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Abstract: Lateral support systems in vehicles have a high potential for reduction of lane departure
crashes. To profit from their full potential, such systems should function properly in adverse
conditions. Literature indicates that their accuracy varies between day and night-time. However,
detailed quantifications of the systems’ performance in these conditions are rare. The aim of this study
is to investigate the differences in detection quality and view range of Mobileye 630 in dry daytime
and night-time conditions. On-road tests on four rural road sections in Croatia were conducted.
Wilcoxon signed-rank test was used to test the difference between the number of quality rankings
while absolute average, average difference and standard deviation were used to analyse the view
range. Also, a paired samples t-test was used to test the difference between conditions for each line
on each road. The overall results confirm that a significant difference in lane detection quality view
range exists between tested conditions. “Medium” and “high” detection confidence (quality level
3 and 2), increased by 5% and 8% during night-time compared to daytime while level 0 (“nothing
detected”) decreased by 12%. The view range increased (almost 16% for middle line) during daytime
compared to night-time. The findings of this study expand the existing knowledge and are valuable
for research and development of machine-vision systems but also for road authorities to optimize the
markings” quality performance.

Keywords: ADAS; lateral support systems; lane detection; automated driving; visibility; lane
keeping systems

1. Introduction

Lane departure crashes are one of the most common types of road accidents. In the
US alone, 51% of all fatal accidents are caused by lane departure, i.e., a vehicle crossing the
edge or the centre line [1]. There is a variety of contributing factors involving the driver,
the vehicle, the road and its surroundings (the environment) but it is proven that rural
roads with low traffic volume and density are more likely to contribute to road departure
accidents [2]. This is mainly due to higher travelling speed, distracted driving and/or
fatigue. Different safety measures have shown positive results in decreasing lane departure
accidents [3-5], yet the overall problem still exists.

A potentially promising solution to the aforementioned problem lies in automated
driving and Advanced Driver Assistance Systems (ADAS), which perceive the static and
the dynamic content of the environment around the vehicle and thus assist the human
driver in driving. An important task during environment perception is lane detection
needed for Lateral Support Systems (LSS), which comprise of lane departure warning
and/or lane keeping assistance. The main purpose of LSS is to prevent road accidents
caused by road departure or entrance in the lane of other vehicles. Due to high fatality
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rate in such accidents, the use of different LSS could significantly improve the overall road
safety [6-9].

In literature, two main technologies for LSS are reported: LIDARs (Light Detection
and Ranging) and vision-based cameras. The main advantage of LIDAR is the fact that it
uses an active light source and thus does not rely on the variabilities associated with exter-
nal/natural lighting as do regular vision-based cameras [10]. However, LIDAR technology
is usually used for adaptive cruise control, while lane detection is only partially feasible
and mainly used in expensive demonstrator vehicles for highly automated driving [11].
Therefore, current market-ready systems use passive vision-based cameras and image
processing to collect and analyse the data from roads [12]. In general, camera-based lane
detection starts from image pre-processing which includes different corrections of the
collected image (such as exposure correction and shadow removal) and feature extraction.
This is then followed by feature detection and model fitting, and then time integration to
keep temporal and position consistency [13].

The proper function of LSS depends on several factors [11,14,15]: the quality of the
camera (focal distance and camera velocity), condition, colour, width and visibility of
lane markings (daytime visibility, night-time visibility—retroreflection and contrast to
pavement), lane marking configuration (full/dashed, length of dashed lines), driving
speed, weather conditions, general visibility of the environment, sun direction, pavement
characteristics (type, condition and texture), geometry of the road, type of road edge
(structured /unstructured) and combinations of the above factors.

Several studies have investigated how lane markings’ characteristics affect the ac-
curacy of lane detection under different conditions. One of the first such studies was
conducted in Sweden in 2010 with the aim of testing various types of lane markings
(flat/profiled, new /existing) under different weather and lighting conditions [16]. The
study concluded that in dry daytime conditions, the luminance coefficient must be at least
5 med /1x/m? higher than the road surface and that it should be at least 85 mcd/1x/ m?2.
Furthermore, the study also found that roads wider than seven meters need to have a
centre line in order for LSS to become active. Finally, the study highlighted the importance
of increased visibility of lane markings in wet and rainy conditions. In 2016, a research
was conducted with the aim of identifying the effects of lane markings’ characteristics
(width, colour and retroreflectivity) on the performance of a machine-vision system [17].
The study concluded that the view range of the investigated machine-vision (Mobileye) is
between 6-18 m in front of the vehicle and that, at night-time, the retroreflectivity of lane
markings affected the reading quality. Namely, lane markings with higher retroreflectivity
increased the reading level and confidence. Also, wider lane markings (15 cm width) were
read better when compared with narrower markings (10 cm width), regardless of stripe
colour. Similar results were obtained in a 2017 study [18]. The results indicated that the
machine-vision (Mobileye) detection of lane markings generally increased with the increase
of retroreflection and contrast ratio. However, the authors highlighted that factors such as
light bloom from a low-angled sunlight or visual occlusion from rain, snow, or fog may
also influence the detection and readability of machine-vision. Furthermore, such systems
generally detect markings with the minimal retroreflectivity of 100 mcd/Ix/m? but do
not necessarily provide the strongest detection. An extensive study, which consisted of
interviews of stakeholders and on-road and off-road testing, was conducted in Australia
in order to determine the implications of road markings for machine vision [11]. Testing
scenarios included several test cases which included the impact of different road mark-
ings’ characteristics (daytime dry luminance coefficient—Qd, daytime dry contrast ratio,
day wet contrast ratio, night dry retroreflectivity—R{,, night dry contrast ratio, night wet
(recovery) retroreflectivity—Ry,, night wet contrast ratio width, marking width), different
complex situations (such as road markings’ perceptual measures), non-marked edge line,
road curvation etc. The authors used several vehicles and a Mobileye camera to test lane
detection depending on different scenarios. Based on data analysis, it was concluded that
machine-vision detection of solid lines is “better” when compared to dashed lines with
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same characteristics (equal width, brightness and maintenance). Weather conditions also
impacted machine-vision readings differently. Namely, minimal ambient lighting (such as
streetlights or low-angled sunlight) may improve the contrast ratio due to reduced specular
diffusion and, thus improve line detection. On the other hand, with excessive ambient
lighting, machine-vision systems can suffer from ‘light bloom’. Furthermore, the contrast
ratio for night-time visibility of between 5-to-1 and 10-to-1 between lane markings and the
surrounding substrate is needed for proper functioning of the machine-vision system. Also,
lane detection during the day was generally less effective than at night-time due to the
complexity of visual clutter evident during daylight hours and the fact that retroreflective
properties of well-maintained lane markings provide greater contrast during night-time. In
addition, the study found that several other factors, such as driving speed, marking width,
maintenance practices etc. influence the accuracy of machine-vision.

Most recently, a researcher at the Department of Civil Engineering and Architecture at
the University of Catania used Automatic Road Analyzer (ARAN) and Mobileye 6.0 system
to investigate how different road factors (road characteristics and conditions) impact the
performance of the LSS system [19]. The ARAN was used to obtain measures of road
geometric characteristics (cross section, gradients, horizontal and vertical alignment) which
were then synchronised with the Mobileye. In addition, the luminance coefficient of the lane
marking in diffuse lighting conditions (Qd) was detected with a portable retroreflectometer.
Based on the data analysis using a Decision Tree Method, authors concluded that when
daytime visibility (Qd) of road markings is lower than 153 mcd/Ix/m?, the probability of
LSS failing rises to 11.4% for the calibration sample and 14.35% for the validation sample.
Also, curved road sections (with R < 141 m) showed a higher percentage of faults than the
average 3% in the test conditions. On the other hand, the average driving speed did not
result in any significant changes in LSS accuracy. Overall, the results suggest that a Qd
higher than 153 mcd /1x/m? improves the detection of lane markings using a Mobileye
lane detection system.

Based on literature findings, one can conclude that the function of LSS is influenced by
anumber of factors and their interaction. However, it is still largely unknown to what extent
each factor influences LSS, precisely due to their high number and their interaction (one
factor may significantly influence another one in certain conditions). The aforementioned
can be seen from the example of “visibility factor”, i.e., lane detection between daytime and
night-time. Several studies indicated that the accuracy of lane detection varies between
day and night-time, however it is still largely unknown to what extent these differences
go. For this reason, the aim of this study is to conduct on-road tests in order to determine
and compare the detection quality and view range of the machine-vision system during
dry daytime and night-time conditions. Based on the aforementioned aim and literature
review, the hypotheses of the study are as follows:

- A statistically significant difference of detection quality and view range of lane detec-
tion system exists between daytime and night-time conditions;

- Detection quality of lane markings is “better” during night-time compared to daytime;

- View range of the machine-vision system will be longer during daytime compared to
night-time.

The results of the study are important for two reasons. First, they provide a valuable
input to researchers and developers regarding the “real-world” functioning of machine-
vision lane detection. The insight into the variations of lane detection accuracy in different
visibility conditions may help further development of such systems. Second, the results
may help road authorities in optimizing the quality performance of road markings. Namely,
it is still not entirely clear what the minimal quality requirements for road markings are in
order to provide adequate accuracy of machine-vision. However, knowing which visibility
conditions are more problematic for machine-vision may help road authorities in prioritiz-
ing maintenance activities as well as defining minimal visibility levels of road markings.

The manuscript is structured in five main sections. Section 1 presents the research
problem and literature findings related to the impact of road markings quality on LSS.
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Section 2 describes the research equipment, testing procedure, road sections chosen for the
purpose of this research and data analysis. The results of on-road tests are divided into two
subsections presented in Section 3: Quality of lane markings’ detection and view range of
lane markings. In Section 4 the obtained results are discussed and compared to findings
from previous studies, including limitations and suggestions for future studies. The last
section (Section 5) presents the conclusion of the study and provides potential practical
application for the obtained results.

2. Materials and Methods
2.1. Apparatus

The data related to lane detection was recorded using Mobileye 630 system imple-
mented in the testing vehicle (BMW640i) of the Institute of Automotive Engineering, Graz
University of Technology (Figure 1). The system is developed by a leading supplier of
camera systems for ADAS and it was previously used in several studies [11,14,17,19]. The
Mobileye 630 system uses a digital camera with the 38 degrees horizontal and 28 degrees
vertical field of view located behind the front windshield inside the vehicle. Using im-
age processing chips, the camera enables high-performance real-time image processing
(15 frames per second) of different objects on roads such as lane markings, pedestrians etc.
The system, among others, conforms to the Directive 72/245/EEC for electronic equipment
which can be built in road vehicles and enables extraction of recorded data for further
processing. For the purpose of this study, we recorded the data related to the type of
detected longitudinal marking (continuous or dashed), approximate marking width, view
range and the quality of the marking both for middle and edge lines. The vehicle was
also equipped with a precise measurement system to record the vehicle’s trajectory by a
combination of GPS localization (Novatel OEM-6—RT2 receiver) and inertial measurement
unit (GENESYS ADMA G-III).

l-——

=

Mobileye 360 .

Figure 1. Testing vehicle with Mobileye 360 implemented behind the front windshield inside
the vehicle.

2.2. Test Road Sections and Procedure

The study was conducted on four rural road sections in Croatia in total length of
120.8 km. The roads were two-way roads with 3.5 m lane width and low traffic volumes.
Three road sections were marked with the middle line and partially with edge lines while
the fourth road had only the middle line. All markings were white, 15 cm wide and made
from solventborne paint (Type I). The main characteristics of the road sections are presented
in Table 1.
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Table 1. Characteristics of test road sections.

. . Length of the . Length of the

# Road Lenght (km)  Markings Width (cm) Middle Line (km) Age of the Marking Edge Line (km)
Solid: 20.61 Middle: <6 months -

! 32.21 15 Dashed: 11.60 Edge: >1 year Solid: 11.73
Solid: 14.68 Middle: <6 months .

2 20.53 15 Dashed: 5.85 Edge: >1 year Solid: 11.30
Solid: 15.00 Middle: <6 months .

3 38.05 15 Dashed: 23.05 Edge: >1 year Solid: 22.27

4 30.01 15 Solid: 30.08 Middle: >1 year -

The roads were selected based on the fact that they are rural with low traffic volumes.
Rural roads with low traffic volumes have higher risk of road departure accidents [2] and
thus the importance of LSS is increased. Also, roads were selected since they have the
recommended width of lane markings for LSS [20-22] and on the majority of their length,
there is no road lighting. Road lighting was present only on short sections located in
populated areas. However, these sections were excluded from the analysis (see Section 2.3).

Each road was “measured” twice: once during daytime and once during night-time.
The measurements for night-time conditions were conducted on 21 September 2020 and on
22 September 2020 for daytime conditions. The measurements were done between 10:15 h
and 13:00 h during daytime and between 19:20 h and 22:20 h during night-time. In both
conditions, the weather was dry and the sky clear. The driving speed was in accordance
with the speed limit and differed between 60 km/h and 80 km/h. In this way, we tried
to control the impact of speed on the detection of markings since literature suggests that
speed has a varying impact on machine-vision (some improve at higher speeds, some
degrade) [11].

2.3. Data Analysis

Raw data from the Mobileye device was extracted using Control Area Network (CAN)
bus interface separately for each road. As stated in Section 2.1, the data was recorded with
Mobileye, and two main variables were analysed: view range and the detection quality
of the markings. View range was determined in meters (maximal value 80 m) while the
quality level was ranked on the scale from 0 to 3, where 0 equalled “nothing detected”,
1 presented “low detection confidence”, 2 “medium detection confidence” and 3 “high
detection confidence”. The thresholds for each quality level are not known to the authors
since this information is a “know-how” of the manufacturer. The sampling rate of the
camera was set at 100 Hz and GPS coordinates were recorded for each sample.

Since smaller parts of the roads are passing through settlements with road lighting,
we have excluded those sections from the analysis in order to eliminate the impact of such
environmental lighting on Mobileye during night-time. Also, since edge markings were
not located on the whole length of the analysed roads, sections without edge lines are also
excluded from the analysis.

The results of the “measurements” between day and night conditions were correlated
based on the GPS coordinates. Two analyses were conducted: (1) quality of lane marking
detection; and (2) view range. With respect to (1), the number of samples per each quality
level was calculated for each road. Wilcoxon signed-rank test was used to test the difference
in the number of quality rankings on each road during daytime and night-time. The
Wilcoxon signed-rank test is a non-parametric equivalent of the dependent t-test, meaning
that it is based on the differences between scores in the two comparing conditions. Once
the differences are calculated, they are ranked and the sign of the difference (positive or
negative) is assigned to the rank [23]. To calculate the significance of the test statistic (T),
the mean (T) and the standard error (S E7) are used as shown in the following equation:

T=/n(n+1)4 ¢y
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Based on the test statistic, the mean of the test statistic and the standard error, z-score
is calculated using the Equation (3):

n(n+1)
S e ©)
n(n+1)(2n+1)
24

The view range analysis included the calculation of the absolute averages for each
road, line and visibility conditions as well as the average difference and standard deviation
when daytime reading quality was higher compared to night-time and vice versa for
both markings (middle and edge). Finally, a paired samples t-test was used to test the
difference between night-time and daytime conditions for each line on each road. In
general, a paired samples ¢-test compares the means of two measurements taken from
the same individual object, or related units. These “paired” measurements can represent
a measurement taken at two different times, a measurement taken under two different
conditions or measurements taken from two halves or sides of a subject or experimental
unit. The test compares the mean difference between samples (D) to the difference that
is expected to be found between population means (¢#p), and then takes into account the
standard error of the differences (Sp/+/N), as shown in the following equation:

P D —pp
Sp/VN

If the null hypothesis is true, then it is expected that there is no difference between
the population means (yp = 0). The purpose of the test is to determine whether there is
statistical evidence that the mean difference between paired observations is significantly
different from zero [23].

In both tests (Wilcoxon signed-rank and paired samples f-test), the significant level
was set at 0.05. IBM SPSS 26 was used for statistical analysis.

)

3. Results

As described in Section 2.3, raw data for each road was purified after extraction in
order to exclude road sections without edge markings as well as parts with road lighting.
The final data used in the analysis included 2,649,472 samples and for each sample the
quality of the detection and the view range were recorded. The total number of samples per
each quality level, line type (middle/edge) and visibility conditions (night-time/daytime)
is presented in Table 2.

Table 2. Number of analysed samples.

Quality Night-Time Daytime Total
Level Middle Edge Middle Edge ol
0 136,547 269,928 124,530 330,601 861,606
1 21,912 7968 22,029 7767 59,676
2 76,333 111,206 103,074 69,030 359,643
3 523,046 177,796 508,205 159,500 1,368,547
Total 757,838 566,898 757,838 566,898 2,649,472

Further analysis is divided into two subsections: Quality of lane markings’ detection
and view range of lane markings, and presented in the following chapters.
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3.1. Quality of Lane Markings” Detection

During night-time, 69% of all readings of the middle line were ranked as level 3, i.e.,
“high detection confidence”. Around 18% of middle markings were not detected (level
0), almost 2% had “low detection confidence” (level 1) while 10% had “medium detection
confidence” (level 2). On the other hand, night-time readings for the edge line are as
follows: 31% level 3, 20% level 2, 1% level 1 and 48% level 0.

The overall results for the middle line show that the number of samples classified as
level 3 and 0 differed around 2% between daytime and night-time with lower number of
samples recorded during daytime. On the other hand, the number of samples classified
as level 2 during daytime increased by reaching 3.5% difference compared to night-time,
while level 1 varied slightly between the two conditions. A similar result was found for the
edge marking. During daytime, the number of level 3 and 2 samples decreased compared
to night-time, with differences of around 3% and 7% respectively. The number of level 1
samples increased during daytime and differed by 10.7% to the night-time, while level 1
stayed approximately the same.

The afore-presented results are shown in Figure 2.

100%

90%
= 80%
5 69.02% )
2 70% 67.06%
2
E 60%
Nz
'g 50%
1]
S 40%
S 30%
0 18.029
=W 20% % 16.43% 13.60%
o 10.07%
%0 2.89% 2.91%
0% — L
0 I 2 :
Quality level
®m Middle line - Night-time ® Middle line - Daytime
(a)
100%
90%
E 80%
5 70%
= 0,
S 0% 58.32%
S s0y, —47.61%
on
S 40% 31.36%
= - 0,
5 30% 28.14%
= 19.62%
~ 20% 12.18%
10% 1.41% 1.37% l
0%
0 1 2 :
Quality level
m Edge line - Night-time Edge line-Daytime
(b)

Figure 2. Comparison of the Mobileye readings (quality level) between night-time and daytime
quality measurements for middle (a) and edge lines (b).
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Overall, when analysing all roads and lines together, on average 50% of daytime
readings were classified as level 3, 13% as level 2, 2.2% as level 1 and 34% as level 0. On
the other hand, those averages changed to some extent during night-time as visible from
the Figure 3. Namely, the average number of level 3 readings decreased by almost 5% in
daytime compared to night-time conditions. It is similar for level 2 where the decrease is
8% while the number of level 1 readings decreased slightly (0.28%). On the other hand, the
number of level 0 readings in daytime increased by 12% compared to night-time.

100%
90%
80%
70%
60% -4.73%
50% 11.97%

40%
30%
20% -8.23%
10% -0.28% .
0% —
0 1 2

Quality level
m Night-time Daytime

Percentage distribution

W

Figure 3. Number of overall reading qualities during daytime and night-time as well as their
differences (day—night).

When looking at each road separately, the results show that on all the roads the
percentage of level 3 readings is higher during night-time when compared to daytime,
reaching the maximum difference on road four—3.52%. On two roads (one and four), the
percentage of level 2 daytime readings is higher compared to night-time and lower on other
two roads (two and three). The percentages of level 1 readings remained approximately
the same in both conditions while the number of level 0 readings is higher during daytime
on three roads (one, two and three) with the maximum of 6.86%. The results for each road
are presented in Table 3.

Table 3. Frequencies and percentages of samples by each marking quality rank for middle and edge
lines during night-time.

Road l\é?lr;ig:‘; Daytime Night-Time Daytime-Night-Time
0 32.61% 31.38% 1.24%
1 2.70% 2.99% —0.29%
1 2 19.60% 17.70% 1.89%
3 45.10% 47.93% —2.84%
0 46.48% 39.62% 6.86%
1 3.18% 2.89% 0.29%
2 2 6.98% 10.92% —3.94%
3 43.36% 46.57% —3.21%
0 28.59% 22.98% 5.60%
1 1.50% 1.43% 0.07%
3 2 11.31% 15.57% —4.26%
3 58.61% 60.02% —1.41%
0 53.25% 47.07% —0.42%
1 1.48% 1.64% 0.00%
4 2 16.04% 13.67% 3.94%
3 29.23% 37.62% —3.52%
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In order to test the statistical difference between the detection quality of lane markings
during daytime compared to night-time, a Wilcoxon signed-rank test was used. Table 4
presents the results of the aforementioned tests, separately for middle and edge lines on
all four roads. Although the majority of samples had “equal readings” in both conditions
(day = night), it can be concluded that for all four roads a statistically significant difference
in the number of samples between visibility conditions still exists (p < 0.05). Roads 1 and 4
have more samples which had higher readings during night-time compared to daytime,
while it is the opposite on roads 2 and 3.

Table 4. Results of Wilcoxon signed-rank test for middle and edge lines on analysed roads.

Middle Line Edge Line
Road Comparison N 7 . Asym.p' N 7 . Asym.p'
Sig.(2-Tailed) Sig.(2-Tailed)

Day < Night 59.899 45.890

1 Day > Night 40.474 —4.62 <0.05 48.913 —20.532 <0.05
Day = Night 98.369 103.939
Day < Night 20.177 36.485

2 Day > Night 32.018 —35.144 <0.05 13.910 —109.836 <0.05
Day = Night 79.705 81.505
Day < Night 38.225 85.202

3 Day > Night 40.965 —14.26 <0.05 62.247 —76.954 <0.05
Day = Night 157.066 88.807
Day < Night 47.808 -

4 Day > Night 45.717 —8.297 <0.05 - - -
Day = Night 97.415 -

3.2. View Range of Lane Markings

Overall, the absolute average of Mobileye’s view range for the middle line during
night-time was 34.07 & 22.23 m. During daytime, the view range increased and averaged
39.42 + 25.36 m. On the other hand, the range for the edge lines was lower compared to
the middle lines in both daytime and night-time conditions, averaging 17.69 £ 24.38 m and
17.01 & 20.48 m, respectively. Absolute averages of the view range for each road, line and
visibility condition is presented in Table 5.

Furthermore, we calculated the average difference and the standard deviation of the
view range when daytime reading quality was higher compared to night-time and vice
versa for both markings (middle and edge). On average, the difference in the view range
for the middle line when daytime had higher reading quality was around 29 m with the
standard deviation of around 21 m. On the other hand, when reading quality was higher
during night-time, a slight decrease of the view range difference and standard deviation
was recorded. There is a similar trend for the edge line as well but the difference in view
range for “Daytime > Night-time” is almost 40 m and “Night-time > Daytime” around
27 m as shown in Table 6.
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Table 5. Absolute averages of the view range for each road, line and visibility condition.

95% Confidence Interval

Line/Condition Mean Std.
Lower Bound Upper Bound
Road 1
Middle
line/Night-time 33.16 21.89 33.07 33.26
Edge line/Night-time 15.67 20.54 15.58 15.76
Middle line/Daytime 38.93 24.66 38.82 39.04
Edge line/Daytime 2143 27.25 21.31 21.55
Road 2
Middle
line/Night-time 33.83 20.58 33.72 33.94
Edge line/Night-time 9.58 15.72 9.49 9.66
Middle line/Daytime 41.57 24.64 41.44 41.71
Edge line/Daytime 6.09 16.77 6.00 6.18
Road 3
Middle
line/Night-time 42.68 22.82 42.58 42.77
Edge line/Night-time 25.79 25.19 25.69 25.89
Middle line/Daytime 46.43 2417 46.34 46.53
Edge line/Daytime 25.53 29.11 25.42 25.65
Road 4
Middle
line/Night-time 26.60 23.64 26.49 26.71
Middle line/Daytime 30.72 27.96 30.59 30.84

Table 6. Average differences in view range of middle and edge lines for each road and condition.

Middle Line Edge Line
Road Daytime > Night Daytime < Night Daytime > Night Daytime < Night

oa

Average Average Average Average

Diff. (m) Std. Diff. (m) Std. Diff. (m) Std. Diff. (m) Std.
1 26.43 18.36 22.97 17.30 37.40 21.03 21.31 17.51
2 31.39 25.90 26.26 24.00 38.80 20.93 29.30 15.12
3 27.68 21.03 24.95 18.03 40.71 25.31 32.74 22.47
4 30.67 19.77 30.00 18.39 - - - -

Average 29.04 21.26 26.04 19.43 38.97 22.42 27.78 18.36

In addition, a paired samples t-test was used to test whether a significant difference
between night-time and daytime conditions for each line on each road exists. In total
7 pairs were made as shown in Table 7. The results of the t-test show that the view range
between all pairs is statistically different (p < 0.05), i.e., that Mobileye view range differed
for all test cases between daytime and night-time conditions.
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Table 7. Results of paired samples t-test.

Paired Differences

. 95% Confidence Interval .
Road/P t P (2-Tailed)
oad/tairs Mean Std. Std. Error of the Difference
Mean
Lower Upper
Middle line-Night-time vs.
1 Micdle line. Daytime ~576 2951 0.06 —5.89 ~5.63 —87.09 <0.05
2 Edge line-Night-time vs. 5, 5744 0.06 5288 —5.64 —94.85 <0.05
Edge line-Daytime
Middle line-Night-time vs.
3 Middle line-Daytime 774 3022 0.08 —7.90 —7.57 —93.02 <0.05
4 Edge line-Night-time vs. 5 /o 22.76 0.06 336 3.61 55.67 <0.05
Edge line-Daytime
Middle line-Night-time vs.
5 Middle Tne aytime 375 3258 0.06 —3.88 —3.62 —56.04 <0.05
6 Edge line-Night-time vs. ) , 35.78 0.07 0.11 0.40 3.49 <0.05
Edge line-Daytime
7 Middle line-Night-time vs. . _, 1, 4, 55 0.07 —426 ~3.97 —55.39 <0.05

Middle line-Daytime

4. Discussion

Although several studies [11,14,15] investigated how different factors affect lane
detection and thus proper functioning of LSS, gaps in literature still exist. Mainly, these
gaps are related to determining the adequate levels of lane markings’ visibility in different
conditions. For this reason, an on-road test was conducted to determine and compare the
detection quality and view range of machine-vision system during daytime and night-time.

The overall results show that the number of each quality level (0-3) as output from
the camera differed between visibility conditions. Namely, the average number of level 3
and 2 readings decreased by 5% and 8% in daytime compared to night-time conditions.
The share of level 1 remained approximately the same (slight decrease—0.28%) while the
number of level 0 readings in daytime increased by 12% compared to night-time indicating
potential failures in lane detection during daytime. Although the conducted tests show that
a significant difference of quality readings between visibility conditions exists, it has to be
noted that differences are relatively small and may not influence the functioning of the lane
detection system. The main concern from the practical point is related to the 12% increase
of level 0 readings during daytime compared to night-time. Since level 1 readings in both
conditions stayed approximately the same, it is reasonable to conclude that in some cases
markings were not detected by Mobileye (level 0) during daytime while during night-time
they were detected with medium (level 2) or high detection confidence (level 3). Since the
driving speed, the sun direction in daytime conditions and the impact of road lightning
in night-time conditions were controlled, the potential reason for such results is related
to the difference in visual complexity between the two conditions (day vs night-time).
Due to the complexity of visual clutter during daytime, the contrast ratio between the
marking and the road may differ and decrease thus affecting the proper functioning of
lane detection. This is also suggested by previous studies in which it was found that
the optimum contrast between marking and road surface should be around 3:1 during
daytime [11,19]. On the other hand, the aforementioned contrast ratio during night-time is
generally much higher due to the fact that the surrounding environment is dark and the
visibility of lane markings is achieved with the use of retroreflective materials, i.e., glass
beads which return the incoming light ray from the vehicle headlights back to the source
(driver) [24]. In addition, the number of samples classified as level 0 detection quality
was much higher for edge markings compared to middle markings, both during daytime
and nigh-time. This suggests that the quality of the marking plays an important role. On
three roads the middle line was relatively new (<6 months,) and on one road it was older
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than one year. On the other hand, edge markings on all three roads were older than one
year. Several studies proved that age affects visibility properties (daytime and night-time
visibility) of lane markings, especially for paint markings [25-28]. Since the service life of
paint markings is usually around one year, it is reasonable to conclude that the visibility
properties of edge lines in this study were lower compared to newer middle lines.

Although the detection quality slightly decreased in daytime compared to night-time,
the view range increased, however differently for middle and edge lane marking: the
absolute average and the standard deviation of the view range for the middle line during
daytime was 39.42 & 25.36 m compared to 34.07 &= 22.23 m in night-time conditions. The
range for edge lines was shorter compared to middle lines in both daytime and night-time
conditions averaging 17.69 £ 24.38 m and 17.01 & 20.48 m, respectively. Such results are
lower compared to the study [17]. However, this is mainly due to the different methodology.
The aforementioned study tested lane detection in a static environment with consistent
parameters (new markings, lighting, road surface retroreflectivity, etc.) and used older
version of Mobileye (560). Overall, form the practical point of view, the differences of the
results between visibility conditions are, as in the case of detection quality, relatively small.
However, there is a much higher difference between the view range of middle and edge
markings. This may be due to the markings” age. As described in previous paragraph,
the age of the marking affects its visibility properties (daytime and night-time visibility).
Since edge lines in this study were older compared to the middle lines, it is reasonable
to conclude that their visibility properties were lower compared to newer middle lines.
Furthermore, relatively high standard deviations of the view range (around 20 m) for all
markings suggest that, beside the markings age and its visibility, road geometry plays an
important role in lane marking detection. Since Mobileye camera is fixed to the vehicle
windshield, it is not moving like human drivers’ head and eyes would, meaning that it
“looks” at a relatively fixed area at the more or less the same angle, i.e. the viewing area
and angle are changed only with the change of the vehicles movement. This indicates
that with the change of road geometry such as curves, dips, slopes etc., middle and edge
lane markings will be “seen” by the “fixed” machine-vision at different distances. The
aforementioned findings further support the findings from literature [11,14,15].

Although this study provided valuable results, there are several limitations. First, lane
markings’ visibility properties were not taken into account due to the fact that the main
objective of the study is to compare the detection quality and view range of a machine-
vision system during daytime and night-time and to analyse how these values change
depending on the visibility conditions alone. Further research is needed to determine
the relationship between daytime and night-time visibility on the detection quality and
view range of LSSs. Furthermore, we did not evaluate how different road geometry
and lane markings’ configurations (dashed vs solid) affect the detection of markings.
Existing literature indicates that both road geometry and configuration of lane markings
are potential influencing factors [11]. However, due to the lack of data related to the road
geometry (curves, dips, slopes etc.) and exact location of each type of dashed lines, such
analysis was not conducted. Also, the daytime measurements were conducted between
10:15 h and 13:00 h which may have, to some extent, affected the results since the sun
direction is one of the factors that affects lane markings’ detection by machine-vision
systems [11,14,15]. However, all measurements were conducted on the same day under
the clear sky and on roads whose direction is not in the direction of the sun (north-south
direction) so the effect of the aforementioned factor is limited and negligible. The effect of
driving speed was also not analysed, although the literature suggests that vehicle speed
has a varying impact on machine-vision systems—some improve at higher speeds and
some degrade [11]. Since the tests in this study were conducted on rural roads, the driving
speed was in accordance with the speed limit (between 60 km/h and 80 km/h) and thus
the impact of speed was controlled. Lastly, only one machine-vision system (Mobileye 630)
was tested and overall results may not be applicable to other such systems.
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Since the differences between lane markings’ detection found in this study are rela-
tively small, more studies are needed to further validate here presented results. Besides
determining the relationship between daytime and night-time visibility on the detection
quality and view range of LSS, future studies should focus on detailed investigation of the
influence of other factors on the LSS such as weather conditions, road geometry (curves,
dips, slopes etc.), markings’ characteristics (colour, width, configuration), driving speed,
road surface characteristics (type, condition and texture) etc., as well as combinations of
these factors. Therefore, we propose that future research combines the field and on-road
tests in order to further expand the existing knowledge and thus improve the overall quality
of machine-vision systems as well as to determine adequate properties of lane markings.

5. Conclusions

The results of this study indicate that lane marking detection quality and view range
by machine-vision system differs to some extent between dry daytime and night-time con-
ditions. The field test results show that detection quality of lane markings is “better” during
night-time compared to daytime. However, it has to be noted that the aforementioned
differences are relatively small and may not critically influence the functioning of the lane
detection system. Nevertheless, the results presented here support previous findings and
provide further proof that visibility conditions play an important role in lane detection and
that, during daytime, the complexity of visual clutter decreases the contrast ratio between
the marking and the road surface and thus affects the detection quality and view range of
machine-vision. In addition, the results suggest that other factors such as road geometry,
markings” age and quality are also influential and should be further evaluated.

Overall, the findings of this study provide a quantization of the effect of surrounding
visibility on lane detection and thus contribute to expanding the existing knowledge
regarding lane detection by machine-vision. Here presented methodology and results
may be useful for researchers in designing and evaluating similar studies. Furthermore,
the results may be useful to road authorities. Although, the study did not evaluate how
different visibilities of road markings affect their detection by machine-vision, the results
support previous findings which indicate that the detection of lane markings is much more
problematic for machine-vision during daytime compared to night-time. This finding is
useful for road authorities and may help them in prioritizing and optimizing road marking
maintenance activities. Depending on the weather and traffic conditions and general road
characteristics (type of the road, width, general road geometry, surface condition etc.),
road authorities should adopt different maintenance policies to ensure proper and timely
maintenance and thus adequate quality of road markings needed for both for human
drivers as well as machine-vision systems. Finally, the presented findings may help the
developers of machine-vision systems in detecting critical situations and conditions which
negatively affect lane marking detection.
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