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Abstract: In this paper, we propose a method to evaluate Highway Driving Assist (HDA) systems
using the theoretical formula and dual cameras, which eliminates the need of experts or expensive
equipment and reduces the time, effort, and cost required in such tests. A theoretical evaluation
formula that can be calculated was proposed and used. The optimal position of the dual cameras,
image and focal length correction, and lane detection methods proposed in previous studies were
used, and a theoretical equation for calculating the distance from the front wheel of the vehicle to the
driving lane was proposed. For the actual vehicle testing, HDA safety evaluation scenarios proposed
in previous studies were used. According to the test results, the maximum errors were within 10%. It
was determined that the representative cause of the maximum error occurred in the dual camera
installed in the test vehicle. Problems such as road surface vibration, shaking due to air resistance,
changes in ambient brightness, and the process of focusing the video occurred during driving. In the
future, it is judged that it will be necessary to verify the complex transportation environment during
morning and evening rush hour, and it is believed that tests will be needed in bad weather such as

snow and rain.
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1. Introduction

Recently, interest in autonomous vehicles has been increasing worldwide. An au-
tonomous vehicle refers to a vehicle that operates on its own without a driver’s manip-
ulation [1-6]. The classification of autonomous driving technology is divided into six
stages, from level 0 to level 5, from J3016 published by the Society of Automotive Engineers
International (SAE International) [7]. Advanced Driver Assistance System (ADAS) technol-
ogy, currently in commercial use, refers to level 1 to 2 technology defined in SAE J 3016.
Examples of ADAS include Adaptive Cruise Control (ACC), Autonomous Emergency
Braking (AEB), Lane Keeping Assist System (LKAS), Active Blind Spot Detection (ABSD),
Highway Driving Assist (HDA), etc.

Among them, HDA recognizes lanes and lead vehicles while driving on highways to
support inter-vehicle distance maintenance and lane maintenance functions, and, recently,
lane change functions have been added [8]. This function adjusts the speed by itself by
recognizing the speed limit on the highway, the presence or absence of the lead vehicles,
and the speed by linking the GPS of the vehicle’s navigation. Additionally, unlike the
steering assistance function of LKAS, it is a system that controls steering so that it can
travel to the center of the lane. Due to the influence of HDA technology, driver fatigue is
minimized. And HDA is evaluated as a useful system for preventing accidents as a base
system for autonomous vehicles.

Looking at the research trends of ADAS, Bae et al. [8] devised scenarios to evaluate
the safety and functioning of HDA systems, performed simulations using the PRESCAN
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simulator, and verified the simulation results with real vehicle tests. Bae et al. [9] con-
ducted research on the evaluation method of the HDA system using a monocular camera.
Kim et al. [10] proposed test evaluation scenarios and theoretical evaluation criteria for
the test evaluation method of ACC vehicles. Kim et al. [11] conducted research on the
ACC test evaluation methods that meets the domestic (S. Korea) road environmental stan-
dards. Bae etal. [12] proposed a theoretical equation for calculating the distance from
the front wheel to the lane using a monocular camera, and verified the validity of the
theoretical equation through actual vehicle tests. Hwang et al. [13] proposed the LKAS
system by adopting the desired reference path generation algorithm and optimal control
technique. Lee et al. [14] proposed comprehensive synthesis and analysis methods to find
the performance limits and the impact of parameter changes on the lane keeping system'’s
performance.

Looking at the research trends of cameras, Bae et al. [15] conducted a study calculating
the distance between vehicles in front of them using a monocular camera. Lee et al. [16]
conducted a study on the optimal installation position of a dual camera and the measure-
ment of the distance from the lead vehicle. Kalaki et al. [17] proposed novel methods
using computer vision technologies. The experimental results showed that the proposed
algorithms can correctly identify lanes with high accuracy in real time, and are robust to
noise and shadows. Jiangwei et al. [18] detected a lead vehicle using a monocular camera,
and Satzoda et al. [19] proposed a vehicle-detection algorithm using camera calibration.
Shu et al. [20] proposed a method for finding and tracking road lanes for vision-guided
autonomous vehicle navigation. The new lane detection method was tested on real road
images and achieved robust and reliable results. Koo [21] proposed a single camera-based
front collision warning system using deep learning and OBD2, and verified its performance
through a collision experiment. Zhao et al. [22] presented a novel object detection and
identification method that fuses the complementary information obtained by two types
of sensors. Yamaguti et al. [23] proposed a measurement method of the distance to the
target vehicle using two images, and calculated the distance using the ratio between the
sizes of the objects projected on the two images. Song [24] used only camera sensors to
predict the path of surrounding vehicles and showed high accuracy with deep learning
technology, while Heo [25] proposed a method to measure the distance and speed of a
moving object by extracting the difference image from a stereo vision system. Abduladhem
et al. [26] proposed a method to estimate the distance from the preceding vehicle using
Hough Transform and Kalman filter in a monocular camera.

However, studies on test evaluation methods of ADAS in a real road environment
and test evaluation methods using cameras and theoretical formula are insufficient. In this
paper, to verify the evaluation method of the HDA function using theoretical formula and
dual cameras, a formula capable of calculating the distance to the lead vehicle was proposed.
The HDA scenario and dual camera installation location proposed in the preceding study
were used. In addition, the HDA scenario-based test is conducted on the actual highway.
This time, the HDA evaluation method using the theoretical formula and the dual camera
is verified by comparing and analyzing the calculation of the theoretical formula, the result
using the dual camera, and the result using the measuring instrument.

2. Theoretical Background
2.1. Proposal of Theoretical Formulas That Can Calculate Distance

To control the velocity and distance of the vehicle, acceleration of the lead vehicle is
required. Acceleration is obtained through optimal control theory using vehicle speed and
distance information measured using a radar sensor. The target relative distance, which is
related to distance information, is as shown in Formula (1)

d=dy+1tx0 (1)

where d is relative distance, dy is initial relative distance, 7 is time gap, and v is velocity.
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The equation of the time difference between the subject vehicle and the lead vehicle is
shown in Formula (2) below.

tiront = 024 2.9 X V/36.1 )

where tgop; is the time gap between the subject vehicle and the lead vehicle, the constants
are the coefficients for interpolation.

V in Formula (2) requires a speed difference between the subject vehicle and the lead
vehicle to evaluate the speed or distance of the subject vehicle, so V must be vy — vgy.
Accordingly, Formula (2) can be expressed as Formula (3).

teront = 0.2 429 % (ULV — Usv)/36.1 3)

As T and tgon play the same role, the proposed theoretical evaluation equation is
shown in Formula (4).

d=dy+ (ULV — Usv)(o.z +29 x (ULV - st)/36.1) 4)

2.2. Selecting the Optimal Installation Location for Dual Camera

In previous studies [16], for vehicle testing, a theoretical formula for measuring the
distance to an object in front using a dual camera was proposed. Moreover, a study was
conducted to select the optimal location of the dual camera.

Variables for selecting the optimal position of the dual camera are height, spacing,
and angle. The reason why the camera installation height is selected as a variable is that
the lower the height the wider the area of the ground captured in the video. The reason
why the camera installation interval is selected as a variable is that it affects distance
measurement according to the installation interval of two cameras. The reason why the
camera’s photographing angle is selected as a variable is that a camera having a small
vertical angle of view cannot photograph a short-range ground. Table 1 is the result of
summarizing the test results for selecting the optimal mounting position of the dual camera.
The average error rate and the maximum error rate, according to the combination of each
variable, are shown.

The value of the variable considers the specifications of the camera and vehicle. The
variables of the camera height are 30 cm, 40 cm, and 50 cm. The reason why the minimum
value is selected as 30 cm is that the bumper height of a typical sedan is higher than 30 cm,
so the camera cannot be physically mounted at a position lower than 30 cm. The reason for
selecting the maximum value of 50 cm is that if the mounting height is greater than 50 cm,
the ground within 1 m cannot be photographed due to the vertical angle of view of the
camera used in the test. The variables of the camera baseline are 10 cm, 20 cm, and 30 cm.
The reason why the minimum value is selected as 10 cm is that the distance between the
left and right camera lenses cannot be smaller than 10 cm because of the size of the camera
used in the test. In addition, 20 cm and 30 cm were additionally set to confirm the tendency
for the value of the mounting interval. The variables of the camera angle are 3°, 7°, and 12°.
This considers the position of the preceding vehicle and the ground captured in the image.
For example, the reason why the minimum value is set to 3° is that the ground within 1 m
cannot be photographed when the value is less than 3° due to the mounting height and
the vertical angle of view of the camera. In addition, the reason why the maximum value
is set to 12° is that when the mounting angle is greater than 12°, the area occupied by the
ground in the image increases, and the horizon is located at the top of the image, making it
difficult to photograph a preceding vehicle located at a distance of 10 m or more.
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Table 1. The results for selecting the optimal location for dual cameras.
i Error Rate (%)
Height (cm) Baseline Angle
(cm) (Degree) Average Maximum
3 13.28 48.62
10 7 14.07 45.36
12 14.15 53.04
3 6.89 23.66
30 20 7 9.64 27.3
12 4.14 10.53
3 10.34 35.83
30 7 9.5 33.35
12 8.34 33.99
3 5.55 13.77
10 7 7.84 15.38
12 8.18 26.9
3 4.93 15.19
40 20 7 2.38 6.17
12 5.49 19.52
3 3.34 13.9
30 7 1.88 5.69
12 0.86 2.15
3 10.62 32.49
10 7 3.77 10.94
12 8.19 27.67
3 2.47 5.81
50 20 7 2.45 5.84
12 5.23 18.39
3 2.15 4.65
30 7 2.45 8
12 1.32 2.34

As an experiment of each variable, when the camera installation height was 40 cm,
the camera installation interval was 30 cm, and the camera shooting angle was 12 degrees,
the best results were derived, so this was selected as the optimal location. The reason why
the camera installation height was selected as 40 cm was that when the height increased
from 30 cm to 40 cm, the error rate decreased, and when the height increased from 40 cm
to 50 cm, the error rate increased. The reason why the camera installation interval was
selected as 30 cm was that the error rate tended to decrease as the interval increased. The
reason why the camera photographing was selected at an angle of 12 degrees was that the
error rate was likely to decrease while the value increased.

2.3. Calculate the Lane Distance Using Dual Cameras
2.3.1. Variables of Camera Image

To define the variables, it is assumed that the width of the image (I,iqw), height of the
image (Ineight), and focal length of the camera (f) used for lane detection are constant and
that the specifications of the vehicle and camera used are known.

The vanishing point and center point required for the calculation can be obtained
using the lane detected through the lane detection algorithm. Figure 1 shows the detected
right and left lanes extended above the image, with which the coordinates of the vanishing
point A (x1, y1) and the coordinates of the center point B (x2, y2) can be obtained.
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Figure 1. Vanishing point image obtained from detected lanes.

In the preceding study [16], the lane detection equation in the image was proposed
through Curve Fitting. Using this equation, the positions of the x-coordinate pixel and the
y-coordinate pixel of the lane in the image may be obtained. C (x3, y3) and D (x4, y4) may
be obtained through the pixel position of the lane. At this time, the origin is in the upper
left corner of the image. Figure 2 shows C, D and origin point.
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Figure 2. Extension line image obtained from detected lanes.

2.3.2. Geometrical Variables of the Vehicle

The installation position of the dual camera was set as a front bumper because it was
necessary to photograph the ground within 1 m. Accordingly, Figure 3 shows the geometric
composition of the dual cameras installed in the vehicle when viewed from the side. Given
the installation angle («), installation height (h), and vertical field of view (8y) of the dual
cameras, the shortest distance from the ground (dg) that can be detected in the image can
be obtained.

Vehicle Camera - /

f‘ Ground
Figure 3. Shortest distance to the ground that can be detected in the image.

Figure 4 shows the geometric composition between the vehicle and lane when the
vehicle is being driven on the road. Variables relevant to vehicle and camera specifications
include the length from the front of the vehicle to the center of the front wheel (Cy,), the
overall width of the vehicle (Cyy), the baseline of the dual cameras (b), and the horizontal
field of view (0y). Variables relevant to the camera image include the width of the lane
(Lw), distance from the optical axis of the camera to the left lane (Ly,,), and heading angle
of the vehicle (). Based on the relationship of the proposed variables, an equation for
calculating the distance from the left front wheel of the vehicle to the left lane (djef) is
derived. According to djef;, the distance from the right front wheel of the vehicle to the
right lane (d;igp) is derived by the overall width of the vehicle and the width of the road.
(Lrw) is the distance from the optical axis of the camera to the right camera.
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Figure 4. Geometric composition of the vehicle on the road.

The detected lane extends in a straight line to set the intersection point as the vanishing
point and the center of the image as the center point.

2.3.3. Proposal for Theoretical Formula
With the variables defined in Figure 1, the heading angle can be derived as shown in
Formula (5).

1 = atan X172 5)

(yl —y2)* + £

With the variables defined in Figure 2, the distance from the front-left wheel to the left
lane can be derived as shown in Formula (6).

X3 — Lyidtn /2

L = x4 —x3

X Ly (6)
With the variables defined in Figure 3, the shortest distance from the ground that can
be detected in the image can be derived as shown in Formula (7).

dg:hxtan<90—cx—ezv> 7)
With the variables defined in Figure 4, the distance from the left front wheel of the
vehicle to the left lane can be derived as in Formulas (8)—(10).

Cw—Db
dy = (Llw — W2 — (dg + Cyp)tan 1])) cos 8)
C b
dy, = (Llw _Swhh (dg + Cyp)tan 1])) cos ©)
dy +dy,
d; = % (10)

2.4. Design Standards for Highways

Currently, highways in Korea (S. Korea) stipulate minimum standards under the
“Rules about Road Structure & Facility Standards” of the Road Act [27].

Tables 2-6 below show the minimum regulations. The design basis vehicles are semi-
trailers, according to the classification of road functions. Design basis vehicles serve as
the basis for road and structural design. The design basis vehicle on the highway is a
semi-trailer.
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Table 2. Type of design standard car.

Spec. (m) Length Width Height Wheel Base  Minimum Turning Radius

Semi- Front: 4.2
trailer 25 40 167 Back: 9.0 120

Table 3. Design speed by function of roads.

Design Speed (km/h)
Classification According to
. Local
Function of Road City
Flat Hill Mountain
Main arterial Highway 120 110 100 100

Table 4. Minimum width of the lane by the design speed.

Minimum Width of the Lane (m)

Design Speed
(km/h) Local City Compact Roadway
Over 100 3.50 3.50 3.25

Table 5. Minimum curve radius by the design speed.

Design Speed Minimum Curve Radius According to Superelevation (m)
(km/h) 6% 7% 8%
120 710 670 630
110 600 560 530
100 460 440 420

Table 6. Maximum longitudinal slope by the design speed.

Maximum Longitudinal Slope (%)

Design Speed

(km/h) Highway
Flat Hill
120 3 4
110 3 5
100 3 5

Table 2 is the specifications for the category of design basis vehicles. The semi-trailer
is longer than automobiles and has a larger minimum radius of rotation.

Table 3 shows the design speed according to the classification of road functions. In
the case of highways, the design speed is 120 km/h based on the flat land of the local area.
Considering the local situation, it is possible to set the speed by subtracting 20 km/h from
the design speed according to the environment.

Table 4 summarizes the contents of the highway among the minimum width of the
lane according to the design speed of the road. The minimum width of the highway lane is
3.50 m.

Table 5 shows the minimum plane curve radius according to the design speed of the
road. The design speed of a typical highway is 120 km /h, and the larger the superelevation,
the smaller the plane curve radius.

A superelevation refers to a cross-fall slope installed by a car to resist centrifugal force
in a plane curve.
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Table 6 shows the longitudinal slope according to the design speed of the road, and for
highways, it is up to 5%. The longitudinal slope is installed in the direction of the progress
of the road and refers to the ratio of change in height to the length of the centerline.

3. Actual Vehicle Test

To verify our method, we conducted a real vehicle test under scenarios presented in a
related previous study [8] using the test conditions listed in Table 7. The initial speed of
the subject vehicle is 90 km/h, and that of the lead vehicle is 70 km/h.

Table 7. HDA scenario condition.

Condition
Scenario no. Lead Vehicle Subject Vehicle  Road Curvature Note
Velocity (km/h)  Velocity (km/h) (m)

1 No lead vehicle 90 0 Straight
2 No lead vehicle 90 350 Ramp
3 No lead vehicle 90 750 Curve
4 70 90 0 Side lane
5 70 90 750 Curve
6 70 90 0 Main lane, Straight
7 70 90 350 Main lane, Ramp
8 70 90 750 Main lane, Curve
9 70 90 0 Cut-in, Straight
10 70 90 750 Cut-in, Curve
11 70 90 0 Cut-out, Straight
12 70 90 750 Cut-out, Curve
13 No lead vehicle 90 0 Tollgate

3.1. Test Vehicle

To proceed with the real road-based actual vehicle test, Genesis G90 of H** company
for the subject vehicle and SONATA of H** company for the lead vehicle were selected.
The subject vehicles used are shown in Figure 5.

Figure 5. Test vehicle (GENESIS G90).

The reason for selecting the target vehicle as company H'’s Genesis G90 is that it is
equipped with sensors such as cameras, radars, and ultrasonic waves, enabling ADAS
technologies such as ACC, LKAS, AEB, and HDA systems to be implemented. Moreover,
the ADAS function was evaluated as excellent.

3.2. Test Equipment

The devices used for the recording measurements during the real vehicle test included
the RT3002 inertial navigation system, RT-range ADAS sensor, data acquisition device
(DAQ), and a camera.

The devices mounted on the test vehicle are shown in Figure 6, and their specifications
are listed in Table 8. The RT3002 system measures the vehicle’s dynamic characteristics
based on differential GPS data, and the RT-range sensor measures the distance to the lead
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vehicle. DAQ collects the data measured from RT3002 and RT-range, and the camera
measures the distance from the front tires to a lane.

£l
iy
in
4
iz
@
B
«

(b)

Figure 6. Test measuring instrument. (a) RT-3002, (b) DAQ, (c) RT-range, (d) Camera.

(d)

Table 8. Specifications of measuring instruments.

Name Specification Name Specification
- Single antenna model - Interface data rate:
- Velocity Accuracy: up to 1 Mbit/sec
0.05 km/h RMS - Special protocols:
RT3002 Roll, Pitch: 0.03 deg DAQ OBDII, J1939, CAN out
Heading: 0.1 deg - Sampling rate: >10 kHz per
- GPS Accuracy: 2 cm RMS channel software selectable
- Operational temperature: - height: 43.3 mm
10 to 50 °C - width: 94 mm
- Lateral distance to lane: - depth: 71 mm
RT-range £30 m 0.02 m RMS Camera " field of view: 78°
- Lateral velocity to lane: - field of view(horizontal): 70.42°
+20 m/s 0.02 m/s RMS - field of view(vertical): 43.3°
- Lateral acceleration to lane: - image resolution: 1920 x 1080 p
430 m 0.1 m/s?> RMS - focal length: 3.67 mm

For this study, it was necessary to configure a dual camera. The dual camera was
configured through two webcams from Company L**, and Figure 7 is the appearance
of a dual camera mounted on a vehicle. The screen photographed by each webcam
synchronized overlapping locations and used them as dual cameras.

Figure 7. Dual camera.



Appl. Sci. 2021, 11, 11903 10 of 17

3.3. Test Location and Road Conditions

The vehicle test was conducted along the Dongdaegu TG-Gyeongsan TG section of
the Gyeongbu Expressway of the Republic of Korea. Figure 8 shows the HDA test path and
displays the section corresponding to each scenario, and Table 9 lists the road conditions.

------- Dongdaegu TG X Gyeongsan TG — — Both directions
——— Gyeongsan TG X Dongdaegu TG '+« 300 m

Figure 8. Test real road.

Table 9. Road conditions during real vehicle test.

Curvature Condition Friction Coefficient

0.750 m Flat, dry, clean, asphalt 1.079

4. Test Results and Analysis
4.1. Results of the Actual Vehicle Test Using Measuring Instruments

Figure 9 is the result of the relative distance selected from the section between Dong-
daegu and the Gyeongsan tollgate along the Gyeongbu Expressway, and Figure 10 is the
result of the distance to the lane. The relative distance and the distance to the lane showed
the result of repeated tests three times for each scenario, and each result expressed only
scenarios corresponding to successive scenarios.

Scenarios 2, 7, and 13 failed to conduct the test according to the non-implementation
of functions according to HDA level 1 and the behavior of nearby vehicles.

Scenario 6 Test Results Scenario 8 Test Results
Inter-Vehicle Distance(Measuring Instrument) 100 Inter-Vehicle Distance(Measuring Instrument)
E E
[} Q
Q o
= s
8 8
2 2
a a
0 5 10 15 20
Time(sec) Time(sec)
——1" test results— — 2™ test results -------- 3" test results — 1% test results— — 2" test results -------- 3" test results
(@) (b)
Scenario 9 Test Results Scenario 10 Test Results
Inter-Vehicle Distance(Measuring Instrument) s0 Inter-Vehicle Distance(Measuring Instrument)
E £
I+ I+
[ c
] ]
2 k]
a a
0 2.5 5 7.5 10
Time(sec) Time(sec)
—1" test results— — 2" test results ------- 3" test results ——1% test results— — 2" test results -------- 3" test results
(c) (d)

Figure 9. Cont.
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Scenario 11 Test Results
Inter-Vehicle Distance(Measuring Instrument)
— 35
R
8 30 ==
[
g 2
a 5
20
0 2.5 5 7.5 10
Time(sec)
——1% test results— — 2™ test results ------- 3" test results

Scenario 12 Test Results
Inter-Vehicle Distance(Measuring Instrument)

E

[

o

S

2 1

8 5

10
0 2.5 5 7.5 10
Time(sec)

— 1" test results— — 2™ test results -------- 3" test results

(e)

Figure 9. Test result (measuring instrument, vehicle-to-vehicle relative distance). (a) Scenario 6,

(f)

(b) Scenario 8, (c) Scenario 9, (d) Scenario 10, (e) Scenario 11, (f) Scenario 12.

4.2. Results of the Actual Vehicle Test Using Theoretical Formulas

Figure 11 is the result of the calculation based on the results measured through the
measuring instruments. In the section corresponding to each scenario, the calculation was
performed using the proposed relative distance formula to the lead vehicle.

Scenario 1 Test Results

The Distance to the Lane(Measuring Instrument)

The Distance to the Left Lane(cm)
=

0 25 5 7.5 10|
Time(sec)
——1" test results— — 2" test results -------- 3" test results

Scenario 3 Test Results

0 The Distance to the Lane(Measuring Instrument)

0 25 5 7.5 10

The Distance to the Left Lane(cm)

Time(sec)
—1" test results— — 2™ test results -------- 3" test results

(a)

(b)

Scenario 4 Test Results

0 The Distance to the Lane(Measuring Instrument)

The Distance to the Left Lane(cm)

0 25 5 7.5 10|
Time(sec)
——1% test results— — 2" test results -------- 3" test results

Scenario 5 Test Results

The Distance to the Lane(Measuring Instrument)

=R
oRrNW
o oo

20 3
80 . Nyes
70
60
50

P O =
- ~Nme ot my

- gt
A a)

0 2.5 5 7.5 10
Time(sec)
——1" test results— — 2™ test results -~ 3" test results

The Distance to the Left Lane(cm)

()

(d)

Scenario 6 Test Results

The Distance to the Lane(Measuring Instrument)

=R

The Distance to the Left Lane(cm)

Time(sec)
—1" test results— — 2" test results ------ 3" test results

Scenario 8 Test Results

The Distance to the Lane(Measuring Instrument)

The Distance to the Left Lane(cm)

Time(sec)
———1" test results— — 2" test results -------- 3" test results

(e)

Figure 10. Cont.

(f)
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Scenario 9 Test Results Scenario 10 Test Results

The Distance to the Lane(Measuring Instrument) The Distance to the Lane(Measuring Instrument)

g g
E lg(s) E 10
S 9 5 100
% 85 * £ 90
P 2300
10 m—— 70
= 65 N, o ad Caal ot S 60
g 60 - g 50
55
2 50 2 a0
[=) 0 2.5 5 7.5 10 =] 0 25 5 7.5 10
é Time(sec) é Time(sec)
——1" test results— — 2™ test results -~ 3" test results ——1% test results— — 2™ test results -+ 3" test results
Scenario 11 Test Results Scenario 12 Test Results

The Distance to the Lane(Measuring Instrument) The Distance to the Lane(Measuring Instrument)

=Y

-
=N
o o
=
[y
o

=

o

o
o
o

R
IURITORIE R Nl s L
PO S

o
o

The Distance to the Left Lane(cm)
)
1)
The Distance to the Left Lane(cm)
®
o

70 °
60 60
50 50
0 25 5 7.5 10 0 2.5 5 7.5 10
Time(sec) Time(sec)
— 1% test results— — 2" test results -------- 3" test results ——1"test results— — 2™ test results -------- 3" test results

(i) @)
Figure 10. Test result (measuring instrument, left lane distance). (a) Scenario 1, (b) Scenario 3,

(c) Scenario 4, (d) Scenario 5, (e) Scenario 6, (f) Scenario 8, (g) Scenario 9, (h) Scenario 10, (i) Scenario
11, (j) Scenario 12.

4.3. Results of the Actual Vehicle Test Using Dual Cameras

To acquire an image corresponding to each scenario, a dual camera was mounted on a
test vehicle, and a real road test was conducted. Figure 12 is a graph of the distance to the
lane calculated by taking an image of the section corresponding to each scenario with a
dual camera.

Scenario 6 Test Results Scenario 8 Test Results
Inter-Vehicle Distance(Theoretical Formula) 100 Inter-Vehicle Distance(Theoretical Formula)
70 90 i Ty
= — 80 Z=TTEISS
§, 60 §, 70 e
g 50 3 60
S 40 g 50
] 2 40
8 30 - 8 3
ERSeaei FYOTE Srhut Ui
20 20
0 5 10 15 20 0 5 10 15 20
Time(sec) Time(sec)
——1% test results— — 2" test results -------- 3 test results — 1% test results— — 2" test results -------- 3" test results
(a) (b)
Scenario 9 Test Results Scenario 10 Test Results
Inter-Vehicle Distance(Theoretical Formula) Inter-Vehicle Distance(Theoretical Formula)

£ £
[ [
o o
c o
© ©
k7] k]
a a
0 2.5 5 7.5 10 0 2.5 5 7.5 10
Time(sec) Time(sec)
—1" test results— — 2" test results -------- 3" test results —1% test results— — 2™ test results ------- 3" test results

(c) (d)

Figure 11. Cont.



Appl. Sci. 2021, 11, 11903

13 0f 17

Scenario 11 Test Results
Inter-Vehicle Distance(Theoretical Formula)

Scenario 12 Test Results

Inter-Vehicle Distance(Theoretical Formula)

30
—~ 35 — 25
£ E
3 30 S 20
o c
3 25 a 15
20 10
0 2.5 5 7.5 10 0 2.5 5 7.5 10
Time(sec) Time(sec)
——1" test results— — 2™ test results -------- 3" test results ——1" test results— — 2™ test results ------- 3" test results
(e) ®

Figure 11. Test result (theoretical formula, vehicle-to-vehicle relative distance). (a) Scenario 6,
(b) Scenario 8, (c) Scenario 9, (d) Scenario 10, (e) Scenario 11, (f) Scenario 12.

4.4. Comparative Analysis of the Results of the Actual Vehicle Test
4.4.1. Comparative Analysis of Inter-Vehicle Distance Results

Table 10 shows the results of the relative distance of the same actual vehicle test for
each scenario of HDA. The error rate by comparing the results of the theoretical formula
with the results of the measuring instrument was calculated and organized.
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Figure 12. Test result (dual camera, left lane distance). (a) Scenario 1, (b) Scenario 3, (c) Scenario 4,
(d) Scenario 5, (e) Scenario 6, (f) Scenario 8, (g) Scenario 9, (h) Scenario 10, (i) Scenario 11, (j) Scenario 12.

Table 10. Error rate comparison(relative distance, min, max, average).

Result (Error Factor) (%) Result (Error Factor) (%)
Scenario Case Scenario Case
Minimum Maximum Average Minimum Maximum Average
1 0.025 9.135 2.481 1 0.351 9.367 4.162
6 2 0.014 9.707 3.568 10 2 0.024 9.471 3.484
3 0.005 9.665 3.004 3 0.164 8.213 4.017
1 0.028 9.487 3.275 1 0.009 9.128 2.910
8 2 0.074 9.798 3.493 11 2 0.084 8.969 5.128
3 0.013 9.351 3.228 3 0.013 9.484 4.040
1 0.049 9.453 2.935 1 0.205 9.391 4.222
9 2 0.740 8.418 4.487 12 2 0.806 9.074 6.720
3 0.063 8.933 1.987 3 0.003 8.794 3.874

As a result of analysis by scenario, most of the maximum errors were within 10%, and
the average error rate was within 5%. In the second and third test cases of scenario 7, the
maximum error rate between 10% and 12% occurred momentarily. As for the cause of the
error, since the measuring instrument is fixed to the subject vehicle, it was determined that
an error occurs due to the instantaneous vibration in the groove of the road surface for
preventing speeding.

4.4.2. Comparative Analysis of the Results of the Distance to the Lane

Table 11 shows the results of the distance to the lane of the same actual vehicle test for
each scenario of HDA. The error rate by comparing the results of the dual camera with the
results of the measuring instrument was calculated and organized.

As a result of the analysis by scenario, the maximum errors were within 10%, and the
average error rate was within 6%. It was determined that the representative cause of the
maximum error occurred in the dual camera installed in the test vehicle. Problems such as
road surface vibration, shaking due to air resistance, changes in ambient brightness, and
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the process of focusing the video occurred during driving. Accordingly, it was determined
that the result of calculating the distance from the image of the part where the problem
occurred to the preceding vehicle was incorrectly calculated.

Table 11. Error rate comparison (lane distance, min, max, average).

Result (Error Factor) (%)

Result (Error Factor) (%)

Scenario Case Scenario Case
Minimum Maximum Average Minimum Maximum Average
1 0.053 9.970 4.250 1 0.046 9.930 3.870
1 2 0.013 9.414 3.845 8 2 0.005 9.993 3.359
3 0.162 9.939 4.469 3 0.123 9.951 4.695
1 0.089 9.939 5.007 1 0.045 9.519 3.575
3 2 0.214 9.946 5.455 9 2 0.022 9.397 3.610
3 0.012 9.979 5.680 3 0.022 9.885 3.458
1 0.022 9.520 3.622 1 0.229 9.975 5912
4 2 0.020 9.948 4299 10 2 0.011 9.883 4.579
3 0.044 9.976 4.544 3 0.138 9.933 4.701
1 0.037 9.872 4.960 1 0.120 9.781 4.063
5 2 0.024 9.861 4.880 11 2 0.035 9.347 3.615
3 0.044 9.919 5.014 3 0.007 9.929 4.832
1 0.035 9.943 4576 1 0.271 9.966 4.727
6 2 0.123 9.821 4.532 12 2 0.134 9.949 5.832
3 0.016 9.751 3.881 3 0.045 9.997 5.481

5. Conclusions

In this paper, to verify the evaluation method of the HDA function using the theoretical

formula and dual cameras, a formula capable of calculating the distance to the lead vehicle
was proposed. The HDA scenario and dual camera installation location proposed in the
preceding study were used. In addition, the HDA scenario-based test was conducted on
the actual highway. Thus, the results of inter-vehicle distance using the theoretical formula
and the results of the inter-vehicle distance using measuring instruments were compared
and analyzed, and the results of the distance from the lane using dual cameras and the
results of the distance from the lane using measuring instruments were compared and
analyzed. The conclusions were drawn accordingly, and the conclusions are summarized
as follows.

@

@)

®)

@)

The formula proposed a new theoretical formula applicable to the safety evaluation
of HDA. The proposed formula is a longitudinal theoretical formula capable of
calculating the inter-vehicle distance, and a lateral theoretical formula capable of
calculating the distance to the lane using a dual camera; the formula from previous
studies was cited.

The actual vehicle test was conducted on the Dongdaegu TG-Gyeongsan TG section
on the Gyeongbu Expressway of the Republic of Korea. To secure the objectivity of
the test results, repeated tests were conducted three times with the same number of
people, and same equipment and location (site). GENESIS G90 of company H** was
used for the subject vehicle.

The HDA test and evaluation scenarios were selected according to the characteristics
of each section of the highway and the results were analyzed. The analysis compared
and evaluated the proposed longitudinal theoretical formula, the cited lateral theoret-
ical formula, and the measured values of the measurement equipment by the actual
vehicle test conducted on the highway.

The test results of the scenario were compared. As a result of the analysis of the lead
vehicle and the relative distance by scenario, most of the maximum errors were within
10%, and the average error rate was within 5%. In the second and third test cases of
scenario 7, the maximum error rate between 10% and 12% occurred momentarily. As
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a result of the analysis of the distance from the lane by scenario, the maximum errors
were within 10%, and the average error rate was within 6%.

(5) Compared with the precision measuring instrument through actual difference testing,
the proposed theoretical formula showed that the longitudinal error rate was at least
0.005% and the maximum was 9.798%, and the lateral error rate was at least 0.007%
and the maximum was 9.997%. Using the proposed theoretical formula, safety trends
can be identified before development when studying an HDA system and reliability
can be predicted in an environment where the actual test of the system is impossible.

Currently, HDA applied to mass-produced vehicles is implemented based on sensors
such as radar and cameras. Due to expensive sensors such as radars and riders, there is a
disadvantage of the high cost burden. However, based on the above results, it was judged
that the proposed theoretical formula and dual camera alone could derive the results of
the HDA test. In the development stage of ADAS such as HDA, it is judged that only
theoretical formula and dual cameras might reduce the cost burden due to the derivation
of test results.

In the future, it is necessary to evaluate the safety in bad weather conditions and night
conditions.
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