
1980s to improve the detection of common forms of
defects such as cracks and potholes. Kinds of sensors
have been integrated into the road inspection and
condition assessment systems to collect data on differ-
ent aspects of road quality. For instance, laser scanning
and ultrasonic waves were used to measure rutting,
and cameras were deployed to detect cracks (Feng
et al. 2022; Maser 1988). Specifically, road safety audits
and safety inspections are two out of four instruments
highlighted in the EU’s blueprint for Road Safety
Action Program 2010-2020 (Townsend and Avenoso
2008). Therefore, endeavors to automate the process
of safety inspection have been a focus of research
(Qingyang et al. 2022; J. Sun et al. 2021; Zhao et al.
2021). For example, a periodic inspection of road mark-
ing or traffic devices is mandatory every 2 years in
Germany (Cardoso et al. 2007). Data analysis still
takes a great amount of labor and time during data
collection, while little disturbance is caused by pave-
ment management systems in traffic flow. Thus, many
semi-automated or automated assessment systems
have been proposed to improve working efficiency
and avoid individual judgment. Fukuhara et al. [20]
proposed an automated system to detect cracks on
concrete structures by integrating image processing
methods. In the following years, much work focuses
on the investigation of visual data segmentation and
classification methods to improve the performance of
pavement quality assessment (Koutsopoulos,
Sanhouri, and Downey 1993; Saar and Talvik 2010).
Recently, much research is conducted on further
improving the automation level and robustness of
assessment methods with different types of pavement
defect evaluation (Cao, Fan, et al. 2021; J. Sun, Huang,
et al. 2021; Wang et al. 2022; W. Zhang et al. 2019). 3D
sensing technologies for pavement distress detection
like stereo imaging, shape (depth) from focus, and
laser scanning are investigated (Mathavan, Kamal,
and Rahman 2015; G. Sun et al. 2020). Besides, machine
learning and multi-objective optimization have been
adopted in the design and prediction for the perfor-
mance of the pavement (J. Sun, Tang, et al. 2022). Great
advancement will be achieved with the development
of hardware and data processing methods in the
detection of pavement defects. However, challenges
remain in the high cost of advanced hardware and
latency in processing large-volume data (Koch et al.
2015). Ground vehicles can collect measurements
more effectively than conventional manual inspection,
regarding pavement quality. But there are also some
disadvantages to the ground-vehicle inspection plat-
form. For instance, the field of view and position of
cameras is impacted due to the height limit of
a vehicle. Besides, it is difficult for a vehicle to access

some areas, including foot walks, bridges, and cycling
paths.

Unmanned Aerial Vehicle (UAV) has been widely
used for military applications as early as the 1950s
(Cambone et al. 2005). Over the past decades, UAV
has been largely developed in civil and commercial
applications. UAV-based remote sensing has been
applied in many inspection and assessment tasks,
including power line inspection (Deng et al. 2014),
bridge assessment (Khan et al. 2015), industrial facility
inspection (Nikolic et al. 2013), and building inspection
[37]. Zhang [38] developed a UAV-based mapping sys-
tem to create 3D models and assess defects of
unpaved roads. This study shows the great potential
of UAV-based remote sensing in road condition assess-
ment. The wide application of UAV is mainly attributed
to its agility that UAV is much easier to access complex
structures than traditional inspection approaches
(Hallermann and Morgenthal 2013). UAV can access
high or complex areas without the assistance of other
equipment such as scaffolding. Particularly, Schnebele
et al. (2015) emphasized the capacity of UAV-mounted
cameras in capturing high-resolution imagery at a fast
speed. Therefore, the UAV platform is promising to
replace manual or ground vehicle inspection for detec-
tion of road defects including road marking
examination.

In this research, a UAV-based platform will be
deployed to demonstrate its value in data collection
specifically for areas with dense intense marking, such
as multi-lane highways and car parks. The full width of
each lane needs to be scanned since pavement defect
detection is the major objective of road condition
surveying systems. Hence, UAV can collect the
required data for marking assessment in one passage,
while the ground vehicle is just able to survey one lane
per passage.

The footage in Figure 1 is captured by the automatic
road analyzer (ARAN), which is reported to be
deployed by corresponding road agencies in 20 coun-
tries (Okine and Adarkwa 2013). The analysis exhibits
the shortcomings of existing platforms in that several
parallel lines are to be surveyed in data collection. The
road surface images captured by ARAN of the segment
of the road seen in the front view of the vehicle are
provided in Figures 1(c), (d). This example demon-
strates the challenges of deployment of an image-
based system for road marking quality assessment. As
seen, curbside vegetation blocks the view of the right
camera, essentiating the need for reliance on a second
camera on the left of the vehicle. Synchronization and
adjustment to the captured footages are then required
due to different angles of view. The problem exacer-
bates in scenarios involving sophisticated marking pat-
terns and coloring. Indeed, PASCO, the multinational
company that originated in Japan, has developed
a wide image capturing in its product “Road Excellent
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Figure 1. a) Driver's front view, b) Footage of pavement cameras mounted in the back of the ARAN VAN, c) Left-hand side, and d)

Right-hand side (STPGtv ARAN Automatic Road Analyzer 2016).

Automatic Logging” (REAL) system. REAL realizes the
combination of wide and stereo image capturing by
replicating the front view of the driver. Thus, RFAL
generates a better understanding of objects in the
right of ways such as signage, streetlights, ditches,
and curbs. Whereas a UAV-borne camera instead of
a ground vehicle is utilized in this paper to capture
photos of pavement. Furthermore, an advanced digital
image processing method is employed to analyze
pavement marking quality and support the selection
of cost-effective treatments.

2. UAV platform for pavement-marking
evaluation

2.1. A UAV system

A UAV system is mainly composed of four parts: flying
platform, navigation, and control system, ground sta-
tion, and sensors onboard. According to the structure,
UAV flying platforms are generally categorized into
two classes: fixed-wing or rotary-wing. Fixed-wing
UAVs have the advantage of high efficiency and large
range, but they also require take-off and landing strips
or special launching equipment. On the other side,
rotary-wing UAVs, also referred to as model helicop-
ters, have characteristics of vertical takeoff and land-
ing, and hovering, which makes them easy to deploy.
According to the definition of the Association for
Unmanned Vehicle Systems International (AUVSI), the
characteristics of different model helicopters are spe-
cified in Table 1 (Samad et al. 2013). Peddinti, Puppala,

and Kim (2023) have reported similar classifications
that different countries have adopted. Payload is the
backbone of all existing classifications. As seen in
Table 1, there is a positive correlation between payload
and flight range and height. UAVs referred to as mini/
small are suitable for pavement monitoring purposes.
Rotary-wing UAVs can address the access limitations of
current inspection platforms due to the advantage of
easy deployment, high feasibility, and stability.

UAV control can be decomposed into two levels:
low-level flight control and high-level flight planning.
A UAV control unit translates the input commands
from the pilot or pre-loaded navigation trajectories
into movement. Low-level UAV control includes hover-
ing ability, disturbance rejection, and path following,
which are usually accomplished by UAVs. At present,
the navigation of UAV platforms relies mainly on
Global Navigation Satellite System. Many integrated
navigation systems combine vision navigation and
radio navigation system to technically improve relia-
bility and security. With a navigation system and
autopilot module, UAV flies autonomously above the
ground. High-level control is task-related and refers to
mission planning including flight path.

Sensors mounted on UAVs are critical parts of the
inspection system, which determine the types and
quality of raw data regarding pavement conditions.
At present, there are various types of sensors including
optical, infrared, multi-spectral cameras, ultrasound,
and 3D laser scanners. More details on sensors that
can be applied to infrastructure inspection are pre-
sented by (Mathé and Busoniu 2015). Size and weight

Table 1. UAV categories depending on size, payload, endurance, and flying height.

Categories Payload (kg) Range (km) Flying height (m) Endurance (hours)
Micro <5 <10 250 1

Mini <25 <10 150 <2

Close Range 25-150 10-30 3000 2-4
Medium Range 50-250 30-70 3000 3-6

High Altitude Long Range >250 >70 >3000 >6
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are critical factors limiting the choices of sensors as
a result of the limited payloads of a small UAV. When
performing pavement assessment projects, choices of
sensors should also meet task requirements to collect
sufficient data. Among them, optical cameras are one
of the most prevalent sensors on board because of
their low cost and efficient data collection. In this
paper, a high-resolution camera is employed by the
UAV to collect raw measurements.

2.2. Digital image processing

Digital images are a numeric representation of a photo
and are composed of pixels, which are usually orga-
nized in a rectangular array. In a computer, an image is
often stored as a raster image of two-dimensional
arrays. The dimension of an image is the number of
rows and columns of pixels. For color images, each
pixel has three intensity values of three different chan-
nels, e.g. red, green, and blue (RGB). Digital image
processing techniques use computer algorithms to
identify objects and their relationships in a digital
image. The key step in this process is the identification
of the edges in the digital image (Donovan 2002). The

K-mean clustering algorithm divides the whole image
into k clusters, in which each pixel belongs to the
cluster with the closest mean. Therefore, the K-mean
clustering algorithm was adopted to identify objects
using the intensity differences between pixels of paint-
ings and asphalt backgrounds (Vora and Oza 2013).

2.3. System of UAV-based pavement marking
integrity evaluation

In this part, a framework for pavement-marking eva-
luation using UAV is proposed. As shown in Figure 2,
the framework introduces all aspects of a UAV-based
evaluation platform and how it is applied in
a pavement-marking management system and is cate-
gorized into four groups: pavement marking assess-
ment requirements, data collection, data analysis, and
decision-making.

Qualifications of UAV-based assessment are defined
by the pavement assessment requirements, which are
the foundations for the following procedures. Some of
these requirements correspond to certain inspection
tasks for different types of defects such as cracking,
potholes, and decayed painting retro-reflectivity (J.
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Sun, Aslani, et al. 2021; J. Sun, Wang, et al. 2022).
Assessment tasks are supposed to define quality pro-
blems that should be detected and explain the
expected quality indexes. Enforceable standards are
listed in related codes and regulations and are usually
maintained by the transport department. Other
requirements on the data attributes include timeliness,
reliability, and transparency of the collection process.
Timeliness and reliability describe the efficiency and
quality of data collection, while transparency indicates
whether the user can fully control and interrupt the
data collection process. The data collection perfor-
mance is useful for managing the schedule and cost
of an assessment project.

Effective collection of data to reflect pavement con-
ditions is a central component of a pavement manage-
ment system. The data collection process is the most
resource-intensive part of UAV-based quality assess-
ment and mainly comprises the following steps: a)
flight planning, b) UAV control, c) onsite collection, d)
data repository, and e) communication. The overall
process of onsite data collection is described in
Figure 3.

The flight path for autonomous data capture is
a crucial component in the planning phase. Despite
the common factors considered in task specification
and work permission, other factors such as weather
and obstacles should also be paid attention to.
Weather condition impacts the image quality and
severe weather condition could jeopardize the safety
of the UAV. Vegetation and other obstacles may cover
some parts of the road surface and adversely impact
the flight altitude adjustment. The final flight and work
plans are designed according to all these factors. The
flight is supposed to cover all inspection assessment

Fllght Plannlng

Figure 3. Process of UAV-based data collection.

Data Collection

areas at a workable resolution and minimize costs
including manual effort, battery usage, and flight
time. Thus, the flight path designing process is derived
by solving the optimization problem. Parallel genetic
algorithms and particle swarm optimization have been
utilized in the UAV autonomous control module to
achieve real-time optimal trajectories (D. Li, Ge, and
Lee 20210; Roberge, Tarbouchi, and Labonté 2013).
Furthermore, the design can take advantage of as-
built or as-designed models of the infrastructure to
be inspected (Lv, Chen, and Lv 2022; W. Zhang et al.
2021). Sufficient information such as obstacles and
constraints regarding the flight mission is contained
in GIS (Geographical Information System) or BIM
(Building Information Model).

UAV certain management team is urgent for each
project to be responsible for the transportation, flight,
monitoring, and retrieval of the UAV platform during the
whole period of data collection. After taking off, a UAV
can fly autonomously according to the planned path
with its navigation and control system. This autono-
mous flight has major benefits including high efficiency,
minimized workforce, and low cost, particularly for
large-scale projects. Ground control is necessary to set
up the initial environment and monitor the UAV opera-
tion. As an alternative to autonomous flight, the UAV
can be remotely controlled during the entire flight by an
operator. The flying height of a UAV varies from a few
meters up to 300 m depending on the safety require-
ments of the relevant civil aviation authorities. A suitable
flight altitude is based on terrain conditions and data
collection requirements to satisfy both safety and func-
tionality. The management team will then retrieve the
UAV platform once all the regions of interest are cov-
ered and the flight process is completed.

Data Processing

Evaluation Report
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UAV-borne cameras can capture high-resolution
images of pavement surfaces by cooperating with the
flight altitude and camera performance. The accurate
assessment will then be realized based on the clear
record of pavement defects. The raw data can either be
stored on a UAV platform or transferred back in real
time to a ground station via a wireless communication
system. Besides, instant communications support the
transfer of inspection data like videos and images
between the UAV platform and ground control. Real-
time data transmission plays an important role in the
real-time inspection of pavement quality (Zhou et al.
2022; Zhu et al. 2022). However, the bandwidth of data
transmission restricts real-time data transmission
(Jiang and Li 2022; Wu et al. 2021). Thus, onboard
data processing is preferred and studied to enable
autonomous online data processing and reduce the
volume of data transmission. The onboard data proces-
sing means data compression and redundant data
cleaning for the assessment task.

Safety must be secured in the data collection stage
when flying an unmanned assessment platform over
roads or inhabited areas. Especially, remote control of
high flight altitude and assessment systems are
exposed to risks that are different from conventional
methods. Electromagnetic interference may lead to
the failure of navigation and communication of
a UAV platform. Besides, the climate of the inspection
region has an impact on both data quality and safety.
For example, the assessment procedure may impose
temporary speed and access limits on the infrastruc-
ture or facilities being inspected. Furthermore, the
altitude of the UAV should be adjusted to avoid power-
lines otherwise serious hazards may occur. Many reg-
ulations for UAV flights are released by civil aviation
authorities in the past decade. However, there are still
many violated rules, which are likely to cause not only
crashes of UAVs but also public safety issues. This is
especially important for special environments near air-
ports and aerodromes. Therefore, several key points
are anticipated to be considered including detailed
planning, technical reliability of hardware, and compli-
ance with regulations.

Data processing is the interpretation of images to
produce information supporting pavement manage-
ment and plays a key role in any successful pavement
management system (Du et al. 2021; Y. Li et al. 2021;
Zheng, Liu, and Yin 2021). It classifies the raw images,
detects regions and features related to road quality,
and finally recognizes defection and surface anomalies
of pavements (Cao, Li, et al. 2021). Depending on
sensor and data types, many approaches have been
investigated and applied for defect detection, includ-
ing conventional feature detection, machine learning,
and the state-of-the-art deep learning approaches (J.
Sun, Lin, et al. 2021; J. Sun, Wang, et al. 2021; Tang et al.
2021). A critical review of computer vision-based

approaches for defect and condition assessment of
infrastructure is presented by (Koch et al. 2015).
Besides, current image-based reconstruction techni-
ques 2D and 3D models of road surfaces can be built
and used to detect geometric defects (Lhuillier 2012).
The accuracy of surveying with the UAV platform is up
to centimeters. The power of the analysis approach can
be assessed in the following aspects: speed, reliability,
cost, and level of automation. A high automation level
can reduce labor costs and time of assessment work.
Computation cost and reliability are two main factors
influencing the choices of different approaches. The
extremely high computation complexity of analysis
algorithms leads to the impossibility or high cost of
real-time online data analysis. The low altitude of flight
and the high-quality camera produces images of high
resolution, which contain rich information regarding
painting quality and pavement defects. In the follow-
ing section, a painting quality evaluation method using
UAV imagery is proposed. The final evaluation report
will describe the results of pavement evaluation with
UAV and give quantitative indicators regarding surface
conditions. Compared to decision-making based on
the knowledge and experience of road supervisors,
those high-quality data and quantitative indicators
make the assessment system more objective, accurate,
and reliable.

The action plan is related to decision-making and
means actions required to retrofit pavement markings
given the results of the UAV assessment. The extent of
deterioration of pavement markings is properly ranked
based on quality indicators from UAV-based evaluation
on maintenance and rehabilitation. Pavement man-
agers make working plans regarding pavement main-
tenance. If repairment is required, available resources
are distributed based on conditions and the priority of
repairing tasks. At present, heuristic methods like
genetic algorithm or artificial intelligence techniques
are studied to solve the resource allocation task, which
is modeled as an optimization problem. More impor-
tantly, the UAV platform can also be applied to quality
control, progress monitoring, and documentation pro-
cess of the maintenance project. Through repeated
flights over the repaired areas, updated information
can be obtained with the same procedure as the initial
assessment.

3. Case study and results
3.1. Pavement marking image collection

An experiment was conducted to test the feasibility of
the developed method in a parking area of a university.
An overview of the experiment site is displayed in
Figure 4. The UAV is a small fixed-wing one and is
transported to the site by car. To avoid influencing
parking users and ensure safety, the experiment was
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Figure 4. UAV platform adopted in the experiment: (a) Vehicle to transport the UAV, (b) The small four-winged rotary UAV, and (c)

The test bed and two pilots controlling the flight.

Figure 5. Overview of the car park area in the experiment and positions of cameras when capturing photos.

arranged in the early morning when there were few
cars and the inspection area was temporarily closed.
Rather than in an autonomous mode, the UAV is
manually controlled by a pilot with a remote controller
during the inspection process. The UAV flew along two
strips above the car park and the approximate flight
path is shown in Figure 5 with red lines. The platform is
embedded with a camera of SONY DSC-RX100M3. The
resolution of the image is 5472 x 3080 pixels and is
captured with a fixed focal length of 8.8 mm. The
distribution of captured images is also depicted in
Figure 5, where blue rectangles show where pictures

Number of Good
pixels divided by
total area

were taken. All the images are stored in the camera’s
storage and processed after the UAV is retrieved.

3.2. Parking marking quality evaluation through
digital image processing

In this study, a marking quality evaluation method based
on UAV imagery is developed (Figure 6). This method first
extracts painting areas from images taken by the UAV
and then classifies painting areas according to their tex-
ture. A quantitative indicator of marking quality is finally
proposed based on the classification results.

Calculating painted
area (number of
pixels associated

with each line)

Line 1 is in better
condition compared
to line 2 which is
approved visually

Figure 6. Process of evaluating painting quality: (a) Original image, (b) Binary image, (c) Pixels of good quality, and (d) Evaluating

results.
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Given intensity differences between pixels of paint-
ings and asphalt backgrounds, the pixels belonging to
painting regions are classified using the K-mean clus-
tering algorithm (Vora and Oza 2013). The K-mean
clustering algorithm divides the whole image into
k clusters, in which each pixel belongs to the cluster
with the closest mean. The color differences between
painting areas of parking lines and backgrounds are
obvious. Based on this, a color-based K-mean cluster-
ing algorithm is used to cluster the whole painting area
into two groups. One of the groups contains pixels that
are of parking bay lines and the other contains pixels of
backgrounds. During clustering, the distance between
two pixels is measured by the Euclidean distance
between their color vectors. Instead of the original
RGB color space, the clustering process is performed
in the LAB color space, as it can avoid the influence of
illumination and objectively distinguish different col-
ors. To avoid local minima, the clustering process is
repeated several times until a stable clustering is
achieved. After clustering, the painting area is filtered
with morphological operations, which reduce the
impacts of painting abrasion and random noise. With
the above-described method, we tried to detect all
parking lines in the experiment area and detection
results are shown in Figure 7, where parking lines are
isolated as blue lines on dark background. The experi-
ment illustrates that the approach succeeds in detect-
ing all parking lines from images.

Due to the intensity differences between pixels of
different qualities, they belong to two different clusters

in the histogram of the image. Figure 8 displays the
histogram of a UAV image including the painting area.
In the histogram, there are two peaks corresponding to
two clusters. To extract painting regions of high quality
from the whole painting area, the original photo is con-
verted to a binary one with the grayscale thresholding
method. Thresholding changes pixels below a certain
threshold into zero (poor) and pixels above the threshold
into one (high quality). A key part of this method is to
determine thresholds that divide pixels of images into
background and foreground. This paper applies the Otsu
method to find the threshold that minimizes the overlap
between the background and foreground (Otsu 1979).
After thresholding, the painting area of high quality will
be segmented into the foreground of a binary image,
while the remaining areas are backgrounds.

Then, the number of high-quality pixels in
a painting area is counted, and its ratio to the whole
number of pixels in this area is chosen as a quantitative
indicator of painting quality. If the ratio value is above
a predefined threshold, a painting area will be consid-
ered as of good condition. Otherwise, it will be marked
as poor condition. The threshold is determined accord-
ing to the inspection criterion.

The following procedure was adopted to set the
threshold of 0.90. Two of the researchers visually
inspected the 12 surveyed lines before the experiments
separately. They then agreed on a ranking of the lines in
terms of their deterioration status. The outcome of the
manual onsite examination was that the four lines shown
at the far-right side of Figure 9 needed repainting. Those

Figure 7. Results of parking lines detection (paintings are represented as blue areas).
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Figure 8. Histogram of a UAV image.

Intensity
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Figure 9. Quality evaluation results of parking lines where lines of poor quality are marked as red.

Table 2. Quality index of parking lines.

Line number 1 2 3 4 5 6
Quality Index 0.94 0.93 0.93 0.92 0.92 0.91
Line Number 7 8 9 10 1 12
Quality Index 0.93 0.91 0.88 0.80 0.83 0.84

lines had suffered from degeneration as a result of heavy
abrasion of vehicle tires. The ranking was then mapped
against the calculated indices to inform the threshold
that should be used as an indicator of poor line quality
in the current and future applications. It must be noted
that the threshold can be set at the discretion of each
user based on their own tolerance of the degree of
deterioration.

3.3. Decision making

The UAV-based evaluation system produces the ratio
of complying pixels overall painted area as
a quantitative index of painting integrity, enabling
a pavement marking manager to make proper deci-
sions on maintenance. The results of the parking-line
quality evaluation are shown in Figure 9 and Table 2,
where lines of different qualities are displayed and
their corresponding quality indexes are presented. In
the test area, there are 12 parking lines in total. Four of
them have an index of lower than 0.90 and are of poor
quality and required to be repainted or fixed. The four
lines are highlighted in Figure 9.

4. Discussion and limitation

Given the result of the case study, the assessment
conducted by UAV could match human judgment
greatly. UAV can complete the task of automated pave-
ment marking assessment and exhibits the potential
for large-scale application. However, the UAV is con-
trolled manually but not automatically since the small
size of the parking lot and the evenly distributed road
marking lines. The conditions of the above practice are
not complex enough, despite the dense road mark-
ings. First, no obstacle interfered with the flight and
the inspection area was temporarily closed to avoid
influencing parking users and ensure safety. The park-
ing was kept vacant for the purpose of this study, but it
is anticipated that the shadow of the cars, fully or

partially, cover pavement marking in real-life applica-
tions. This is not going to be an issue in practical
scenarios because the K-mean clustering algorithm
that is used for extracting painted regions works on
the basis of color difference of the marking and the
pavement. Only two clusters, namely the painted lines
and the background pavement, are required to be
produced in our image processing. Hence, the over-
shadowed lines are still expected to be clustered as
painting. Note that the use of LAB color space instead
of RGB also reduces the impact of varying illumination.

Second, the K-means algorithm should also be
expanded to process non-vertical angle photos to
improve the efficiency of data collection and flexibility
of flight routes.

Third, the endurance of the UAV limits the large-
scale application of the UAV in the inspection of the
road marker line. The flight time of a UAV in this
experience is about 22 min, which is enough to deal
with a small task like a parking lot but not affordable
for city-scale tasks. Thus, higher-performance batteries
and optimized flight routes have been the key content
in the design and deployment of UAV.

Fourth is policy and safety restrictions on UAV flights.
Space monitoring agencies like the European Aviation
Safety Agency (EASA from the EU) and the Federal
Aviation Authority (FAA, US), allow the use of drones
with some restrictions. The restrictions include weight,
sensors and equipment (such as a camera), day-only
operations, altitude, professional training and certifica-
tion, registration of drones and prior permissions for
using the air space, especially in controlled flying space.
Especially, the most critical restriction that blocks wide-
scale use is that the operation of drones should remain
below the visual line of sight (VLOS) of the operator
(Davies et al. 2018). Extended Visual Line of Sight
(EVLOS) operations need submissions from the Civil
Aviation Authority (CAA) which include an acceptable
safety case and the use of deployed observers.
Furthermore, the Beyond Visual Line of Sight (BVLOS)
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poses the highest risk. Permission for the BVLOS must
consider aerial separation and collision avoidance, or
even within segregated airspace [68].

Fifth, the ability of UAVs to respond to emergencies,
such as bad weather, collisions, line failures, etc., is
necessary to configure parachutes and other equipment
to protect equipment and data security. It is possible
that drones can be equipped with a system that can
recognize any failure or unpredicted change in weather
conditions and the system automatically aborts the
operation using some mechanisms such as deploying
UAV parachutes or navigating back to the base.

The framework presented in this paper is suitable for
autonomous assessment of all scenarios involving pave-
ment marking. An on-campus parking was selected as
a test case primarily due to the ease of its closure for the
experimentation. The study was the first of its kind, and
hence the research team was cautious of safety. Therefore,
the parking was kept vacant as a safety measure.

5. Conclusion

In this work, a UAV platform for pavement marking
evaluation is developed to increase the efficiency and
access ability of conventional assessment approaches.
The framework of UAV-based evaluation is discussed in
detail, describing the whole process of pavement mark-
ing management. An experiment is conducted to vali-
date the developed platform. The results demonstrate
that UAV-based assessment approach can evaluate the
quality of paintings in a car park and support pavement
marking management decisions. The cost of the
deployed UAV system is very low and can be extended
to inspect other road elements including cracks, mar-
kers, and signs. Future work will be conducted on the
integration of multiple sensors on UAVs to capture more
data regarding road quality. UAV-based evaluation will
be extended into a comprehensive inspection tool for
both road surface and pavement marking.
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