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Abstract

Reducing traffic accidents has been one of the most imperative topics for automobile industries for
long decades. According to the statistics on traffic accidents in Japan, most fatal traffic accidents have
occurred in the cities. The city driving requires the driver to correctly predict the risk not only on the visible
hazards but also on the possibilities such as a sudden lane change or a darting-out from the blind spot. We
call these possibilities the potential risks. It is known that skilled drivers can drive the city safely and
comfortably by predicting the potential risks and handling the vehicle properly to reduce the risks. We
define these driving skills as risk predictive driving. This risk predictive driving is imperative factors to
diminish the traffic accident in the city area.

The latest development of the Advanced Driver Assistance Systems (ADAS) could enhance the
comfortability and traffic safety of automobiles. In the aspect of comfortability, a lot of research have made
on driving assistance for no-risk conditions such as highway driving. In terms of safety as well, plenty of
studies on emergency functions such as emergency braking, emergency steering, and stability controls.
However, although risk predictive driving scenarios are the meaningful aspect to diminish the traffic
accident in city driving, many of those studies on ADAS did not undertake the risk predictive driving
scenarios.

One of the essences of developing the risk predictive driver assistance systems is to be consistent in
terms of the “safety” and the “driver acceptance” at the same time. Because once the system becomes too
conservative for safety, the driver may not accept the driver assistance system. Usually, the “safety” and
the “driver acceptance” are in the trade-off relationships.

Our research project addressed the risk predictive scenario in the intersection right-turn and developed
an advanced driver assistance system that predicts the risk of the darting-out from a blind spot. Our proposal
ADAS enables the vehicle to decelerate to a safe speed when there’s the risk for a darting-out object while
making a right-turn at the intersection. In addition to that, this paper proposes a methodology on the vehicle
trajectory prediction for the driver assistance system. This method realizes to predict the smooth and high
accuracy intersection turning trajectories in the real-time calculation rate. To evaluate the effectiveness of
the risk predictive driver assistance systems, the evaluations of the “safety” and the “driver acceptance”
are indispensable. This paper presents a methodology to evaluate both the safety and the driver acceptance
from the full-vehicle simulations and the driver subjected experiments.
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Nomenclatures

Pgas
Porake
Osw
Ocross
Xintersec
Yintersec
Xobj

Yobj

Vobj
obj
Xoce
Yoce
Vego
dego
Wego
Xtraj
Ytraj
Beas
Bess
Bcommand
Dvir_occ
Xtraj
ytraj
Lsensor
Wego
Xoce

Yoce

Hvi r
dvir
Vvir

tuir
tvir d
dstop
dcp_pas
d PBS

Dsafe

Vsafe

Risk Predictive Driver Assistance System for Intersection Right-Turn

Driver gas pedal input.

Driver brake pedal input.

Steering wheel input.

Crossing angle of the intersection.

Intersection position.

Intersection position.

Sensor perceived position of darting-out object.

Sensor perceived position of darting-out object.

Sensor perceived speed of darting-out object.

Sensor perceived yaw angle of darting-out object.
Sensor perceived position of occluding vehicle.

Sensor perceived position of occluding vehicle.

Ego vehicle speed.

Ego vehicle acceleration.

Ego vehicle yaw angle.

Predicted trajectory.

Predicted trajectory.

Brake command from PBS.

Brake command from EBS.

Brake command to brake actuator of vehicle.

Offset distance from the left-front corner of the occluding vehicle.
Trajectory of ego vehicle at the sensor position.
Trajectory of ego vehicle at the sensor position.

Length from rear-axle to sensor position of ego vehicle.
Yaw angle of ego vehicle.

Occluding vehicle position.

Occluding vehicle position.

Relative angle from ego vehicle to direction angle of the entering road of the intersection.
Darting-out distance of virtual darting-out object.
Velocity of virtual darting-out object.

Time to conflict of virtual darting-out object after detected by ego vehicle.
Critical time to conflict of virtual darting-out object.
Distance to stop vehicle by emergency braking.
Distance from ego vehicle position to conflict point.
Distance to control by PBS.

Safety margin.

Safe speed.
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Representative acceleration of emergency braking.
Latency of the system.

The first jerk of the speed profile.

The second jerk of the speed profile.
Initial acceleration of the speed profile.
Final acceleration of the speed profile.
Initial velocity of the speed profile.
Final velocity of the speed profile.
Target acceleration of PBS.

Target velocity of PBS.

Prediction time.

Right-Turn Trajectory Prediction Method with Triclothoidal Curve
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Turning radius.

Ego vehicle front steering angle.

Ego vehicle wheelbase.

Tangent angle of curve.

Curvature of curve.

Initial tangent angle of curve.

Initial curvature of curve.

Terminal tangent angle of curve.

Terminal curvature of curve.

Curve length.

Crossing angle of the intersection.

Distance from the driving center lane to the right-side edge of the entering road.
Distance from the driving center lane to the right-side edge of the escaping road.
Terminal point distance parameter.

Terminal point position of predicted trajectory.

Terminal point position of predicted trajectory.

Estimated terminal point distance parameter.

Collision Avoidance Ability Evaluation with Full-Vehicle Simulation

Rturn
R1
Rz
Lwb
Lrax
Wego
Xobj
Yobj
Vobj

Y/obj

Turning radius.

Turning radius at the left-front corner of ego vehicle.
Turning radius at the right-front corner of ego vehicle.
Ego vehicle wheelbase.

Length from front-tip to rear-axle of ego vehicle.

Ego vehicle width.

Sensor perceived position of darting-out object.
Sensor perceived position of darting-out object.
Sensor perceived speed of darting-out object.

Sensor perceived yaw angle of darting-out object.
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Xep1 Predicted conflict point position at the left-front corner of ego vehicle.

Yept Predicted conflict point position at the left-front corner of ego vehicle.
Xcp2 Predicted conflict point position at the right-front corner of ego vehicle.
Yep2 Predicted conflict point position at the right-front corner of ego vehicle.
dess Distance to stop by EBS.

dep_EBs Distance from ego vehicle current position to the conflict point.
Dsare s~ Safety margin.

TEBS Latency of the system.

Bess Braking command of EBS.

Bcross Crossing angle of the intersection.

lin Distance from the driving center lane to the right-side edge of the entering road.
lout Distance from the driving center lane to the right-side edge of the escaping road.
dore Terminal point distance parameter.

Xoce Occluding vehicle position.

Yoce Occluding vehicle position.

Xintersec Intersection position.

Yintersec Intersection position.

Xoce ofiset ~ Offset condition of occluding vehicle.
Xobj oftset ~ Offset condition of darting-out object.

Driver Acceptance Evaluation of Advanced Driver Assistance System

Pgas Driver gas pedal input.

Pbrake Driver brake pedal input.

Osw Steering wheel input.

Vego Ego vehicle speed.

Aego Ego vehicle acceleration.

Wego Ego vehicle yaw angle.

Xiraj Predicted trajectory.

Yiraj Predicted trajectory.

Bees Brake command from PBS.

J1 The first jerk of the speed profile.

J> The second jerk of the speed profile.
ao Initial acceleration of the speed profile.

Generalization of Advanced Driver Assistance System for Risk Predictive
Driving in Urban Areas

Duir_occ Offset from the corner position of the occluding object to trajectory.

Vyir Darting-out velocity.

Ovir Darting-out direction.

Ocross Trajectory direction at the terminal point.

pre Distance parameter to define the positions of the terminal point.

K Trajectory curvature at the terminal point.
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1. Introduction

This chapter introduces this paper. First, Section 1.1 describes the background and motivation. Next,
Section 1.2 explains the developed Advanced Driver Assistance Systems (ADAS) to reduce the traffic
accident. Then, Section 1.3 describes the problem statement. Section 1.4 presents the objectives of this
paper. And finally, Section 1.5 describes the thesis structure.

1.1 Background and Motivation

WHO reported that approximately 1.35 million people are killed in road traffic accidents every year
in this world [1]. Besides, in 2016, road traffic injuries placed 8" of the leading cause of death in the world.
To make matters worse, it was forecasted that road traffic injuries to be 5™ place of the leading cause of
death in 2030 [2]. Thus, road traffic accidents have been regarded as a public health issue [3]. Therefore,
reducing road traffic accidents has been one of the most imperative topics for automobile industries for
long decades.

Focusing on the Japanese road traffic situation, Fig. 1.1.1 shows the number of road traffic accidents,
injuries, and fatalities from 1989 to 2019 [4]. Both the number of accidents and deaths are monotonically
decreasing in recent years. These recessions were accomplished by the improvement of the road structure,
improvement in driving behaviors, development of passive and active safety technologies on automobiles,
and so on [5]-[7]. However, despite the number of road traffic accidents involving motor vehicles have
decreased year by year, yet 381237 cases have occurred,461775 people have injured, and 3215 people have
died in road traffic accidents in 2019 [4]. In Europe as well, while the number of fatalities by road traffic
accidents tends to decrease in recent years as shown in Fig. 1.1.2 [8][9], and reported 22800 people died in
road traffic accidents in 2019 [10].
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Fig. 1.1.1 The number of road traffic accident cases, injuries, and fatalities from 1989 to 2019 in Japan.
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Fig. 1.1.2 The number of traffic fatalities in the EU (28 countries) from 2008 to 2018.

Plenty of projects objected to reduce or vanish the fatalities or heavy injuries by traffic accidents. As
local objectives and strategies to reduce the fatalities, Table 1.1.1 shows recent numbers of the traffic
fatalities and national targets of deaths by 2020 in Japan, Korea, United States, Italy, United Kingdom,
Germany, France, Spain, and Sweden [4][9][11]-[22]. As a representative international project, Vision Zero
provided a philosophy of road safety to achieve no fatality and heavy injury by traffic accidents. The target
of Vision Zero is not to accomplish the particular target but to guide the road safety vision to strategy to
enhance road traffic safety. This vision does not define a certain date to achieve the goal, however, Vision
Zero defines the two basic ethical rules to accomplish the vision:

“Life and health can never be exchanged for other benefits within the society.”

“Whenever someone is killed or seriously injured, necessary steps must be taken to avoid a similar
event.”

Sweden first adopted Vision Zero in October 1997. After that, Vision Zero has been adopted and
supported by many countries until now [23][24].

Table 1.1.1 Recent numbers of traffic fatalities by countries and national targets by 2020.

Country 2016 | 2017 | 2018 Tar%e; ;%t;‘g“es Unit
Japan 3904 | 3694 | 3532 3000 Fatalities
Korea 4294 | 4185 | 3781 3071 Fatalities

United States | 119 | 117 | 1.13 1.01 Fatalities per 100 million
vehicle miles traveled

Italy 3283 | 3378 | 3334 2057 Fatalities
United Kingdom | 1860 | 1856 | 1839 NA Fatalities
Germany 3206 | 3180 | 3275 2189 Fatalities
France 3471 | 3444 | 3246 1996 Fatalities
Spain 1810 | 1830 | 1806 1239 Fatalities
Sweden 270 253 324 220 Fatalities




Focusing on the location of road traffic accidents in Japan, as shown in Fig. 1.1.3, 97.0% of the
fatalities had died on non-motorway roads in 2018 [16]. On the other hand, the accidents in motorways,
though the driveling speed is much higher, the number of traffic accidents was not dominating and
suppressed around 3.0%. And 58.5% of the fatalities were on urban roads. Therefore, in Japan, more than
half of the traffic accidents have occurred on urban roads [16]. Zooming out to the other countries,
Fig. 1.1.4 shows the repartition charts of traffic accident fatalities by road type in Japan, Korea, United
States, Italy, United Kingdom, Germany, France, Spain, and Sweden [12]-[21]. The mutual point thorough
all countries in the figure was that the ratios at urban and rural roads were overwhelming the ratios at
motorways. And the pie chart indicates that the percentages of fatalities on urban roads accounted for non-
negligible numbers in most countries. Especially in Japan, the percentages of deaths on urban roads were
notably higher compared to the countries in the figure. Thus, improving road safety at non-motorway roads
such as rural and urban roads is one of the prioritized topics to reduce the number of traffic accidents
involving automobiles.

Non-motorway
97.0%

Fig. 1.1.3 Breakdown of road traffic accidents fatalities by locations.
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Fig. 1.1.4 The repartition charts of traffic accident fatalities by road type by countries in 2018 (The
fatalities of the United States and the United Kingdom are from the data in 2017).



Focusing on more detail about the location of traffic accidents in Japan, more than 45% of the fatal
accidents were intersection related accidents as indicated in Fig. 1.1.5 [25]. Besides, the statistical data
regarding fatal intersection accidents in Fig. 1.1.6 shows that although the number of fatal intersection
accidents has been decreasing, the percentages of fatal intersection accidents have not been decreasing for
long years [25]. Likewise, in the United States, approximately 30% of vehicles involved in fatal road traffic
accidents in 2017 were intersection related accidents [26]. According to those statistical facts, driving
through the intersections is one of the riskiest scenarios while driving non-motorway roads and the
improvement of traffic safety at the intersection can play a large role in diminishing road traffic accidents.
Especially in Japan, the percentage of traffic accidents on urban roads and at intersections were higher.
Therefore, the countermeasures at the intersection will be efficient in reducing road traffic accidents.
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pthers  14.0%
4.3%

Fig. 1.1.5 Breakdown of the road traffic accidents fatalities by road types.
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Fig. 1.1.6 The number and component percentage of fatal intersection accidents.

The main reason for the dangerousness of driving intersections is its difficulties in driving through an
intersection. Even if there is a traffic signal to control the traffic, when the vehicle makes turnings, the
drivers must be aware of oncoming traffic, crossing bicycles, crossing pedestrians, and other possible risks.
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Besides, both cyclists and pedestrians may cross the road from the right and left sides, and these complex
situations make drivers misunderstand the risk and lead to accidents [27]-[29]. Those factors make
intersection driving more difficult compare to other driving scenarios. Fig. 1.1.7 lists the ten most occurred
collision cases at signalized intersections in Japan [29]. The case numbers in the subfigures show the

accident cases in Japan from 2008 to 2010.
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Fig. 1.1.7 The list of 10 most occurred collision cases at signalized intersections in Japan from 2008 to
2010.

15426 cases 4.83%

The figure explains that the accidents at the intersection contain the various types of accidents.
Focusing on the right-turn cases, 5 out of 10 cases (2, 3, 7, 9, and 10) are accidents while making right
turns. As mentioned, particularly right-turns (or left-turns in right-hand traffic) require drivers to handle
many complex tasks, skills, and enough concentration. And lack of those factors led to fatal accidents.
Thus, to challenge to improve intersection safety, this paper focuses on improving traffic safety at
intersection right-turn employing the Advanced Driver Assistance System.

1.2 Development of Advanced Driver Assistance System for Road Traffic Safety

Nowadays, to improve comfort and safety, Advanced Driver Assistance Systems (ADAS) became
widespread in the automobile market. ADAS are vehicle onboard intelligent systems that encourage the
driver appropriately by actively controlling the vehicle [30]. In this study, the ADAS defines its position
as Automated Level 1 or 2 in the definitions of SAE J3016 Levels of Driving Automation referred from
Fig. 1.2.1 [31]. The ADAS in this context is expected to reduce the burdens on driving, suppress human
errors, recover from unstable vehicle stability, mitigate collision damage, and avoid a collision. In 2018,
the number of vehicles equipped with ADAS or autonomous driving systems was reaching 23 million
vehicles, and this was 24.3% growth from the previous year [32].
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Fig. 1.2.1 SAE J3016 Levels of Driving Automation [30].

At the same time as the market growth, the safety performances of the ADAS have been actively
evaluated by organizations through vehicle testing. The European New Car Assessment Program (Euro
NCAP) is a good example of the safety evaluation program. Euro NCAP introduced the evaluation tests
for the Autonomous Emergency Braking System to the rear-end car-to-car collision from 2013. Thereafter,
Euro NCAP tested the collision avoidance system for pedestrian crossing accidents [33][34]. Since 2018,
the Euro NCAP has tested the performances of ADAS at critical scenarios in highway driving. The tests
evaluated the cut-in and cut-out scenario while Adaptive Cruise Control (ACC) was engaged. To provide
details, the cut-in scenario is a scenario where a slower vehicle in the adjacent lane merges into the lane
just in front of the test vehicle. The cut-out scenario is a scenario where a preceding vehicle suddenly leaves
the lane to avoid a stopping vehicle ahead. Other tests evaluated the steering support functions in obstacle
avoidance scenario and lane centering function. The former test measures the driver’s steering effort to
avoid an obstacle on the road. Latter test measures the lane centering performance of the ADAS in the S-
bend test with different speeds [35]. Currently, as of November 2020, as a part of Safety Assist (SA) and
Vulnerable Road User (VRU) Protection, Euro NCAP also evaluated the driver assistance system for
intersection turnings [117][118]. In the assessments, the vehicle under test makes a turning at the
intersection. The SA evaluates the collision avoidance performance between the car coming from the
opposite direction, and the VRU Protection evaluates the collision avoidance performance between the
pedestrian crossing from the opposite direction [117][118].

Table 1.2.1 shows the examples of the well-known commercialized driver assistance system that
directly controls the vehicle, and the table describes the intervention contents, target situations, and target
road types of the system.



Table 1.2.1 Well-known commercialized driver assistance systems.

Commercialized ADAS (nlqr;}f,rrvﬁgtt'ﬁg d) Situation Road type
Adaptive Cruise Control (ACC) Gas and brake | Normal driving Highway
Lane Keeping Assistance System . .

(LKAS) Steer Normal driving Highway

Electric Stability Control (ESC) Brake Emergency Highway
Lane Departure Prevention (LDP) Steer Emergency Highway
] ] Highway
Anti-lock Braking System (ABS) Brake Emergency Urban road
Autonomous Emergency Braking Highway
System (AEBS) Brake Emergency Urban road
Emergency Steering Function (ESF) Steer, brake Emergency Highway
’ Urban road

Intersection Turn Assistant Brake Emergency Urban road

. Gas, brake, Normal driving Urban road

Automated Parking and steer (parking) (Parking)

ACC is a system that controls the cruising speed distance of the preceding vehicle by acceleration and
braking. LKAS is a system that controls the vehicle to keep in the center of the lane by steering control.
ESC is a system that prevents the vehicle from being dynamically unstable. This system engages braking
assistance to the individual wheel to stabilize the vehicle when it goes to the oversteer or understeer. LDP
is a system that brings back the vehicle in the lane by strong steering intervention when the vehicle departs
the lane unintendedly. AEBS is a system to avoid collisions with the object ahead with emergency braking.
ESF is a collision avoidance system with steering intervention. This system engages when the collision
cannot be avoided only by the AEBS. However, the activation conditions are strict, and the system cannot
engage the ESF when the sensor system cannot find out enough space for steering maneuvers. Intersection
Turn Assist is an emergency braking function for intersection turnings. This system is sometimes handled
as a partial function of AEBS, but the biggest difference is required sensor specifications. AEBS requires
long-distance perception. On the other hand, the Intersection Turn Assist requires short-range but wide
field-of-view perception sensors. Therefore, the vehicle equips Intersection Turn Assist mounts
environment perception sensors in addition to the sensor for AEBS. Automated Parking is a driver
assistance system that helps the driver park the vehicle. The system controls the steering wheel to the target
parking position. Some systems also operate acceleration, braking, and shifting. Therefore, the vehicle
parks to the parking position fully controlled by the ADAS.

As shown in Table 1.2.1, most of the ADAS can divide into two types: a system for normal driving
and emergency situation. The ADAS for normal driving usually do not consider the risk for the collision
but the comfortability. And those systems are recommended to use on highways. On the other hand, the
ADAS for emergency situations only intervene after the collision risk or risk for unstable states became
apparent. Therefore, the systems do not consider the comfort. Hence, when we design an ADAS for urban
roads, the driver assistance system for normal driving is not very appropriate because those assistances do
not consider the collision risks in the urban area.



An important principle for safe driving in the urban area is to predict the possible risks surrounding
the driving vehicle, for example, a risk that a pedestrian darts out from a blind spot, a risk that a bicycle
crosses a lane, and a risk that a vehicle suddenly cuts in from another lane or parking space. Researchers
pointed out that skilled drivers could avoid collision risks by correctly predicting the possibilities before
the possibilities become imminent or unavoidable risks [36][37]. We call these possibilities potential risks.
It is known that skilled drivers can drive the city safely and comfortably by predicting the potential risks
and handling the vehicle properly to reduce the risks [36][37]. Defining this driving skill as “a risk
predictive driving”, we presume that risk predictive driving is imperative factors to diminish the traffic
accident on urban roads.

Return to the story about the existing emergency functions in Table 1.2.1, those ADAS could only
intervene in the emergency situation. Therefore, the systems cannot apply assistance to the potential risks,
but only after actualized (detected) the risk. Thus, even many vehicles currently equip both the ADAS for
normal driving and emergency situation, when the drivers do not understand and deal with the potential
risks correctly, it is hard to avoid the collision in the risk predictive scenarios.

To solve these problems on the existing ADAS, the target of the ADAS for risk predictive scenarios
defines as to control the vehicle to a safer state by predicting the potential risks in urban roads before the
vehicle getting into the emergency situation. Thus, the ADAS for risk predictive driving locates
intermediate between the ADAS for normal driving and emergency situation as represented in Fig. 1.2.2.

Normal driving Risk predictive driving Emergency
&Y o o SR
>
* Adaptive Cruise Control (ACC) Possibility of * Autonomous Emergency Braking
* Lane Keep Assistance System * Pedestrian darting-out System (AEBS)
(LKAS) * Sudden lane-change * Emergency Steering Function
* Traffic Sign Detection Not commercialized (ESF)

Highway driving function
Urban driving function

Fig. 1.2.2 The position of the ADAS for risk predictive driving.

Extensive research has objected to develop ADAS from the aspect of road traffic safety to reduce the
number of accidents at intersections, especially when a vehicle makes a right-turn. Focusing on the urban
driving and intersection right-turn (or left-turn in right-hand traffic) scenario, the following subsections
present previous research and developments regarding the ADAS for emergency functions and risk
predictive driving. Fig. 1.2.3 presents the map of the research and developments about safety on
intersection right turnings.
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Fig. 1.2.3 Research and developments on intersection right turns.

1.2.1 Related Research on ADAS for Intersection Turnings with Vehicle-to-Vehicle and Vehicle-to-
Infrastructure Communications

Research on ADAS that use Vehicle-to-Everything (V2X) communication was expected to reduce the
number of accidents at intersections. V2X technology mainly contains four communication categories:
Vehicle-to-Vehicle (V2V), Vehicle-to-Infrastructure (V21), Vehicle-to-Pedestrian (V2P), and Vehicle-to-
Network (V2N) as shown in Fig. 1.2.4 [38]. Those communication technologies are expected to play an
influential role in the risk predictive driving situation because the communication enables to obtain the
information of the surrounding objects even in blind spot [39][40].

Vehicle-to-Network Vehicle-to-Vehicle
Communication Communication
Vehicle-to-Infrastructure V2X Communication Vehicle-to-Pedestrian

Communication Communication

Fig. 1.2.4 Contents of the V2X communications [38].
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V2V communications enable communication between vehicles and vehicles. By equipping the
communication devices to the vehicles, this technology can inform the existence of the vehicle or other
objects in blind spot [41]-[46], to improve the smoothness and safety of the ACC [47]-[51], and to obtain
traffic information ahead such as traffic congestion, weather, the crash site and so on [52]-[54].

V2l communications are the technology that enables us to communicate with the vehicles and
infrastructures. A lot of research focuses on intersection safety and proposed systems to alert or avoid
collisions with other road users detected by the sensors on traffic signals or road structures [55]-
[62][137][138]. In Japan, the National Police Agency promoted a project to develop an infrastructure
cooperated driver assistance system using optical beacons. This driver assistance system is called Driver
Safety Support System (DSSS) [63]. As an international research project to develop and demonstrate a
cooperative intersection Safety system, European Commission led a project InterSafe-2 [64][65]. V2I
and/or V2V communication has been also used for a highly automated driving function to localize the
vehicle position [66][67].

The security, accuracy, speed, capacity, and privacy of the communication also trends topics through
the V2V and V21 communications [68][69]. Considering those tasks, several standards have been
established for V2V and VV2I communication. Recently, DSRC (Dedicated Short-Range Communications)
and C-V2X (Cellular-Vehicle-to-Everything) are known as the standardized communication standards for
Intelligent Transportation Systems (ITS).

DSRC is a telecommunication technology especially used for V2V or V2l communications. In the US,
DSRC was standardized as IEEE 802.11p in 2010 by allocating 75MHz in the 5.9Hz band [70]. This
standard is also known as WAVE (Wireless Access in Vehicular Environments). In Europe, the
communication technology called DSRC was standardized in European Standards EN 12253 to use the 5.8
GHz band for Automatic dynamic debiting systems and automatic access control systems in 2004 [71].
And Japan as well, DSRC was standardized in ARIB STD-T75 by the Association of Radio Industries and
Businesses (ARIB) in 2001 by allocating 80MHz in the 5.8 GHz [72]. In Japan, an electric toll collection
system ETC2.0 adopted DSRC and providing wide service not only for payment method but also for
providing maximum 1000km range traffic information, camera images of the traffic ahead, and audio
information [73].

C-V2X is a communication standard using cellular networks. The Third Generation Partnership
Project (3GPP) has developed C-V2X from 2016 and aiming to use LTE and 5G cellular networks for ITS
functions [74][75]. The C-V2X possesses two communication modes: Direct mode and Network mode.
The Direct mode is based on LTE Direct and enables device-to-device communication. Therefore, the
Direct mode makes C-V2X possible to implement the V2V, V21, and Vehicle-to-Pedestrian (V2P) in high-
speed communication. This concept also enables to relay the information via device-to-device
communication that helps to reach the cellular network. The Network mode is used for the Vehicle-to-
Network (V2N) communication. This service access the network to obtain and provide traffic information
to the network that enables them to obtain traffic information and cloud services [74][76].

As functions using commercialized communication technology, Toyota and Honda adopted the DSSS
V21 communication using the optical beacon.

DSSS from Toyota is a partial function of the ITS Connect function. In the DSSS from Toyota ITS
Connect, the transmitters on traffic lights provide information about the existence of an oncoming vehicle
and crossing pedestrian detected by sensors on the traffic signals to the waiting vehicle to make a right-
turn. When the driver of the vehicle tried to make a right-turn in a dangerous situation, the system alerts
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the driver with graphic information and sounds. Fig. 1.2.5 shows the conceptual diagram of the DSSS from
Toyota ITS Connect [77]. The left figure in Fig. 1.2.5 shows the detection of the blinded vehicle behind
the bus, and the intersection unit transmits the vehicle information to the ego vehicle (blue vehicle). When
the driver of the ego vehicle steps on the gas pedal, the onboard system alert with a pictogram as shown in
the right figure.

—
4 —C X RIE A

..
Fig. 1.2.5 DSSS function of Toyota ITS Connect [77].

Honda DSSS also uses traffic information. The vehicle receives the signal from the traffic signal and
informs the driver appropriate speed to drive to the next intersection to prevent from stopping at the red
light [78].

Regarding the V2V communication function, Toyota has developed a driver assistance system using
the V2V communication called Connected Vehicles Support Systems (CVSS) as a partial function of the
ITS Connect. The CVSS can communicate with the vehicle that also equips the CVSS and enhance the
smoothness of the ACC function. Currently, the CVSS also covers the collision warning function. This
function assists the driving in two situations as shown in Fig. 1.2.6. The first situation is when the vehicle
stops at the entrance of the intersection, and a vehicle is oncoming from the left or right of the crossing
road as shown in the left figure of Fig. 1.2.6. When the driver releases the brake pedal and tries to go into
the intersection, the system alerts the existence of the oncoming object with graphic information and sound.
The second situation is when the vehicle waiting for a right-turn in the intersection with blinking the turning
indicator, and an oncoming vehicle is existing as shown in the right figure of Fig. 1.2.6. The CVSS activates
when the driver releases the brake pedal and try to make the right-turn and informs the driver about the
existence of the oncoming vehicle by graphical information and sound [77].

Sy :
.1‘ | - o
F|g 1 2.6 CVSS functlon of Toyota ITS Connect [77]
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The communication technologies are expected to change road safety drastically because the
information covers a very wide range even it is out of the vehicle onboard sensor range. However, to
accomplish the communication, both a sender and a receiver are required on the traffic. Therefore, it may
take several years to widely deploy the facilities and functions to entire cars and urban roads. Currently,
only 33 intersections applied DSSS in Tokyo Metropolitan (October 2020) [77]. Also, the problems in
maintaining the infrastructure were lying on V21 communication technologies. National Police Agency of
Japan expressed quitting the DSSS service by March 2027 because of the difficulties in its maintenance
[79].

1.2.2 Related Research on ADAS for Intersection Turnings without Depending on Communication
Technologies

With other challenges to avoid collisions while turning right at intersections, ADAS or other risk
prediction methods have been proposed without depending on the communication technologies. The
focuses of the research cover various topics including decision making, risk prediction, risk assessment,
trajectory prediction, human-machine interface (HMI), vehicle control, and effectiveness evaluation [80]-
[84][121]-[135].

As research project aims to develop an intelligent vehicle with ADAS especially focusing on city
driving, “Autonomous Driving Intelligence System to Enhance Safe and Secured Traffic Society for
Elderly Drivers” of Strategic Promotion of Innovation Research and Development Program (S-Innovation)
has undertaken to assist the elderly driver to safely handle the risk predictive scenarios such as passing
through unsignalized intersection scenario and overtaking parking vehicle scenario [85]-[87].

Our research team also have worked on the ADAS for intersection right-turn without depending on
the communication. Fig. 1.2.7 shows the use-case scenarios of the intersection right-turn safety functions.

Ego Vehicle

Scenario)

" Scenario®

Scenario® B——»

Fig. 1.2.7 Use case scenarios of the intersection right-turn safety functions where our research team has
focused.

The scenario (D in the figure is a scenario where an oncoming vehicle approaches the intersection
when the ego vehicle makes a right-turn at the intersection. The research proposed a deceleration system
and a collision avoidance system to avoid oncoming vehicles for intersection right-turn [88]. This system
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applies brake assistance to decelerate the vehicle as skilled drivers’ driving before entering the intersection.
This research also covers the effective evaluation using the vehicle-in-the-loop simulation as seen in Fig.
1.2.8 [88].

Fig. 1.2.8 Vehicle-in-the-loop simulation using the real test vehicle. Figures on the right show the virtual
target to avoid, and figures on the left show the footages of the onboard camera on the test vehicle [88].

The scenario (2) is a scenario where a pedestrian starts to cross the crosswalk from the blind spot when
the ego vehicle makes a right-turn at the intersection. This research focused on the crosswalk at the
intersection right-turn and proposed a “driver intelligent” model to turn the intersection safely. The concept
of the system is to control the vehicle by predicting the potential risk for the pedestrian crossing [89]. The
testing scenario is shown in Fig. 1.2.9.
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Fig. 1.2.9 Snapshots of the experiment during the right-turn maneuver [89].

The scenario (3 is a scenario where this paper focuses. A driving scenario where the ego vehicle makes
an intersection right-turn with a blind spot in the oncoming lane, and a motorcycle or bicycle darts out from
the blind when the ego vehicle makes a right-turn at the intersection [134][135]. In this scenario, if the
driver of the vehicle does not predict the risk correctly, it is hard to avoid the collision even if the vehicle
equipped the conventional emergency braking systems. This paper focuses on this risk predictive scenario
and developed an ADAS. The details of the target scenario are explained in Section 2.1 in
Chapter 2.

As a result of vigorous research and development on intersection safety, recently ADAS for
intersection turnings are commercialized to passenger vehicles. Subaru released an ADAS that included
the intersection right-turn collision avoidance New Generation EyeSight in 2019. Fig. 1.2.8 shows the
overview of the right-turn collision avoidance. New Generation EyeSight equipped stereo cameras and
four-millimeter wave radars and that enabled us to sense 360 degrees around the vehicle. New Generation
EyeSight adopted the assistance for several intersection emergency cases such as head-on collisions at the
blinded intersection, left-turn collisions with vulnerable road users, and right-turn collisions with oncoming
cars or vulnerable road users [90][91]. Other manufacturers also developed ADAS for intersection right-
turn (left-turn for right-hand traffic) collision avoidance systems. Audi developed Audi Turn Assist to avoid
the intersection turning collision [92]. Volvo as well, developed a function called Intersection Support to
avoid collisions at intersection right-turn [93][94].

The Euro NCAP extended the assessment for AEBS to a crossing and turning intersection scenarios.
The testing currently includes collisions with a car and a pedestrian [117][118]. In the future, the collisions
with a bicycle and a motorcycle will be included for the intersection turning scenarios [34].

1.3 Problem Statement
Plenty of research and developments of the ADAS at the intersection have been conducted and

14



revealed the effectiveness and tasks to achieve the goals. The ADAS using V2V or V21 communication
technologies have great potential to improve road traffic safety however has difficulties in the deployment
[95][96]. Especially, V2I usually requires cooperation with local governments to deploy the roadside units
such as sensors and transmitters therefore it may take more time and cost for deployment and maintenance.
On the other hand, the ADAS without depending on communication technologies can be deployed quickly,
however, perceiving objects from onboard sensors has limitations on their detecting performance.
Therefore, to avoid accidents in the complex urban area, ADAS are favored to predict the risk as early as
possible. Especially in the darting-out scenario from blind spots, it is quite hard to control the vehicle to
avoid a collision after detecting the avoidance object. Therefore, the ADAS requires predicting the potential
risk in an earlier phase and in high accuracy with long-term risk prediction before “detecting the darting-
out object”.

The driver acceptance of the ADAS is also an indispensable discussion while designing the ADAS
[97]. Because if the driver acceptance is bothering for the driver, the acceptance will be lower, and the
driver may turn off the system. To design the ADAS acceptable for the drivers, the intervention of the
system should not be too conservative and should be convincing assistance for the drivers.

One of the essences of developing the risk predictive driver assistance systems is to be consistent with
the “safety” and the “driver acceptance” at the same time. Because once the system becomes too
conservative for safety, the driver may not accept the system. Usually, the “safety” and the “driver
acceptance” are in the trade-off relationship. Thus, the main question of this research is how to obtain
enough safety performance to avoid the collision before detecting the darting-out object, and
simultaneously, how to let the driver accept the ADAS.

Also, another topic raised that how we can prove the proposed system is “safe” and/or “accepted” by
the driver. Currently, the Euro NCAP assesses the active safety functions for the intersection turning by
using a real test vehicle at the real test track, however, conditions are limited. For example, in the
assessment of Car-to-Car Front turn-across-path test, only the combinations of three test vehicle speeds
combined with three target vehicle speeds are available, and the collision position when no braking action
is fixed only to the center of the test vehicle [117]. In addition, to evaluate the performances in the risk
predictive scenario, more conditions such as the position of occluding object may be required. In terms of
developing the ADAS for risk predictive scenarios, because of the time and cost efficiency, evaluating the
collision avoidance performance with the real test vehicle by comprehensively changing the conditions is
not the best idea. To sum up, three questions addressed in this thesis as follows:

- How can the system define and predict the darting-out risk quantitatively before detecting the darting-
out?

- How can the system be consistent with both “safety”” and “driver acceptance” simultaneously?

- How can the “safety” and “driver acceptance” of the ADAS be proved by the simulation?
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1.4 Research Objective

To solve the problems above and accomplish an ADAS for the risk predictive driving scenario at
intersection right-turn, the research objectives of this paper are to develop an ADAS by explainable risk
prediction without depending on the V2V/V2I communication facilities but with onboard sensors.

As explained in Subsection 1.2.2, this research focused on the scenario where the ego vehicle makes
an intersection right-turn with a blind spot in the oncoming lane, and a motorcycle or bicycle darts out from
the blind when the ego vehicle makes a right-turn at the intersection. To design a risk predictive driver
assistance system for the target scenario, the following requirements must be fulfilled.

- Driver’s manual steering.
- High driver acceptance.
- Moderate braking assistance to minimize the potential risk.

- Starting intervention before detecting the avoidance object.
- Long-term risk prediction before the ego vehicle driving into the intersection.

In this research, the goal of the intervention is to decelerate the vehicle to a certain speed called “safe
speed” by brake assistance with minimizing the conflict between the system and driver. To actualize this
control, the system controls the vehicle with minimal assistance only by moderate braking, thus, the driver
has control to steer the vehicle. However, when the driver steers manually, the driver input makes it difficult
to predict the vehicle motion for long-distance. To actualize the long-term prediction and start the brake
intervention before the vehicle starting the intersection turning, this project covers not only proposing the
algorithm of the risk prediction but also proposes a curve generation method that enables to predict long-
distance intersection turning trajectory with high accuracy from the ego vehicle current motion and
intersection geometry.

Besides, this study aims to evaluate the ADAS from the aspects of effectiveness for collision
avoidance and driver acceptance. This paper aims to evaluate both aspects under the rapid prototyping
concepts such as full-vehicle simulations and driver-in-the-loop simulations. The full-vehicle simulations
enable us to conduct the collision avoidance simulations at high speed under various possible darting-out
conditions. The driver-in-the-loop simulations enable us to realize the realistic driving conditions with
subject drivers. The subject drivers can safely experience the functions of ADAS and risky darting-out.
Therefore, the acceptance evaluation process can be done easily and short time without influenced by actual
environmental conditions such as the weather and time.

1.5 Thesis Structure

This paper proposes a risk predictive Advanced Driver Assistance System for intersection right-turn
with a blind spot. This paper has six chapters, and the following contents are described.
Chapter 1 introduced the overview of the backgrounds, social demand, related research and products, tasks
of the current technology, and objectives of the research. Chapter 2 presents the concept and core
algorithms of the proposed driver assistance system. In Chapter 3, to predict the smooth and accurate
trajectory of the ego vehicle motion, a curve generation method using the Triclothoidal curve is proposed,
and the comparative trajectory prediction experiments on real city traffic are presented in the later sections.
Chapter 4 evaluates the effectiveness of “safety” of the proposed ADAS under various conditions of
darting-out patterns and intersection shapes. This chapter also mentions the simulation setup, emergency
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braking function which used in the simulations, and a parameter estimation method to predict the
Triclothoidal trajectory. In Chapter 5, subject driver experiments to evaluate the “driver acceptance” are
presented as follows: First, the results and tasks of demonstrational experiments with the real test vehicle
in the test track are described. Second, the driver acceptance evaluation experiments with driver-in-the-
loop simulations. This section contains the simulation equipment, the acceptance evaluation method, and
the results of the acceptance evaluation experiments. In order to enhance the driver assistance system to
adopt to the various kinds of risk predictive scenarios in real urban driving scenes, generalization of the
proposed driver assistance system is described. Besides providing several scenarios that requires the risk
prediction, demonstrations on the generalized driver assistance system that prevents from traffic accidents
have done through the full-vehicle simulations. In the last chapter, Chapter 7 concludes the paper and
mentions the outlook of this project.
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2. Risk Predictive Driver Assistance System for Intersection
Right-Turn

As an aim to reduce the fatality at road traffic accidents, we propose an Advanced Driver Assistance
System (ADAS) for intersection right-turn with risk predictive brake assistance. This chapter presents the
major subsystem of the proposed ADAS, the Proactive Braking System (PBS). The following sections
explain the overview and algorithm of the PBS. Firstly, Section 2.1 defines the target scenario that the
proposed driver assistance system engages the brake assistance. Secondly, Section 2.2 describes the
concept and structure of the proposed ADAS. Thirdly, Section 2.3 explains details about the algorithm of
the PBS. And finally, Section 2.4 concludes the chapter.

2.1 Definitions of Target Scenario

Though there are plenty of risk predictive scenarios in real city driving, this research focuses on the
intersection right-turn scenario. We chose the scenario for the following reasons. Firstly, traffic accidents
at intersection right-turn accounted for the high percentages in city driving. Secondly, the past research did
not focus on the risk predictive driver assistance system in the intersection turning scenario. And finally,
intersection turning especially right-turning requires skills and concentration on driving, therefore the
scenario naturally requires driver assistance.

As a risk predictive scenario in the intersection right-turn scenario, we selected the scenario when
oncoming traffic is occluding the space next to the oncoming traffic while the ego vehicle making the right-
turn. In this scenario, a car, a motorcycle, a bicycle, or a pedestrian may dart out from the blind spot. Fig.
2.1.1 shows the representative darting-out scenario during making a right-turn. The screen images in the
figure are the screenshots from Near-miss Incident Data Base (NIDB) that is owned by TUAT Smart
Mobility Research Center. NIDB records the driving data before and after the near-miss incident. The
database contains recorded data from a video camera, an accelerometer, a GPS module, and several input
terminals to record forward-facing video and changes in running speed, acceleration, brake signals, turn
indicators, and location. The strong acceleration triggers the recording when the acceleration is larger than
0.45 G and record the data 5s before and 10s after the trigger [98][99].
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Fig. 2.1.1 The scenario that an object darts out from the blind spot [98][99].

linker linker R Blink

This risk predictive scenario tends to occur when the following situations are existing in the
intersection: (a) when the oncoming traffic is congested and the oncoming vehicle at the entrance of the
intersection is stopping and yielding the way for right-turning vehicles, (b) when an oncoming vehicle is
waiting to make a right-turn and stopping in the intersection, and (c) when the oncoming road has multiple
lanes and a vehicle on the closer lane is somehow stopping but the traffic on the farther lane is flowing.
Fig. 2.1.2 shows the representative risk predictive scenarios in the intersection right-turns from (a) to (c).
The mutual factors of the situations are the existence of the stopping oncoming traffic at the entrance of
the intersection (in front of the ego vehicle) and a space behind the occluding vehicle.
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(@) When the oncoming traffic is congested and the oncoming vehicle at the entrance of the intersection
is stopping and yielding the way for right-turning vehicles.

/ Occluding
\ehicle

]
(b) When an oncoming vehicle is waiting to make a right-turn and stopping in the intersection.

Atlnm-

(c) When the oncoming road has multiple lanes and a vehicle on the closer lane is somehow stopping but
the traffic on the farther lane is flowing.

Fig. 2.1.2 Representative example situations of the target scenario.

To know the occurrence of the cases above, we analyzed the NIDB. The database had recorded 1759
cases of near-miss incidents and accidents between the right turning vehicle and going straight vehicles
(criteria: middle-risk near-miss incidents, high-risk near-miss incidents, accidents, intersections, right-turn
vehicles, straight going vehicles, 4-wheelers, motorcycles, and bicycles). Form those cases, 454 cases
(26%) were the cases with the darting-out object from the blind spot, and 7 cases were the accident cases.
Considering the percentages of the accidents between the right turning vehicle and going straight vehicles
accounted for the high ratio according to Fig. 1.1.7, it is presumed that the driver assistance at the
introduced target scenario will be effective to improve the safety at the intersection turning scenario.
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2.2 Concept of Proactive Braking System (PBS)

We propose a risk predictive driver assistance system, the Proactive Braking System (PBS), to
minimize the potential risk in the target scenario in the intersection right-turn. The PBS applies the brake
assistance to minimize the potential risk that enables to prepare the possible emergency situation of darting-
out. This section introduces the concept and the system structure of the proposed PBS.

2.2.1 Concept

To design the risk predictive driver assistance system PBS, this study puts the emphasis to be
consistent in terms of the “safety” and the “driver assistance”. The main concept of the risk predictive
driver assistance system is to minimize the potential risk with minimal driver assistance. Thus, in this study,
the PBS applies only for brake assistance and leaves steering control for the driver. In other words, the
driver can flexibly take any kind of right-turn maneuver and the system applies for moderate brake
assistance regarding the predicted right-turn trajectory.

The target of the deceleration by the driver assistance system is to decelerate the vehicle to the speed
that can stop the vehicle by emergency braking before colliding into the darting-out object. We define that
speed as the “safe speed”. Fig. 2.2.1 explains the concept of the deceleration of the PBS.

Proactive Braking
System (PBS)
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(a) The case with only AEBS. (b) The case with PBS and AEBS.

Fig. 2.2.1 The concept of the Proactive Braking System.

Focusing on the case without PBS, when the driver does not decelerate the vehicle enough in the right-
turn scenario with the potential risk, the driver or AEBS cannot stop the vehicle before colliding into the
darting-out object if there actually has a darting-out object from the blind spot. On the other hand, with
equipping PBS, when the system detects the driver’s intention to make a right turn and the existence of the
occluding vehicle, the system applies moderate brake assistance to decelerate to the safe speed whether the
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darting-out object detected or not. Therefore, if there has a darting-out, the vehicle can stop before colliding
with the object. If there is no object darting out, the system completes the assistance, and the vehicle can
pass through the intersection.

2.2.2 System Structure

The schematic structure of the whole driver assistance system is shown in Fig. 2.2.2.
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Fig. 2.2.2 The system structure of the proposed driver assistance system.

The orange area in the figure shows the proposed driver assistance system. The onboard sensor
perceiving the surrounding object and the map including intersection information is required to activate the
driver assistance system. The map requires to contain information about the intersection sizes, the crossing
angle, and the absolute positions. Receiving the input data from the driver, the map, the onboard sensor,
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and the vehicle, the driver assistance system output the brake command of the vehicle. The whole driver
assistance system involves three subsystems and a switching function. The first subsystem of three
subsystems is the Ego Vehicle Trajectory Prediction. This subsystem predicts the trajectory of the ego
vehicle to predict the conflict point between the ego vehicle and the virtual darting-out object. The virtual
darting-out object is presented in the next subsection. The trajectory prediction method in the subsystem
used a unique method that can generate a smooth trajectory to reach an arbitrary point with an arbitrary
direction without discontinuity in the curvature. The details about the trajectory prediction are introduced
in Chapter 3. The second subsystem is the proposed Proactive Braking System (PBS). Receiving the
predicted trajectory from the previous subsystem and the sensor data about the occluding vehicle, the
system calculates the safe speed. The brake command to control the vehicle is decided from the feedforward
and feedback control regarding the velocity and the acceleration. The last subsystem is the Emergency
Braking System (EBS). This is the system that imitates the function of commercial AEBS for intersection
turning. The system calculates the target acceleration to avoid the collision when the collision with the
oncoming vehicle is imminent. This subsystem is an optional function, and this subsystem supposes to be
replaceable with other collision avoidance functions. This study focuses only on the risk predictive driving
assistance system however, the PBS actually can enhance the collision avoidance performance only when
the system was integrated with emergency braking by the AEBS or the driver. Therefore, this paper also
describes the design of the EBS in Chapter 4, but the design of the EBS itself is not the focus of the research.

In addition, we provided that the design of this system is not dependent on the V2V or V2|
communication, however, the principle of the system does not reject the communication technologies. The
advantage of the proposing system is that the system can be operated in every intersection without the
communication facility, but the proposed system potentially can improve its performance by the
information via V2V/V2l communications. For example, if the roadside unit or other vehicle sensor did
not detect the darting-out object, the PBS does not need to engage the brake assistance even when the
oncoming vehicle stops and makes the blind spot. In another case, when the existence of the darting-out
object is provided via communication, the PBS flexibly can change the safe speed by changing the
parameter of the system. Besides, by obtaining the information of traffic signal via communication, the
system can avoid excessive brake assistance when the right-turn vehicles are protected by a traffic signal.

2.3 Risk Prediction Algorithm of Proactive Braking System (PBS)

The main question in designing the driver assistance system is how to fulfill both requirements about
“safety” and “driver acceptance”. To solve this question, applying the concept of “safe speed” in the PBS,
this section presents the design of the PBS including how to calculate the “safe speed” and the deceleration
algorithms to actualize the comfortable deceleration.

When the ego vehicle heading to an intersection, the followings trigger to activate the PBS: the driver
intends to make a right turn at the intersection with the turning indicator, the onboard sensor is detecting
an occluding vehicle on the oncoming lane, and there is enough space behind the occluding vehicle where
an object can dart out. The flowchart to activate the PBS is diagramed in Fig. 2.3.1. When the PBS was
triggered, the algorithms in the following subsections calculates the safe speed and target acceleration and
controls the vehicle.
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Fig. 2.3.1 Flowchart of the PBS activation.

2.3.1 Virtual Darting-Out Object

To predict and calculate the safe speed to avoid the actual darting-out object from the blind spot, a
virtual darting-out object is assumed to dart-out from the blind spot. The virtual darting-out object defines
to dart out in parallel to the direction of the entering road of the intersection. Here, Fig. 2.3.1 schematically
explains the definitions of the virtual darting-out object.
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vehicle
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Fig. 2.3.1 The virtual darting-out object.

The trajectory of the virtual darting-out object defines as a straight trajectory that has offset with
distance Dvir occ from the left-front corner of the occluding vehicle. The darting-out position of the virtual
darting-out object defines as a point, indicated as v.p. in the figure, on the trajectory of the virtual darting-
out object. This v.p. is dependent on the line-of-sight from the onboard sensor of the ego vehicle. To say
more specifically, the position of the v.p. is the crossing point between the darting-out trajectory and the
line-of-sight from the onboard sensor. Therefore, the v.p. differs its position by the position of the ego
vehicle, because when the car moves, the sensor itself moves as well.

2.3.2 Conflict Point Prediction

The conflict point (c.p.) can be predicted from the defined trajectory of the virtual darting-out object
and the predicted trajectory of the ego vehicle. The prediction method of the ego vehicle trajectory is
presented in Chapter 3. This study assumes that the dimensions of the vehicle and the front steering angle
geometrically defines the trajectory of the vehicle. Therefore, presuming that the trajectory always meets
at right angles at the center point of the rear-axle of the ego vehicle. On the other hand, to implement the
predicted curve for the Proactive Braking System, the trajectory at the sensor position must be predicted to
know the future position of the darting-out position of the virtual darting-out object v.p. Regarding that the
trajectory at the center point of rear-axle can be discretely predicted as
(Xtrajo (k). Yigaio (k); (k=12,3--,N), the following equation derives the trajectory at sensor position of
the vehicle (X (K ), Yy (K)):

Xtraj (k) = Lsensor COS(V/ego (k)) + Xtrajo (k)
ytraj (k) = Lsensor Sin (l//ego (k)) + ytrajO (k)

where Lsensor IS the length from rear-axle to sensor position of the vehicle, wego(K) is the relative yaw angle
from the current ego vehicle yaw angle. This relative angle yeg(K) is determined as the tangential angle at

(Xtrajo(k)’ytrajo(k)).

(k=1,2,3---,N), (2:3.1)
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In this section, the predicted trajectory of the ego vehicle indicates the trajectory at the sensor position
of the vehicle.

The derivation of the trajectory of the virtual darting-out object is as follows. The distance from the
left-front tip of the occluding vehicle to the virtual darting-out trajectory D.ir occ defines the trajectory of
the virtual darting-out trajectory as shown in Fig. 2.3.2 and the following equation:

Dvir occ
—_—— O

cosd,

vir

(X_Xocc)tan evir _(y_yocc) (232)

where (Xoce, Yocc) are the position of the left-front corner of the occlusion vehicle, and 6. is the relative
angle from the ego yaw angle to the direction angle of the entering road of the intersection.

Occludjng
vehicle

é/irtual darting-out
object
Trajectory of virtual
| — .
Onboard sensor /dar'ﬁgzut object

Predicted
trajectory

Fig. 2.3.2 The definition of the virtual darting-out trajectory.

From the definition, the position of the v.p. at the current state can be calculated from the crossing
point between the line-of-sight of the sensor and the darting-out trajectory defined in (2.3.2). The position
of c.p. looks up the closest point to the darting out trajectory (2.3.2) from the point list of the discrete ego
vehicle trajectory (Xtraj (k) Yiraj (k)) in (2.3.1). From above, the positions of the v.p. and the c.p. can derive
the distance from the v.p. to c.p. dvir. By giving the darting-out speed v.ir and time-to-collision (TTC) from
the v.p. to c.p. tr, the distance d.ir from v.p. to c.p. can be derived as d,;, =V, t. .

By the way, in the design of the deceleration function, we have to consider two factors, “safety” and
“acceptance.” In terms of “safety”, all darting-out cases can be avoided by the ADAS, then the system must
consider every possible risk. However, this means the car will stop by the system and will not be able to
pass over the predicted c.p. Therefore, we have to give a constraint to the algorithm to secure the
“acceptance.”

In this study, we gave a constraint that the system assists only when the TTC of the virtual darting-out
object tyir is smaller than a certain value tyir 4. By giving this constraint, the system completes the assistance
when the ego vehicle has enough visibility behind the occluding vehicle. In this study, TTC t.ir ¢ was fixed
to 2.0 s to take enough time for the darting-out object to avoid the turning ego vehicle. Thus, the position
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of the ego vehicle when the TTC of the virtual object becomes t.ir ¢ defines as the detecting point (d.p.).
The schematic of the geometrical relationship between the ego vehicle, the occluding vehicle, and the d.p.
is shown in Fig. 2.3.3. The target of the PBS is to complete the deceleration assistance to the safe speed
until the ego vehicle reaching the d.p. Then, the system can guarantee the safety of the function when the
TTC of the virtual darting-out object is less than tyir_g.

v.p. when the ego

Occluding vehicle at d.p.
vehicle
| 1
A I I:)vir_d = Vvirtvir_d
Detecting point .
(dp) I Dvir = Vi tvir
Conflict point
(c.p)
X
y X
—Current vehicle

position Y

Fig. 2.3.3 The definitions of the TTC of the virtual darting-out object and the detecting point d.p.

2.3.3 Safe Speed Calculation

The definition of the safe speed in this study is the speed that can be stopped by the emergency braking
before reaching the c.p. Besides, as mentioned in the previous subsection, the system needs to complete
the assistance before reaching the d.p. Since the distances from the ego vehicle position to c.p. and d.p. are
geometrically derived from the relationship as shown in Fig. 2.3.4, the distance to stop dswp IS given by the
following equation:

dstop = dcp_PBS _dPBS - Dsafe' (233)

where dpgs is the distance of the PBS control section that is equivalent to the distance from the ego vehicle
to the c.p., Dsare is the safety margin, and dcp pss is the distance from the ego vehicle to the c.p.

To stop the vehicle in the distance dswop by the emergency braking from the safe speed, the following
equation defines the safe speed Vsate.

2 2
Vsate = Qgps 7 + \/aEBsT — 28gp5 0y » (2.3.4)

where aggs is the expected acceleration of the emergency braking and z is the latency of the braking system.
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Fig. 2.3.4 The definitions of the distances for the PBS and the emergency braking.

2.3.4 Deceleration Speed Planning of PBS

As an aim of the design concept, deceleration planning of the system is indispensable to secure the
acceptance of the driver assistance system. In this study, to make the deceleration as comfortable and less
plaguey assistance, we discussed speed profiles to decelerate to the safe speed.

This method provides a smooth speed profile to decelerate from initial velocity to terminal velocity.
This profile consists of two constant jerks and switches the jerk in the half time of the control time. This
profile requires generating the smooth speed profile without discontinuities in the acceleration and fulfill
conditions about the acceleration, the velocity, and the position at the initial and the terminal position. Fig.
2.3.5 provides an example speed profile with this method. Wherein, Ji is the jerk in the first half of the
control time, J; is the jerk in the second half of the control time, ao and ar are the initial and terminal
acceleration, vo and v are the initial and terminal velocity, x» is the distance from initial to the terminal
point position, t; is the first half of the control time, and t; is the total time of the control time. As the
boundary conditions of the speed profile, the following parameters must be defined: initial acceleration,
initial velocity, terminal acceleration, terminal velocity, and distance from initial to the terminal position.
The current acceleration and velocity of the ego vehicle give the initial acceleration and velocity. The length
of the control section by PBS dess provides the distance from the initial to the terminal position. The
terminal velocity defines as the safe speed. Giving the terminal acceleration as 0. The two jerks J; and J»
are determined from the provided boundary conditions and the speed profile can be obtained.

29



E 30 _
IS
& 20f ﬁ
(5]
c—% 10
& ’ — Displacement profile
&)
O 1 1 1 1 1
0 1 2 3 4 5 6
Time t [s]
40 T T T
E‘ — -
= 30
=
> 20 + _
'S
3 l0f 1
p — \elocity profile
0 1 1 1 Il 1
0 1 2 3 4 5 6
Time t [s]
1 T T T T
& __ : -
T ol Acceleration Profile |
<
2 -1 N
@
3
8 21 1
(S}
<
_3 1 1 1 1 1
0 1 2 3 4 5 6
Time t [s]
1 T T T T
. 05F i
K4
E  0f 1
=
L -
= 03 ’— Jerk profile
_1 1 1 1 1 I
0 1 2 3 4 5 6
Time t [s]

Fig. 2.3.5 The speed profile consists of two constant jerks.

The followings describe how to derive the jerks J: and J; to fulfill the requirements. The following
equations represent the displacement trajectory generated by the speed profile at time t from the defined
boundary conditions.

x(t)=v0t+%a0t2+%Jlt3 (0<t<t)

. (2.3.5)

x(t)=x1+vl(t—t1)+%a1(t—t1)2 +€J2(t_t1)

3

(t, <t<t,),

where X1, v1, a1 are the displacement, the velocity, and the acceleration at the time t; respectively.
From the upper equation of (2.3.5),
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1 1
X = Voly +Ea0t12 +6‘]1t13
1
V; =V, +agl +E‘]1t12 (2.3.6)

a = +J,.

Regarding the total control time t; as t> = 2ty, from the lower equation of (2.3.5), the displacement, the
velocity, and the acceleration at t; and t, are described as follows:

1 1
X(tz): dPBS =X TV, +Ea1t12 +6‘]2t13

. 1
X(tZ):Vsafe :V1+a1t1+§‘]2t12 (237)

X(t,)=0=a,+J,t,

therefore,
a, = _J2t1

V=V, 12 (2.3.8)
2

1~ Ysafe

1
X, = dpgs — Vsarelh — g Jztla-

From (2.3.6) and (2.3.8),

1 1 1
Vol, + _aOtlz +_‘]1t13 =Upgs —Vaarels __Jztf, (2.3.9)
2 6 6
1., 1.,
Vo t+ aOl".l. +§Jlt1 = Vaate +§‘]2t1 ) (2310)
a, +Jt, =—J.t,. (2.3.11)

When ap # 0, from (2.3.11),

- _ % 2.3.12
b J+3J, ( )

Introducing X = J; + J, and substituting (2.3.12) into (2.3.10), the following equation can be obtained:

1
(Vo —Vee ) (3, +3,)° —Eag(Jl +33,)=0

) (2.3.13)
& (Vo = Vigee ) X —Eaj(x +23,).
From (2.3.13), the second jerk J; is
Vo — Vaate 2 1
_ 0T e o Sy (2.3.14)
2
a; 2

From X = J; + J; and (2.3.14), the first jerk J; is
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Vo=V
2

3

J=X-J,=- S""‘ex2+§x. (2.3.15)

By substituting (2.3.12) into (2.3.9), the following equation can be obtained.
2 1
dPBS (‘]1 + ‘]2) T3 (Vo +Vsafe)(‘]1 + Jz)_gag =0

<:>‘J1+‘]2=X:_ aO {(VO-’-Vsafe)i\/(V0+Vsafe)2+%aOdPBs}i

d PBS

(2.3.16)

2
when (v0 +vsafe) +4a,d,.5 /3<0, the root of X does not exist. In this case, the initial acceleration is
handled as

3(Vo + Vaas ) _ (2:3.17)

ao —
4dPBS

Besides, when (voJrvsafe)z+4a0dF,BS /3=0, X has a double root. Therefore, in the cases
2
(Vo + Ve ) 4250055 /3<0, X = Jy + Jy is calculated as

a
X=——2(v.+Vv_.). 2.3.18
deBs( 0 safe) ( )

When (vO +vsafe)2 +4a,d,5s /3> 0, X has two roots as described in (2.3.16). To select the appropriate
root for the speed profile of the proposed driver assistance system, the problem is discussed from three
cases: (i) ao > 0, (ii) ap = 0, and (iii) ao < 0.

(i) When ag > 0, the range of X is X < 0 since Jit; + Jo(t2 — t1) = —ap & Xty = —ao. Therefore,

X = _%{(VO +VSafe)i \/(VO * Veate )2 + %aOdPBs } >0. (2319)
PBS

Considering ao > 0, the condition that fulfills the inequality is

2 4
(Vo + Vegre ) + \/(vo +Vepo ) + 3 %0ees > 0. (2.3.20)
Therefore, the root of (2.3.16) at ap > 0 is

X = _Zda.i{(vo +Vsaf8)+\/(vo + Vate )2 +%a0dPBS } (2321)

Substitute (2.3.21) into (2.3.15) and (2.3.14), the jerks J1 and J, can be obtained respectively.
(i) When a, = 0, since X = 0, the relationship between two jerks is Ji = —J,. Substituting
Ji1=—J; into (2.3.10), the time t; can be expressed as

Ve — Vo

tl _ safe
Jl

(2.3.22)

Substituting (2.3.22) into (2.3.9) and considering J. = —J; and ao = 0, the first jerk J; can be obtained
as follows:
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1 1
VOtl + E a0t12 + g ‘]lt13 PBS safetl ‘] t3

oV, SafEJ = pgs — Ve fJ (2.3.23)
1 1
- Jl __ (VO * Veate )Z(Vg - Vgafe ) .
dpgs
Therefore,
_ (VO + Voate )(Vg - Vszafe) . (2324)

2 2
dPBS

(iii) When ao < 0, the range of X is X > 0 since Jit; + Jao(t2 — t1) = —ao& Xt1 = —ap. While this speed profile
is for braking function, to make it consistent, the speed profile would not increase the velocity at the section
t1 <t <t Thus, the velocity at the section would be higher than the safe speed vsa. Therefore, the second
jerk J, would also be higher than 0. From this preference, in this study, the solution is decided as

X == Zda:Bs {(VO +Vsafe)+\/(vo T Vaate )2 +%a0dPBS } (2325)

Substitute (2.3.25) into (2.3.15) and (2.3.14), the jerks J; and J; can be obtained respectively.

2.3.5 Deceleration Control Algorithm

To complete the deceleration to the safe speed by reaching the distance dpgs with smooth acceleration,
the target velocity and the target acceleration are defined from the deceleration speed profile. Introducing
a prediction time tyre, the target velocity and acceleration are determined in the following equations:

Vtarget = X(tpre)zvo +a0tpre + ;‘] t;ZJre (Ogtpre Stl)

Vtarget = X(tpre)zvl + ai(tpre _t1)+ %‘JZ (tpre _tl)z (tl < tpre Stz) (2.3.26)
Vtarget = X(tpre ) = Vaate (tz < tpre )’

atarget X(tpre) Y +J tpre (Ogtpre < )

atarget X(tpre) ai +J ( pre _tl) (tl <tpre Stz) (2327)
atarget = X(tpre) (t2 <tpre)'

Fig. 2.3.6 shows the block diagram of the deceleration function of the PBS. The normalized brake
command of the PBS Bgss to control the vehicle is calculated with the following equation.

BPBSO = _Kff atarget - Ka {atarget - X(O)} - Kv {Vtarget - X(O)}’ (2.3.28)

where X(0) is the current vehicle acceleration, x(O) is the current vehicle velocity, Ky is a feedforward
gain, and K, and K, are feedback gains.
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Fig. 2.3.6 The block diagram of the deceleration function of PBS.

In order to avoid the excessive assistance of the PBS, when the brake command Bpsso exceeds the limit
Bres_max, the brake command Bpss saturates to the Bpss max, and when the ego velocity is below the safe
speed Vsate, the PBS turned off the brake assistance.

BPBS = BPBS_max (BPBS_max < BPBSO)
BPBS = BPBSO (0 = BPBS_max < BPBSO) (2329)
BPBS =0 (X(O)<Vsafe)'

2.4 Conclusion

Defining the target scenario as an intersection right-turn scenario when the blind spot is existing on
the oncoming lane, we proposed a risk predictive driver assistance system to enhance the collision
avoidance performance system. The proposed system Proactive Braking System (PBS) calculates the safe
speed by considering the geometrical relationships and physical limitations. This chapter also proposed a
smooth deceleration speed profile to obtain the driver-acceptable braking assistant. The effectiveness
evaluation regarding “safety” of the proposed PBS is described in Chapter 4, and the effectiveness

evaluation regarding “driver acceptance” of the proposed PBS is described in Chapter 5.
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3. Right-Turn Trajectory Prediction Method with Triclothoidal
Curve

Turning trajectory prediction is an indispensable topic for the Advanced Driver Assistance System
(ADAS) for turning. In this section, a brand-new method that predicts the turning trajectory in high
accuracy compared to the conventional methods. Here in this chapter, we propose the trajectory method
and explain the derivation of the curve and evaluate the accuracy of the prediction. In Section 3.1, as an
introduction, background of the trajectory prediction for ADAS, and conventional curve generation
methods are presented. Section 3.2 explains the derivation of the proposed curve generation method, the
Triclothoidal curve. Section 3.3 evaluates the effectiveness and accuracy of the proposal curve generation
method as the intersection turning trajectory prediction through the data acquisition experiments and
comparative evaluations. Section 3.4 presents a parameter estimation method that relatively defines the
terminal position of the Triclothoidal trajectory. Lastly, Section 3.5 concludes the chapter.

3.1 Trajectory Prediction Methods

For ADAS at intersection turning, an imperative point is to predict a vehicle's trajectory correctly and
assess the risk for collision accurately while turning at the intersection. In the following text, we briefly
review previous studies that have correctly predicted the trajectory of the vehicle.

Some researchers took the approach of planning the intersection turning path for automated vehicles
by generating the target path from digital maps [100][101]. However, for most driver assistance systems,
especially for systems in urban areas, including intersection turnings, drivers were required to hold the
steering wheel even during the assistance. Hence, the design of the ADAS requires the driver's input such
as dynamic steering wheel motion. Thus, the trajectory prediction method that uses digital maps only is not
suitable for ADAS for turning at intersections.

Other studies for the trajectory prediction proposed methods that stochastically predicted the future
trajectory from the observed previous motion of the ego vehicle [82][102]-[104]. However, stochastic
prediction makes risk assessment and decision-making a more complex problem. Besides, there are no big
advantages to use stochastic methods for turning at intersections because the destination of the ego vehicle
during turning is usually obvious and definitive. Thus, our proposal intends to provide a trajectory that is
adaptive to the driver's input rather than the prediction method from digital maps. Further, our proposed
method is more accurate in the prediction than those by the stochastic methods.

To enhance the accuracy of trajectory prediction, a smooth trajectory must be generated by considering
both the driver's input and the vehicle's current state. However, the smoother the trajectory becomes, the
calculation costs incurred to generate a curve becomes higher. On the other hand, trajectory predictions for
ADAS require real-time calculation ability, and therefore, a higher calculation cost is not acceptable. Our
main concern is balancing the smoothness and calculation cost of the curve while developing the trajectory
prediction method. The following subsections introduce the conventional methods to generate the smooth
trajectory with a very low calculation cost.

As a traditional method to generate a smooth trajectory with a very low calculation cost, a circular arc
is one of the simplest and the most well-known ways to predict the turning trajectory. The circular arc
requires determining the initial point position, the direction, and the turning radius. The current position
and azimuth of the ego vehicle determine the initial point position and the direction. To draw the
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intersection turning trajectory with the circular arc, a constant and a variable radius are frequently used as
the circular arc trajectory.

3.1.1 Circular Arc with Constant Radius

The circular arc with the constant radius determines simply by giving a turning radius as a constant
value. The size of the turning radius is defined from the size of the intersection. An example shape of the
circular arc is indicated in Fig. 3.1.1. The superiorities of this method are its simplicity and the very low
calculation cost. On the other hand, the prediction accuracy of the trajectory is not very high because in
most cases, the drivers do not turn with the constant radius. In addition to this, the trajectory with constant
radius cannot predict trajectory from the far distance, therefore the collision point prediction in the driver
assistance system unable to predict properly in the early phase of the assistance.
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Fig. 3.1.1 An example shape of the circular arc.

3.1.2 Circular Arc Considering Steering Angle

The circular arc is determined from the turning radius calculated from the current steering angle of the
ego vehicle. The turning radius R is simply defined from the following equation.

Lo (3.1.1)

)

where lub is the wheelbase of the ego vehicle and Js is the steering angle at the front wheels of the ego
vehicle.

The superiorities of the curve are not only about the simplicity and the calculation cost but also this
method does not require any of the intersection information. Therefore, this method can predict the turning
trajectories in any turning include non-intersection turnings such as the case when driving into parking lots.
On the other hand, because the trajectory dependent on the steering angle, the method can predict the
collision point correctly after the vehicle started turning, therefore, before starting to turn, the accuracy of
the prediction is extremely low.
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3.1.3 Biarc Curve

Combining two arcs (Biarc) is one way for obtaining enough degrees of freedom to satisfy both the
position and the azimuth at the endpoint. An example shape of the Biarc curve is indicated in Fig. 3.1.2.
Kimia et al. showed that such a Biarc can be generated in a straightforward manner (i.e., there is no need
to conduct an iterative calculation to obtain the curve) by determining the initial and terminal position and
direction [105]. For the intersection trajectory prediction, by giving only the position and the direction of
the intersection exit, the trajectory can be obtained with very few calculation costs. A disadvantage of the
curve is that the turning radius or curvature cannot give as the parameter. Therefore, there always has a gap
between the predicted curvature and the actual curvature of the ego vehicle. In addition to this, there is a
discontinuity in the curvature in the middle of the curve. Thus, for example, if the vehicle traces the
trajectory very precisely, the motion of the steering wheel will be harsh and discontinuous.
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Fig. 3.1.2 An example shape of the Biarc curve.

3.1.4 Single Clothoidal Curve

The clothoidal curve is another candidate of the path that can specify both the position and the azimuth
at the endpoint. Furthermore, the linearly changing curvature, which is a feature of the clothoidal, has an
advantage in terms of comfort driving [106], and hence, it is expected to be closer to the actual route. An
example shape of the clothoidal curve is indicated in Fig. 3.1.3. Bertolazzi and Frego proposed a method
to obtain the clothoidal curve easily [107], and therefore, we can implement it in the ADAS. By using
Bertolazzi’s method, a curve can be obtained by solving a nonlinear equation of one variable. This is a
sufficiently small calculation even if real-time calculations are assumed. For the trajectory prediction for
intersection turning, the most essential part of using the clothoidal curve is its smoothness. This shape is
closer to the trajectory when a driver rotates the steering wheel with constant angler velocity while the
vehicle goes with constant speed. Even this method can predict the real vehicle motion, because of the
limitation in the degree of the freedom, this method cannot define the initial curvature. Hence, the method
always cannot consider the current steering angle of the vehicle.
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Fig. 3.1.3 An example shape of the clothoidal curve.

3.2 Curve Generation Algorithms of Triclothoidal Curve

To generate a more probable predicted route, it is preferable to consider not only the current vehicle
direction but also the amount of steering. This means that the curvature at the initial position should be
specifiable. However, the above four methods cannot specify the curvature at the initial point. This is due
to a lack of degrees of freedom in the curve. Therefore, Arita et al. proposed a method to obtain the required
degrees of freedom by combining three clothoidal curves (Triclothoidal curve) and also proposed a method
to determine such a curve easily [120]. This method can generate the predicted route by solving
simultaneous equations with at most two variables. The cost of this calculation is reasonable when
compared to the case of the clothoidal curve. An example shape of the Triclothoidal curve is indicated in
Fig. 3.2.1. Following the Triclothoidal generation method, we extend the generation method to the
intersection turning trajectory prediction of automobiles. The following sections propose the intersection
turning trajectory prediction method with the Triclothoidal curve.
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Fig. 3.2.1 An example shape of the Triclothoidal curve.
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3.2.1 Problem Formulation for Triclothoidal Curve

Without loss of generality, we can define the coordinate and state as shown in Fig. 3.2.2. X, ¥, S, ¥,
are positions of the path, the length, tangent angle, and curvature, respectively. Subscripts 0 and f represent
initial and terminal points with states that are normalized by using the direct distance between these points.

y
X
Vo %0/ (0,0) L0) N v, K
Initial Point Terminal Point

Fig. 3.2.2 Definitions of the coordinate and states [120].

Assuming that s is the independent variable, we have the differential equations of the states as follows:

dx dy . dy de
——=cosy,—> =Siny,— =x,— =K', 321
ds v ds v ds " ds " ( )

where, ' is the change rate of the curvature, and it is constant in one clothoidal curve.

3.2.2 Method to Obtain Triclothoidal Curve

The proposed Triclothoidal curve is as shown in Fig. 3.2.3. It must be noted that the states of a point
on the Triclothoidal curve whose distance is s from the initial point is represented by
(x(s).y(s).w(s).x(s)) . The curvature rates of the clothoidal curves that are components of the
Triclothoidal curve are /', x,’, x5 . Subscripts ij on variables X;. Y% and & show the states at the
connecting point of the ith and jth clothoidal curves. It is assumed that each clothoidal curve has the same
length and that the length of the Triclothoidal curve is L.

y (x(L/3),y(L/3),¥(L/3), k(L/3))

= (%12, Y12, V12, K12)

Terminal Point

(x (L), y (@), (L), k(L)) = (1, 0,95, kp)

@
Initial Point (x(2L/3),y(2L/3),9(2L/3),k(2L/3))
(x(O),y(O), ¥(0), K(O)) = (0,0, %0, ko) = (%23, Y23, P23, K23)

Fig. 3.2.3 Schematic explanation of Triclothoidal curve [120].

Integrating (3.2.1) from the initial point, the states at the terminal point can be obtained by the
following equations:
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L
I cos( ; K|S? + kS + y/ojds + J'O?’ cos(%xgsz +K,S + Wy jds

) (3.2.2)
+.[ cos(2 K4S% + KpsS + 1//23)ds,
1 1,,
sm chls +K,S+ Y, ds+j sin 21<25 + K,S+y, [ds
3 (3.2.3)
+Io3sin(§zc;sz + KygS + 1//23jds,
5,3, 1.,)LY
V/(L)Z‘//o+K0L+(EK1+EK2+E’(3)[EJ ' (3.2.4)
L
k(L)=x, +(x{ + K, +K3’)§, (3.2.5)
where the states at the connecting points are
1, (LY L
Wi, =EK1 3 +K0§+y/0, (3.2.6)
L
K1, :Kl§+’(07 (3.2.7)
1 ,(LY 3 (LY 2
V/zs_EKz 3 +EK1 3 +§LK0+‘//0’ (3:2.8)
L L
Kys =K‘2§+K1§+KO. (3.2.9)

We must determine the four variables «;',x,’,x;, and L so that the values of (3.2.2) to (3.2.5) match
the terminal values provided by the boundary conditions of the curve generation problem or the intersection
layout. Note that considering the definition of coordinates, x, y positions at the initial and terminal points
are always (0,0) and (0,1) respectively; hence, the boundary conditions that we can set arbitrarily are
VoW i1Kq, and K. In other words, if we determine the tangent angles and curvatures of the curve both at
the initial and terminal points, the Triclothoidal curve is uniquely defined. The relationships between these
arbitrarily definable boundary conditions and intersection layouts are discussed in the next section.

The following are problem reductions where four unknown variables are determined by solving
nonlinear equations with at most two variables.

Introducing the new variables A =x;(L/3)*,i=12,3 and substituting them into (3.2.4) and (3.2.5), As,
and L can be derived with the functions of A; and A; as shown in (3.2.10) and (3.2.11).

1 Ax( 5 3
A T aen {a[‘a’*‘z’* *A‘”j"*"*} 5210

L=i(—gﬂ—g% +AV/)

Ko
1 Ax( 5 3
‘z,(o(l%,c/eko){g(‘z’*fa’*z*A‘”)"*‘Az}-

(3.2.11)

where Ay =y —yo, Ak =K — K.
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In the case where Ax=0,x, #0, (3.2.10) and (3.2.11) are
A =-A-A, (3.2.12)
L=1(-2A—A+Ap). (32.13)
K

0
In the case where Ax #0,x, =0, these are

A, =-5A —3A, + 2Ay, (3.2.14)

3
L=E(—4Al—2A2 +2Ay). (3.2.15)

In addition to these, in the case of Ax =0,x, =0, L can be eliminated from (3.2.4) and (3.2.5) as

A =-2A +Ay, (3.2.16)

A =A-Ay. (3.2.17)
Applying variable transformation z=(3/L)s in (3.2.2) and (3.2.3), we can obtain the following

equations:

L —_—

3 .[:COS(%AJZ +%K0Lr+l//0)dr

+j:cos{%Azrz +(A1 +%K0Ljr+%Ai +%KOL+I//O}dT (3.2.18)
+J‘:cos{%Agrz +(A1+ A, +%K'OLJT+%A2 JrgA1 +§1<0L+y/0}dr,

1. (1 1
0 =J.Osm(EAirz+§KOLr+y/ojdr

(BN

1 1 1.1
+josm{— A7’ +[A1 +§KOLJT+EA1 +§K0L+l//o}dz' (3.2.19)

N

1.1 1 1 3 2
+J.05|n{§&72 +[A1+A2 +§KOL)‘L'+EA2 +EA1+§K‘OL+I//O}dT.

By substituting (3.2.10) to (3.2.15) into the above (3.2.16) to (3.2.17), the remaining unknown
variables reduce to two, namely A; and A,. Moreover, in the case of Ax =0,x, =0, by substituting (3.2.16)
and (3.2.17) into (3.2.19), A1 becomes the only one unknown variable.

These unknown variables can be obtained by solving the above-defined equations or simultaneous
equations with one or two variables. The remaining unknown variables of the Triclothoidal curve are
determined by (3.2.10) and (3.2.11).

Although iterative calculations are required to solve the simultaneous equations, we can provide
reasonable initial assumptions. If we assume that L~1 and sin((s))~w(s), and substituting it into
(3.2.19), the initial guesses for iterative calculations are the following:

A - 1
#5108k, (1+ Ax/6x,

~18AKAY + 2AK* — 324K,y - 54AKY, ),

(~108x,Ay —54x; +3x,Axc
) (3.2.20)
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1
Azguess :_ZAiguess +AV/_K0 _EAK, (3221)

where subscript guess represents the initial guesses for iterative calculations.
In the case of Ax=0,x, =0, the initial guess of A; is

A.lguess =-Ay - 3{//0 (3222)

An additional remark on this calculation is that these initial guesses are derived based on the
assumption that the path is a straight line. Therefore, the accuracy of the initial guesses becomes degraded
when the intersection layout configuration contains large curvature of the radius. However, the degradation
does not affect the iteration process for the determination of unknown variables.

3.3 Experimental Comparative Evaluation Between Turning Trajectory Prediction
Methods

To evaluate the trajectory prediction accuracy and the smoothness of the proposed Triclothoidal curve,
this section compares the five trajectory prediction methods presented in the previous sections. We
prepared an experiment vehicle and conducted data acquisition experiments at the intersections in the real
city traffic. In this section, subsection 3.5.1 introduces the evaluation process and the goal of the evaluation.
Subsection 3.5.2 describes the experiment vehicle. In subsection 3.5.3, the definitions of each parameter
and coordinate for the Triclothoidal curve trajectory generation for ADAS for the intersection right-turn.

3.3.1 Evaluation Process and Goal

The evaluation goal of the experiment is to prove the trajectory accuracy of the proposed method
Triclothoidal curve by using the driving data in a real city driving experiment. The prediction accuracies
of the predicted trajectories by five curve generation methods are compared from the actual driving path of
the experiment vehicle. Besides, the curve shapes and features of each trajectory prediction method in the
real traffic are also explained from the recorded data and predicted trajectories.

3.3.2 Experiment Vehicle and Data Acquisition Experiment

An experiment vehicle to acquire the intersection turning driving data is prepared for the experiments.
The  experiment vehicle equipped additional sensors as follows and in the
Table 3.3.1: a LIDAR, two GNSS antennae, and an inertia measurement unit (IMU). The onboard laptop
pc stored the time series data during the acquisition. Fig. 3.3.1 shows the external view of the experiment
vehicle.
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Reference

Velodyne LiDAR: https://velodynelidar.com/products/hdl-32e/
OXTS: https://www.oxts.com/gnss-receiver/

Fig. 3.3.1 The overview of the experiment vehicle [108][109].

Table 3.3.1 The additional sensors on the experiment vehicle.

Sensor name Measurement value | Product name Manufacturer Number
LiDAR Range HDL-32E Velodyne Lidar 1
GNSS antenna GNSS position 2
IMU 9-DoF orientation RT3102 OXTS 1

The additional sensors and internal sensors acquired the following data: the accelerations, the azimuth,
the GNSS positions, the point cloud data of the surrounding environment, the steering wheel angle, the
vehicle speed, and the yaw rate.

In each acquisition experiment, three onboard operators operated the experiment. The first operator
drove the experiment vehicle. The second operator supported the safety experiment. And the last operator
started and stopped the data acquisition at the recording sections.

The experiments were conducted at 31 intersections in Koganei city and Musashino city, Tokyo, Japan.
Fig. 3.3.2 shows the locations of the target intersections and Table 3.3.2 shows the list of the characteristic
parameters of the target intersections. Those target intersections were selected from the aspect of the variety
of the size and the crossing angle of the intersection. The characteristic parameters of the intersection were
defined from three values lin, lout, and Gcross. Here, as shown in Fig. 3.3.3, the distance from the central part
of the driving lane to the right-side edge of the entering road was defined as li,, and the distance from the
driving center lane to the right-side edge of the escaping road was defined as lo., and the crossing angle of
the entering road and the escaping road was defined as €cross. The size of the intersections and the angles of
turning right were measured by using Google Earth Pro. Those parameters are handled to estimate the
parameter to implement the curve generation method to the driver assistance system. The details about the
implementation are mentioned in Section 3.4.
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Fig. 3.3.2 The location of the target intersections [110].

Fig. 3.3.3 Definitions of intersection shape-related parameters.
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Table 3.3.2 The parameters for the target intersections.

Intersection | Crossing angle Size parameters
ID gcross Iin Iout
1-1 —87.7 2.90 8.88
1-2 —53.7 4.30 18.30
1-3 -112.9 5.65 14.90
1-4 —76.8 12.90 9.27
1-5 —109.0 5.10 7.04
1-6 —85.9 4.19 4.00
1-7 -105.3 4.86 2.10
1-8 -92.2 3.10 6.68
1-9 -112.5 5.92 7.70
1-10 —75.0 4.10 7.68
1-11 —107.0 4.99 8.00
1-12 —76.4 3.85 4.78
1-13 -102.8 5.81 5.86
1-14 -93.4 4.57 12.30
1-15 -91.7 7.92 4.82
1-16 -92.0 4.73 4.00
1-17 -100.5 8.18 6.10
1-18 -98.4 3.84 7.10
1-19 —82.3 3.99 4.40
1-20 —89.3 4.47 7.21
1-21 —97.8 4.61 1.59
1-22 -91.1 4.19 9.41
1-23 —97.7 3.93 4.74
1-24 -107.4 4.59 3.63
1-25 —91.8 7.69 4.21
1-26 —83.3 5.84 7.75
1-27 —83.4 6.00 6.64
1-28 —96.0 4.34 8.33
1-29 -91.7 4.65 6.92
1-30 —95.9 4.66 4.18
1-31 —92.2 4.19 5.67

3.3.3 Definition of Parameters and Coordinates for Triclothoidal Trajectory Generation at Intersection

As one of the most important reasons to use the Triclothoidal curve for trajectory prediction for ADAS
at intersection turning, the curve can be generated simply by providing positions, angles, and curvatures of
the initial and terminal points. This section explains the definitions of parameters and coordinates to apply
the Triclothoidal curve generation introduced in the previous section into trajectory prediction at
intersection turning. To apply the Triclothoidal curve to the trajectory prediction, at first, the initial and
terminal points for intersection turning are defined. As shown in Fig. 3.3.4, the initial point is defined as
the center of the rear wheel axle of the ego vehicle, and the terminal point is defined as a point on the
central part of the escaping road of the intersection. When the escaping road has multiple lanes, the terminal
point is defined as the central part of those lanes. Here, introducing a vehicle coordinate system
(X, Y), an origin of the coordinates is defined as a center of the rear wheel axle of the ego vehicle.
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Fig. 3.3.4 Parameter definitions for Triclothoidal curve generation.
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In this coordinate system, the following boundary conditions are defined to generate the Triclothoidal
curve. The positions at the initial point for the Triclothoidal curve generation are defined as (0, 0), and the
initial direction of the curve is defined as the ego vehicle’s longitudinal direction. Therefore, the initial
angle of the curve on the coordinate system is always 0. The initial curvature can be geometrically derived
as tan St [l -

To define the conditions at the terminal point of the curve, and to adapt to the various sizes of the
intersection, the terminal point is defined as an adjustable point on the lane center of the escaping road
(point A'in Fig. 3.3.4).

The positions at the terminal point (X, Yr) can be adjusted by a distance parameter dyre. This parameter
dpre is defined as the distance from point B to the terminal position. Point B is a crossing point of the ego
vehicle’s longitudinal centerline and the lane center of the escaping road. The distance parameter dyre iS an
important parameter to control the accuracy of the predicted trajectory. The method to decide the parameter
dpre IS described in Section 4.4, Chapter 4. The terminal direction of the curve is equal to the relative angle
0 from the ego vehicle’s driving direction to the direction of the escaping road of the intersection. In this
study, we regard the shape of the escaping road as a straight road, and therefore, the curvature at the
terminal point is defined as 0.

Then, to generate the Triclothoidal curve as the trajectory, the boundary conditions defined on the
coordinate system (X, Y) must be redefined on the coordinate system (x, y) that was explained in Section
Il. The coordinates (X, y) are rotated with the rotation angle 4, and the distances in the coordinates are
normalized by the direct distance between the initial point and terminal point. By applying this coordinate
transformation, the conditions at initial and terminal points to generate the Triclothoidal curve
(x(s).y(s).w(s).x(s)) can be expressed as follows:

(x(o),y(o),y/(o),x(o))=[o,o,—/1, talnéf JX +ij, (3.3.1)

wh

(x(L),y(L).,w(L),x(L))=(10,6-4,0), (3.3.2)

where the angle 2 is arctan (Y: /X ).
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To sum up, the Triclothoidal trajectory for the intersection turning can be predicted by simply giving
the following values: the lane center positions along the escaping road, the relative angle from the ego
vehicle’s driving direction to the direction of the escaping road #, steering angle, and the distance parameter
dpre.

3.3.4 Simulation Result and Evaluation

From the acquired data, the driving paths of the experiment vehicle could be obtained. These driving
paths were used as references to evaluate the prediction performances of the trajectory prediction methods.

An example of making a right turn at the intersection (ID 1-3) from the data acquisition experiments
is shown in Fig. 3.3.5. This figure contains four subfigures: (a) shows a bird’s-eye view of the intersection;
(b) shows point cloud data and the observed driver’s path in the experiment; (c) and (d) show the recorded
results of observed velocity and steering wheel angle in the experiment, respectively. On the point cloud
data in (b), a white line indicates the path that the experiment vehicle took. White boxes on the point cloud
data indicate the positions of the ego vehicle. The boxes are plotted every 5 m on the right turning maneuver.
The distance values by the white boxes show the travel distances of the vehicle at each box.
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(a) Bird’s-eye view.
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(d) Observed steering wheel angle of the experiment vehicle.

Fig. 3.3.5 An example case of the recorded data from the intersection right-turning experiments at the
intersection 1D 1-3.
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From the acquired driving data, the prediction performance was evaluated as follows. First, from the
point cloud data, the position of the escaping road and the relative angle from the ego vehicle to the escaping
road & were derived. Second, from the recorded vehicle data, given trajectory prediction parameters and
intersection information, geometrical trajectories of each method including the proposed Triclothoidal
curve were sequentially calculated in every time frame. Finally, comparing the recorded actual path of the
ego vehicle and predicted trajectories, the effectiveness of the prediction performance of each prediction
method was evaluated.

Fig. 3.3.6 shows the point clouds data from turning right at the intersection, the observed trajectory,
and the predicted trajectories from each trajectory prediction method: (a) a circular arc with a constant
radius, (b) a circular arc considering the steering angle, (c) Biarc curve, (d) a clothoidal curve, and (e)
Triclothoidal curve. In Fig. 3.3.6, a white broken line indicates the path that the experiment vehicle took.
White boxes on the point cloud data indicate the positions of the ego vehicle. The boxes are plotted every
5 m of the turning right maneuver. Green lines indicate the predicted trajectories. Green lines are also
plotted every 5 m of the turning right maneuver. Fig. 3.3.7 shows the comparison of the curvatures of the
observed driving data and predicted trajectories on each trajectory prediction method. A black, bold solid
line shows the curvature from the observed data and the colored fine solid lines show the curvature of the
predicted trajectories. The predicted curvatures are plotted every 5 m of the turning right maneuver. The
colors of the predicted trajectories are corresponding to the positions of the vehicle. The left-side tip of
each colored line is corresponding to each position of the vehicle that was shown in Fig. 3.3.6 as white
boxes. Note that in the experiments, the parameters such as turning radius for (a) the circular arc with a
constant radius, and distance parameters dyre to define the terminal point positions for (c) Biarc, (d)
clothoidal curve, and (e) the Triclothoidal curve were exploratorily optimized by minimizing the prediction
error between the predicted trajectory and actual driving path from the experiment data.
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Fig. 3.3.6 An example of the trajectory prediction in a real intersection by each trajectory prediction
method. (Intersection ID 1-3)
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Fig. 3.3.7 Curvatures of observed data and each trajectory prediction method in the experiment.
(Intersection ID 1-3)

From Fig. 3.3.6 and Fig. 3.3.7, while the methods using circular arc trajectories (a) and (b) were not
required to define the position of the terminal point, prediction accuracy was lower especially before
entering the intersection. And the deviations of curvature between observed data and prediction were large.
Prediction accuracy of the (c) Biarc curve, (d) clothoidal curve, and (e) Triclothoidal curve were higher,
however, the (c) Biarc curve and (d) clothoidal curve swelled out to the left at the beginning of the
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prediction because the predicted curvature of those curves were positive values at the beginning. On the
other hand, because (e) the Triclothoidal curve considers the current steering angle of the vehicle, this
method could predict the curvature as negative values so that the predicted trajectory does not swell out to
the left. Also, the Triclothoidal curve could predict the curvature of the driver’s intersection right-turn
accurately.

Fig. 3.3.8 shows the comparison of the absolute prediction error between the trajectory prediction
methods (c) Biarc curve, (d) clothoidal curve, and (e) Triclothoidal curve from the driving experiments at
31 urban intersections in Tokyo. In the evaluation, prediction curves were generated every 5 m of the ego
vehicle travel, and errors between the predicted trajectory and the observed actual path were calculated
every 1 m step. The absolute errors were the measured deviations in the normal direction from the actual
driving path of the ego vehicle and the errors were used only before and while the vehicle passing through
the intersection. Therefore, the prediction errors after turning right were not considered. From the result,
more than 70% of the prediction by the Triclothoidal curve had less than 0.3 m of absolute error. Comparing
to the other prediction methods, the Triclothoidal curve was overwhelming the accuracy. Therefore, the
Triclothoidal trajectory prediction had a strong advantage over the trajectory prediction at the intersection
right-turn.

08 r
0.7 r
06 r

0.3 m Triclothoidal curve
0.2 ® Biarc curve

m Clothoidal curve
0.1

Cumulative normalized frequency distribution [-]

0.10.203040506070809 1 1.112131415161.71819 2
Absolute error [m]

Fig. 3.3.8 The comparison of the accuracy of trajectory prediction methods.

3.4 Parameter Estimation for Trajectory Prediction

To implement the Triclothoidal curve generation method into the proposed driver assistance system,
the Proactive Braking System (PBS), the position of the terminal position of the curve must be defined. To
enable the consistent trajectory prediction in every kind of intersection, we defined the terminal point as a
movable point on the lane center of the escaping road. This section presents the way to fix the movable
point to a certain point that respectively defined from the intersection geometry. This section consists of
two subsections, and the first subsection explains the definitions of the parameter estimation equation. The
second subsection evaluates the estimation performance of the derived equation.
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3.4.1 Parameter Estimation Equation

In this research, the terminal point was defined as mentioned in Section 3.3. The position of the
terminal point was decided as a point on the central part of the lane of the escaping road of the intersection
with the distance dyre from Point B. From this definition, the accuracy of the trajectory prediction is highly
dependent on the distance parameter dpr. TO predict the turning trajectory in high accuracy, the distance
dpre has to be estimated before generating the turning trajectory. We hypothesized that there is a correlation
between the distance parameter dyre and the shape of the intersections.

The correlations between the parameters were estimated by linear regression dere =ax+b by using
the results from data acquisition experiments at 31 intersections. Some assumptions for variables x were
prepared as listed in Table 3.4.1. Where, the parameters lin, lout, and Gcross Can be referred to from Table
3.2.2. The definitions of the parameters are mentioned in subsection 3.2.2. From the experiments at 31
intersections, the parameters dyre at each experiment case were calculated from the acquired driving data
by optimizing the predicted trajectory to minimize the error from the recorded actual driving path. From
the assumptions x and calculated dyre, coefficients a, b, and correlation coefficient in dpre =aX+b were
decided by the linear regression as shown in Table 3.4.1.

Table 3.4.1 Correlation equation between optimal distance parameter and intersection geometry related

parameter.
X a b Correlation coefficient
lin 1.01 11.6 0.472
lout 0.755 12.0 0.591
SiN (G0 ) -55.9 71.8 -0.489
lin + lout 0.812 7.45 0.735
lin - Jout 0.139 12.3 0.733
(L Lot )SIN(Grross ) 0.146 12.2 0.714
(Ly +1oe)/SIN(O,es) | 0.687 8.68 0.731
(Ly 1o )/SiN(G,ess) | 0.129 12.5 0.743

From the table, X=1;, +lo and X=1I;, -lo,x had a slightly strong linear correlation between dpre and
Xo X =l - lou -sin(l Orross |) is an area of parallelogram consists of li, and l.u.: however because correlation by
sin(| 605 ) had a negative correlation, the correlation coefficient by X =1, -1y, -Sin(| Goss [) became
lower than the coefficient by X =li, -lo . In contrast, the correlation coefficient of x = I, - Loy /in (| Geross |)
was the highest in the assumptions, and there was a slightly strong linear correlation between dpe and x. A
scatter plot of the correlation between dpre and X = i, « loy /sin (1 Gross 1) Was shown in Fig. 3.4.1. In this study,
choosing x =1, - loy /sin(l Buross |) , N equation to estimate a distance parameter d o Was defined as

dpre=0.1291;, 1.y, /SiN (| Geross [) +12.5. (3.4.1)
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Fig. 3.4.1 Parameter estimation for the Triclothoidal curve.

3.4.2 Performance Evaluation with Estimated Parameter

By using the derived equation in (3.4.1), the parameter d,. for the trajectory prediction can be
estimated with given information about the shape of the intersections. To evaluate the accuracy of the
trajectory prediction, additional intersection right-turn experiments were conducted in the other three
intersections in Tokyo. Fig. 3.4.2 shows the locations of the intersection and Fig. 3.4.3 shows the bird’s-
eye view of the intersections. The specification and estimated parameter d,. of the three intersections were
shown in Table 3.4.2.
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(@) Intersection ID 2-1. (b) Intersection 1D 2-2. (c) Intersection ID 2-3.
Fig. 3.4.3 Bird’s-eye views of the target intersections. (Image: Google)

Table 3.4.2 Specifications of target intersections and estimated parameters.

Intersection ID | uross [deg] | Iin [M] low [M] | dpre [m]
21 873 423 6.53 16.0
22 ~113.0 5.60 8.74 19.3
23 ~66.7 5.96 4.61 16.3

Fig. 3.4.4, Fig. 3.4.5, and Fig. 3.4.6 show the experiment results of intersection ID 2-1, 2-2, and 2-3,
respectively by using the estimated parameter d,., and Fig. 3.4.7 shows the box plot of the absolute
prediction error between the predicted trajectories and the actual driving paths. In the subfigure (b) and (c)
in Fig. 3.4.4 to Fig. 3.4.6, P.v. in the legends stands for predicted value. Absolute errors refer to the
deviation of the predicted vehicle rear axle trajectory in the curvilinear normal direction concerning the
measured driving path. The trajectory predictions were calculated at 20 Hz. The absolute prediction errors
in Fig. 3.4.4, Fig. 3.4.5, Fig. 3.4.6, and Fig. 3.4.7 refer to the deviation of the predicted vehicle rear axle
trajectory in the curvilinear normal direction concerning the measured driving path. These errors were
measured every at 0.5 m interval of each predicted trajectory. To evaluate trajectory prediction errors only
around the intersections, in Fig. 3.4.7, the evaluated section was limited to the displacement y >-25 [m].
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Fig. 3.4.4 Prediction results with estimated distance parameter from the experiment at intersection
ID 2-1.
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Fig. 3.4.5 Prediction results with estimated distance parameter from the experiment at intersection
ID 2-2.
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Fig. 3.4.6 Prediction results with estimated distance parameter from the experiment at intersection
ID 2-3.
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Fig. 3.4.7 The box plot of the absolute prediction errors in each target intersection.

From Fig. 3.4.4, Fig. 3.4.5, and Fig. 3.4.6, the trajectory predictions with the estimated parameters
could predict the right turning trajectory overall, and the method could predict the vehicle trajectory before
the vehicle drove into the intersection. The graphs that show absolute prediction errors indicate that the
errors were suppressed under 1.6 m in all cases. After the turning started, the prediction errors became
suppressed to around 0.5 m. In the result of the intersection ID 2-3, some absolute errors became larger at
the end of the predictions; however, these errors were from the displacement after the vehicle completed
the turning, therefore these errors were out of the evaluation.

Moreover, in most predictions, prediction errors at prediction positions that were shorter than 15 m
ahead of the vehicle position were very low at around 0.5 m. Thus, also for driver assistance systems that
require short-range trajectory prediction such as emergency braking or steering assistance, the results
showed that the proposed method could effectively predict the future positions of the ego vehicle.

From Fig. 3.4.7, 75% of absolute errors in all cases were less than 1.2 m, and especially in the
intersection ID 2-3, 75% of prediction errors were less than 0.4 m. Besides, 50% of absolute errors in all
cases were less than 0.5 m. These results indicate that the proposed method had high prediction precision
and accuracy. However, there was a variance in prediction errors by the intersection shapes. To improve
the accuracy of the prediction, more intersection turning data may be needed to tune the parameter
estimation equation (3.4.1).

3.5 Conclusion

This chapter proposed a trajectory prediction method using a Triclothoidal curve. Triclothoidal curve
can generate the curve between two points considering the initial and terminal directions and curvatures
without discontinuity in the curvature. From the analysis with data acquisition experiment in the real city
traffic, the accuracy of the Triclothoidal trajectory was higher than the conventional trajectory prediction
methods. This chapter also mentioned the parameter estimation method that enables consistent trajectory
prediction in every kind of intersection.
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4. Collision Avoidance Ability Evaluation with Full-Vehicle
Simulation

Because we cannot test every possible collision case with the real test vehicle, proving “safety” is a
difficult task in the development of collision avoidance function. In this chapter, we attempt to evaluate the
“safety” performance of the proposed Proactive Braking System (PBS) from the iterative full-vehicle
simulations in the comprehensively reconstructed possible risk predictive scenario and collision scenario.
This chapter contains the following sections. First, Section 4.1 describes the evaluation process and goal
of the full-vehicle simulation. Next, Section 4.2 describes the simulation software we used for the full-
vehicle simulation. In Section 4.3, an emergency braking function, Emergency Braking System (EBS) is
introduced for the full-vehicle simulation. Section 4.4 evaluates the collision avoidance performance by
comparing the results of iterative full-vehicle simulations by EBS and PBS+EBS. And the last section of
this chapter, Section 4.5, concludes the chapter.

4.1 Evaluation Process and Goal

The goal of this evaluation is to prove the proposed PBS is effective to reduce the collision at the
target scenario from the iterative full-vehicle simulations. The collision avoidance is evaluated with the
system combining PBS and emergency braking function. Therefore, the effectiveness of the PBS is
evaluated by comparing the collision avoidance results at PBS+EBS and EBS. In addition, the collision
avoidance performance is evaluated iteratively by changing the following conditions of the scenario,
intersection shape, position of the occluding vehicle, darting-out speed, and darting-out timing.

4.2 Simulation Software

To evaluate the collision avoidance performance safely and repeatability, we used virtual vehicles in
the full-vehicle simulations. As to prepare the virtual environments, we used a simulation software called
IPG CarMaker. Fig. 4.2.1 shows the image of virtual test driving with IPG CarMaker.

IPG CarMaker enables us to build virtual test scenarios including the surrounding environment. The
models in CarMaker including full-vehicle models, a driver model, sensor models, traffic models, road
models, and environment models are real-time capable. Besides, CarMaker enables us to conduct the
extended simulation and development process such as model-in-the-loop, software-in-the-loop, hardware-
in-the-loop, and vehicle-in-the-loop by integrating with other development tools [119].
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Fig. 4.2.1 The image of V|rtual test drlvmg W|th IPG CarMaker [119].

The vehicle models can simulate the realistic vehicle motion not only from the nonlinear mechanical
dynamics of the multibody vehicle model, but also from the dynamic models including aerodynamics, non-
linear powertrain characteristics, and frictions of mechanical systems. And those characteristics can be
easily and flexibly tuned from the configurations. Also, CarMaker provides a wide variety of pre-defined
models for vehicles that are actually in the market.

The road models in CarMaker can design realistic virtual test tracks easily and quickly. The
configuration of the road models can construct straight roads, curves, slopes, multi-lane roads, bumps,
intersections, roundabouts, and highway ramps. In addition, additive visual objects make the scenario more
realistic and understandable. The additive visual objects including lane markings, road paintings, traffic
signals, road signs, streetlights, buildings, houses, trees, bushes, static vehicles, and so on.

The driver model, IPG Driver, is an adaptive driver model with artificial intelligence. Lateral motion
and longitudinal motion can be configured individually. The longitudinal motion follows the configured
target speed, and adaptively slows down the vehicle regarding the surrounding traffic, road curvature,
traffic lights, and stop signs. The lateral motion follows the lane but realistically by taking the smooth
steering maneuver into the corner. Besides, the driver model can be configured by tuning the driver
parameter such as maximum lateral and longitudinal acceleration, corner-cutting coefficient, headway
distance time, etc. Also, the driver model adapts to different vehicles, road characteristics, road signs, and
road users due to automatic learning function [119].

In addition, IPG CarMaker offers an open integration and test platform. In this thesis, we developed
the whole driver assistance system on MATLAB and Simulink. IPG CarMaker also offers a development
platform for Simulink (CarMaker for Simulink), therefore, we implied the whole system into CarMaker for
Simulink and whole simulations were conducted on CarMaker for Simulink.

4.3 Emergency Braking System (EBS)

To compare the collision avoidance performance, the experiment vehicle equipped an emergency
braking system (EBS) to mitigate the collision impact. The EBS was installed in all conditions of the
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simulation. The system applied when the collision with the darting-out object is imminent, the system
calculates the appropriate target acceleration to avoid or mitigate the collision impact. The followings
describe the methodology to calculate the target acceleration.

When the object sensor perceives the darting-out object, the system predicts the motion of the detected
object. From the perceived velocity and direction of the object, the motion of the darting-out object is
predicted as a straight trajectory. Assuming the trajectory of the ego vehicle is predicted as circular arc as
shown in Fig. 4.3.1. As shown in the figure, the center point of the rear axle of the ego vehicle defines the
origin of the coordinate, and the direction of the x-axis is the longitudinal direction of the ego vehicle.

bir Yobj)
N Predicted trajectory

of target object

Predicted ego
trajectory

wh

Fig. 4.3.1 The circular arc ego trajectory and straight trajectory of the target vehicle.

Considering the width and the length of the ego vehicle, the front-left and front-right corner of the ego
vehicle draw the trajectories as Fig. 4.3.2 and the following equations:

X* +(y~Rum) =R{, (4.3.1)
x? +(y—Ryn)’ =RZ. (4.3.2)
where R; is the radius of the trajectory of the left-front corner of the ego vehicle, R; is the radius of the
trajectory of the right-front corner of the ego vehicle, and Ruwm is the turning radius at the center point of

the rear axle and can be calculated from the wheelbase Lw, and the steering angle ¢t as R, =L, /tand; .
Notice that when the steering angle J; is lower than 0, the radiuses Rwm, R1, and R; take the negative numbers.
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Fig. 4.3.2 Definitions of the parameters for the target acceleration calculation on the EBS.

The trajectories at the front-left and the front-right corner are geometrically defined from the size of
the vehicle. When the vehicle trajectory is the circular arc, the trajectories at the corners also take the
circular arc trajectories. The following equations calculate the radius at the corners R; and R..

. w ?

Rl = SIgn(Rturn )\/Lfax +( ;90 - Rturn] ’ (433)
. W ?

RZ :Slgn(Rturn)\/Lfax +(%+ Rturn] ' (434)

where Lrax is the length from the front-tip to the rear-axle of the ego vehicle, Wego is the width of the ego
vehicle.
The trajectory of the darting-out object defines as

y:(X_Xobj)tan Worj T Yovj» (4.3.5)

where (Xobj, Yobj) are the positions of the darting-out object, and woy; is the relative angle between the darting-
out object and the ego vehicle.

From (4.3.1), (4.3.2), and (4.3.5), the conflict point of left-front corner of the vehicle
(Xep1, Yep1) €can be derived from the following equations:
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X+ (Yot = Rum) =R

Yoot = (Xepr = Xy ) AN W5 + Vi
= X%+ {(xCpl — Xy ) 1N Y + Vg = Ry }2 =R?
& x+ {(xCpl — Xy ) A+ B}2 =R’ (= A=tany,,,B=y, —R,,) (436)
& (L+ A?)xE, — 2A( Axy —B) Xy +(Axy, —B) ~RZ=0

& (1+ A*)x2, —2ACx,, +C* =R? =0 (. C = Ax,; - B)

cpl

AC +[A'C? - (1+ A)(C? - R?)
S Xy = X :

Therefore, the conflict point (Xep1, Yep1) IS

AC +,[A°C? —(1+ A?)(C? - R?)
w1 1+ A?
ycpl = (chl - Xobj )tan l/lobj + yobj (437)

( A=tan W oj » B= Yonj — R ,C= AXObi N B)

X

From the same derivation, the conflict point of the right-front corner of the vehicle (Xcp2, Yep2) IS
expressed as

AC + [ A*C? - (1+ A%)(C? —R?)
w2 1+ A2
Yepa = (chz — Xobj )tan Wobj + Yobj (4.3.8)
( A= tan l//obj ’ B = yobj - Rturn ’C = AXobj - B)

X

Since the trajectory is a circular arc, the curve lengths from the left-front corner and the right-front
corner to the conflict point dep1 and dcp2 are calculated as

2 2
—L -W_. /2
d,,, = 2|R/|arcsin \/(chl rax)zTéTcpl /?) , (4.3.9)
VO~ L)+ (Yoo + Weg, /2)°
d.,, =2|R,|arcsin w2 T 2|R)|/°p2 o/ } (4.3.10)
2

As conditions to trigger the activation of the emergency braking, we considered the time-to-collision
(TTC) of both the ego vehicle and the darting-out object. From (4.3.9) and (4.3.10), the TTC at left-front
and the right-front corner ti1 and ti; are calculated as

d

te, =—2, 43.11

Ca ( )
d

tep = — (4.3.12)
VO
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where vO0 is the current velocity of the ego vehicle.
Then, the TTC of the darting-out object to reach each conflict point are

\/( Xobj - chl )2 + ( yobj - ycpl )2

ttc_objl = v ’ (4313)
obj
2 2
Xpi — X + L=
g sz)v Vo ~¥or) 43.14)

obj

where Vv is the velocity of the darting-out object.

The system applies the emergency brake when the times te: and te. fulfill the condition
t <20Ut,, <2. Under this condition, to apply the emergency brake only when the conflict is imminent,
the following condition must be fulfilled: t, —t. ,;, >-0.5"t;, —t. 4, <0.5.

To design the collision avoidance function, the conflict at the most dangerous condition must be
avoided. Thus, comparing the curve lengths at the left-front and the front-right corner, choose the shortest
curve length as the distance to conflict dep _ess.

{dcp_EBS = dcpl (dcpl < dcpz)

(4.3.15)
dcprBS = dcpz (dcpl > dcp2 )

By considering the safety margin Dsae_ess to avoid the conflict, the length of the control section of the
EBS can be expressed as

Oeas =g, ems — Date_eas- (4.3.16)

Hence, to stop the vehicle within the length of the control section dess, the target acceleration is

2
VO

, (4.3.17)
TeasVo — Oegs )

a, =
EBS 2(
where zegs is the latency of the system.
The normalized brake command to the vehicle Bess is controlled by the feedforward controller.
Considering the exception, the brake command Begs is dealt as

Begs =0 (Bess < Bess min)

Beos = —Kess@eas  (Biss min < Bess < Bros max ) @.318)
Bees =Bess mx  (Bess max < Bess)

Bees = Beas max (8ggs >0 TgsVy —igs >0).

when 7V, —0egs >0, even the system cannot activate the emergency braking function, EBS outputs the
maximum braking command.

In the simulations, we set the sensor model which recognizes the object later than 7 after detecting
the object. The latency 7 was roughly defined by referring to the results of the Multi-Object Tracking
and Segmentation (MOTS) Evaluation [142].
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4.4 Collision Avoidance Ability Evaluation with Full-Vehicle Simulation

In this section, the collision avoidance performance between the vehicle equips only EBS and
PBS+EBS are compared from the full-vehicle simulations. This section contains five subsections:
Subsection 4.4.1 describes the intersections that were prepared for the simulations. Subsection 4.4.2
describes the experiment vehicle. Subsection 4.4.3 explains the collision avoidance performance of the
EBS in nominal conditions without occluding vehicles. Subsection 4.4.4 describes detailed simulation
conditions of the iterative full-vehicle simulation. Subsection 4.4.5 evaluates the effectiveness regarding
the “safety” of the proposed PBS by comparing the results between EBS and PBS+EBS.

4.4.1 Target Scenario

Simulation scenarios were prepared on the IPG CarMaker. Three crossing angles of the intersection
were prepared, namely 60 degrees, 90 degrees, and 120 degrees. The bird’s-eye views of the intersections
are shown from Fig. 4.4.1 to Fig. 4.4.3. Table 4.4.1 shows each specification of the three intersections.

Fig. 4.4.1 The bird’s-eye view of the intersection 860

Fig. 4.4.2 The bird’s- eye view of the intersection S90.

/

/>

Fig. 4.4.3 The bird’s-eye view of the intersection S120.
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Table 4.4.1 Specification of the intersections in the simulations.

Intersection ID Ocross [deg] lin [M] lout [M]
S60 -60 5.25 5.25
S90 -90 5.25 5.25
S120 -120 5.25 5.25

In these intersections, an occluding vehicle was prepared on the oncoming lane and the vehicle is
stopping at the entrance of the intersections (for example, because of the traffic congestion, the oncoming
vehicle is yielding and making space for a right-turning vehicle.) The following equation and Fig. 4.4.4
define the initial condition of the occluding vehicle position:

( X occ ’Yocc ) = ( X intersec +X base +X occ_offset ’Yintersec - Ybase ) ! (44 1)

where (Xoce, Yocc) are the position of the right-front corner of the occlusion vehicle, (Xintersec, Yintersec) are the
position of the center point of the intersection, Xpase and Yhase are the base offsets regarding the shape of the
intersection, and Xocc_offset IS the position offset of the occluding vehicle.

(Xintersectionv Yintersection)

.
L

X Xbase Xocc_offset

Fig. 4.4.4 Definitions of the initial position conditions of the occluding vehicle.

In this study, the center point of the intersection (Xintersec, Yinwersec) defines the origin of the target
scenario, therefore, (Xintersec, Yintersec) = (0, 0). The values of the base offsets Xpase, Yhase, and the position
offset Xocc_oftset fOr the evaluation examples are described in Subsection 4.4.3.

4.4.2 Experiment Vehicle

A predefined vehicle (Honda Fit) in IPG CarMaker was used for the vehicle model of the simulation.
The dimensions of the vehicle are shown in Fig. 4.4.5. The vehicle equipped an onboard object detection
sensor on the font-tip center of the vehicle. The dimensions of the vehicle, the mounted position, and the
specifications of the sensor are shown in Table 4.4.2. This sensor can perceive the position, relative velocity,
and relative heading angle of the occluding vehicle on the oncoming lane and the darting-out object.
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Fig. 4.4.5 The definition of vehicle dimensions and sensor positions.

Table 4.4.2 The parameters of simulation vehicle and onboard sensor.

Description Variable Value Unit

Length Lego 3.995 m

Width Wego 1.695 m

. Height Hego 1.290 m

Ego vehicle Wheelbase Lub 2530 m

Distance from front-tip Lias 3395 m

to rear-axle

Lateral position Wsensor Wego/2 = 0.848 m

Sensor Vertical position Hsensor 0.6 m
position Horlzpntal FoV Osensor h 150.0 deg
Vertical FoV Osensor v 10.0 deg

Detection range Rrange 150.0 m

4.4.3 Simulation Result and Performance Evaluation of EBS

To evaluate the collision avoidance performance, full-vehicle simulations were conducted on the IPG
CarMaker. In the evaluation simulations, the ego vehicle drove the three types of intersections and made
right-turns at the intersections. The three types of intersection consist of three crossing angles:
60 degrees, 90 degrees, and 120 degrees. Every intersection crossed with two straight roads and the roads

had two lanes as shown in Fig. 4.4.1 to Fig. 4.4.3.

In the simulation, the ego vehicle releases at the starting point with the initial velocity. Then the vehicle
rolls without operating any pedals. The driver model steers the vehicle and makes a right-turn at the
intersection regarding a path following control dubbed IPG Driver. Hence, during the simulations, the
driver in the simulations does not attempt to avoid the collision avoidance target object, and only EBS
works to avoid the target object. The time historical vehicle motion at the intersections when there is no

darting-out object are shown in the figures from Fig. 4.4.6 to Fig. 4.4.8.
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Fig. 4.4.6 The time historical vehicle motion at the intersection S60 when there is no darting-out object.
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Fig. 4.4.7 The time historical vehicle motion at the intersection S90 when there is no darting-out object.
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Fig. 4.4.8 The time historical vehicle motion at the intersection S120 when there is no darting-out object.

A motorcycle was set on the simulations as the avoidance target object of the EBS. The target object
drove straight in the oncoming lane with keeping the driving speed. The target object has no lateral motion.
To consider the various conflict timing, multiple initial positions of the target object are prepared. Defining
the position of the target object when the front-center point of the ego vehicle without EBS collides into
the center point of the target object as the standard conflict condition (Xobj ofiset = O [M]), we prepared the
offset conditions of the conflict position Xobj oftset from -10m to 10m as shown in Fig. 4.4.9. The following
tables from Table 4.4.3 to Table 4.4.5 show the parameters of the EBS, the darting-out object, and the
darting-out conditions respectively.

obj_offset
-6m —4m —2m Om 2m 4m 6m

Occluding
Vehicle

Fig. 4.4.9 The offset conditions of the conflict position
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Table 4.4.3 Parameters of the EBS in the simulations.

Description Variable Value Unit
Safety margin Dsate_eBs 0.5 m
Latency of EBS TeBs 0.3 S
Control gain Kess 0.1 s?/m
Maximum brake command Begs_max 1.0 -
Minimum brake command Begs_min 0.5 -

Table 4.4.4 Parameters of the darting-out object.

Description Variable Value Unit
Vehicle length Lobj 2.1 m
Vehicle width Wobj 0.6 m

Table 4.4.5 Darting-out conditions.

Description Variable Value Unit
Conflict position | Xobj ofset | —10,-8,—6,—4,-2,0,2,4,6,8, 10 m
Darting-out speed Vobj 20, 30, 40 km/h

Intersection

crossing angle Ocross —60, —90, -120 deg

To evaluate the collision avoidance performance of the EBS in terms of the various darting-out cases,
the simulations conducted under all combinations of conflict position and darting-out speed are described
in Table 4.4.5.

From Fig. 4.4.10 to Fig. 4.4.12 show the time historical results of the conditions where the offset
position of the target Xobj oriset Was 0 m, and the speed of the target object von; was 30 km/h. The figures are
corresponding to each intersection crossing angle Gcross = —60, —90, —120 [deg]. The first graph in each
figure shows the velocity of the ego vehicle. The second graph shows the acceleration of the ego vehicle
and the target acceleration. The third graph shows the TTC of the ego vehicle and the target object.
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Fig. 4.4.12 Simulation results of the EBS at the intersection with the crossing angle
QCI‘OSS = 7120 [deg]

From the results in those conditions, the EBS could decelerate and stop the vehicle before collided
with the object independently to the crossing angles. The target accelerations show that the system could
operate only when in an emergency situation.

From Fig. 4.4.13 to Fig. 4.4.15 show the collision avoidance results at each condition regarding the
intersection crossing angles, the driving speed of the target object, and the offset position of the target
object. In the figures, the x-axis shows the offset position of the target object Xobj oftset, the y-axis shows the
driving speed of the target object vonj, and the gray cells with bold boxes show the collided conditions and
white cells show the conditions that could avoid the collision. From the figures, the collision was avoided
by EBS in most cases.

[ collided case

[ ] Avoided case

Speed of target object
Vop; [km/h]

-2 0 2 4 6 8
Offset position of target object X orser [M]

Fig. 4.4.13 The collision avoidance results under various conditions at the intersection with the crossing
angle Heross = —60 [deg].
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Fig. 4.4.14 The collision avoidance results under various conditions at the intersection with the crossing
angle Geross = —90 [deg].

B cCollided case [ ] Avoided case

Speed of target object
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Fig. 4.4.15 The collision avoidance results under various conditions at the intersection with the crossing
angle Gcross = —120 [deg].

The figures from Fig. 4.4.16 to Fig. 4.4.18 show the collision velocity of the ego vehicle. The grayed
cells are the collided conditions and the red numbers in the cells indicate the collision velocity in km/h.
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Fig. 4.4.16 The collision velocities at the intersection with the crossing angle Gcross = —60 [deg].
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10

=-90 [deq].

Collision velocity [km/h]

T T T T T

S
(=]

T

Vopj [km/h]
W
(e

[~
[=)

Speed of target object

Offset position of target object Xy oser [M]

Fig. 4.4.18 The collision velocities at the intersection with the crossing angle

Ocross = —120 [deg]

In several conditions, the collision velocities reached about 20 km/h. However, all of the collided cases
in the simulations were the cases when the ego vehicle already reached the conflict point before the EBS
applies. Therefore, the target object collided into the left side of the ego vehicle. In those cases, it’s

impossible to avoid the collision only by braking when the object drives steadily in motion.

Nevertheless, in the real condition, the motorcycles also can take collision avoidance maneuvers if
they have enough TTC. Therefore, in this paper, when the TTC of the target object had more than 2 seconds
when the ego vehicle first time detected the object, the conditions were not counted as collided cases.
Basically, this means we do not consider the situation when the target object has enough time to avoid the
collision. From Fig. 4.4.19 to Fig. 4.4.21 show the simulation results of the collision velocity of the ego

vehicle when the cases that the TTC of the target object has more than 2 seconds were eliminated.
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Fig. 4.4.19 The collision velocities that eliminated the cases when the TTC of the target object was
larger than 2 seconds. (Ocross = —60 [deg]).
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Fig. 4.4.20 The collision velocities that eliminated the cases when the TTC of the target object was
larger than 2 seconds. (Ocross = —90 [deg]).

Collision velocity [km/h]

T T T T T T T T T T T

~

=)
T

I

Vi [km/h]
(%)
(e}
T
|

[\
(=]
T

Speed of target object

-10 -8 -6 -4 -2 0 2 4 6 8 10

Offset position of target object X,; yser [M]

Fig. 4.4.21 The collision velocities that eliminated the cases when the TTC of the target object was
larger than 2 seconds. (fcross = —120 [deg]).

From the figures, the collisions were safely avoided with EBS in all conditions. From these results,
the EBS has enough performance for the collision avoidance function in the intersection right-turn scenario.

Thus, the performance evaluation simulation of the proposed ADAS adopts the EBS as the emergency
braking function.
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4.4.4 Simulation Condition

The simulation parameters of the three target intersections, occluding vehicle, PBS, and darting-out
conditions are shown in the tables from Table 4.4.6 to Table 4.4.9 respectively. Provided that the
parameters of the ego vehicle, onboard sensor, darting-out object, EBS, and parameter estimation equation
are referred from the corresponding sections in this chapter. To compare the effectiveness for the collision
avoidance performance by only EBS and PBS+EBS in terms of the various darting-out cases, the
simulations conducted under the all combination of conflict position, occluding position, and darting-out
speed described in Table 4.4.9.

Table 4.4.6 Specification of the intersections in the simulations.

Intersection 1D Bcross [deg] lin [M] lout [M] dore [M]
S60 —60 5.25 5.25 16.6
S90 -90 5.25 5.25 16.1
S120 -120 5.25 5.25 16.6

Table 4.4.7 Parameters of the occluding vehicle.
Description Variable Value Unit
Vehicle length Loce 7.0 m
Vehicle width Woce 2.0 m
Xbase 11.95 m
860 Ybase 222 m
Xbase 995 m
Base offset S90 Vouce 599 m
Xbase 695 m
8120 Ybase 222 m
Table 4.4.8 Parameters of the PBS in the simulations.
Description Variable | Value Unit
Standard time to collision for PBS tuir d 2.0 S
Distance from occluding vehicle to virtual darting-
H Duir_oce 1.0 m
out object -
Darting-out velocity of virtual darting-out object Vir 36 km/h
Expected emergency braking acceleration aess —8.0 m/s?
Safety margin Dsate 1.0 m
Latency of PBS 7 0.5 S
Kit 0.06 s?/m
Control gain Ky 0.05 s/m
Ka 0.05 s?/m
Maximum brake command Bpas_max 0.5 -
Minimum assistance velocity VpBS_min 3.6 km/h
Prediction time on speed profile tore 0.3 S
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Table 4.4.9 Darting-out conditions.

Description Variable Value Unit
Conflict position Xobj offset | —10,—8,—6,—4,-2,0,2,4,6,8, 10 m
Occh;)%lsr}%(\)/r?hlcle Xocc ot | 0,1,2,3,4,5,6,7,8,9,10, 11, 12 m

Darting-out speed Vobj 20, 30, 40 km/h
Intersection crossing Oeross 60, —90, ~120 deg

angle

4.4.5 Simulation Result and Performance Evaluation of Comparative Simulation between PBS+EBS
and EBS

First, to see the behavior of the ego vehicle when only PBS applied for the braking assistance, 6 cases
of the simulations were conducted without the darting-out object. From Fig. 4.4.22 to Fig. 4.4.27 show the
outline of the deceleration by PBS in the situation without the darting-out object. Fig. 4.4.22 to Fig. 4.4.24
show the simulation results when the positions of the occlusion vehicle were set to Xocc oftet = 6 [M]. Each
figure corresponds to the intersection crossing angles fcross = —60, —90, —120 [deg]. The rest of the figures
Fig. 4.4.25 to Fig. 4.4.27 show the simulation results when the positions of the occlusion vehicle were set
to Xoce ofiset = 2 [M]. In each figure, the subfigure on the left shows the trajectory of the ego vehicle, the
subfigure on the right-top shows the time historic result of the ego vehicle velocity, the subfigure on the
right-middle shows the time historic result of the ego vehicle acceleration and the subfigure on the right-
bottom shows the time historic result of the normalized brake command.
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Fig. 4.4.22 Simulation results of the PBS without darting-out at the intersection with the crossing angle
Beross = —60 [deg] and the position of occluding vehicle Xocc offset = 6 [M].
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Fig. 4.4.23 Simulation results of the PBS without darting-out at the intersection with the crossing angle
Beross = —90 [deg] and the position of occluding vehicle Xocc offset = 6 [M].
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Fig. 4.4.24 Simulation results of the PBS without darting-out at the intersection with the crossing angle
Beross = —120 [deg] and the position of occluding vehicle Xocc ofiset = 6 [M].
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Fig. 4.4.25 Simulation results of the PBS without darting-out at the intersection with the crossing angle
Ocross = —60 [deg] and the position of occluding vehicle Xocc oftset = 2 [M].
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Fig. 4.4.26 Simulation results of the PBS without darting-out at the intersection with the crossing angle
Bcross = —90 [deg] and the position of occluding vehicle Xocc offset = 2 [M].
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Fig. 4.4.27 Simulation results of the PBS without darting-out at the intersection with the crossing angle
Bcross = —120 [deg] and the position of occluding vehicle Xocc ofiset = 2 [M].

From the results, the ego vehicle started to decelerate the vehicle speed before starting the turning at
the intersection. And the brake assistance by PBS could follow the target speed and decelerate to the real-
time calculated safe speed. At the beginning of the safe speed calculation, the calculated safe speeds were
unstable and lower than the final safe speeds, however, the real-time calculation refined the safe speed
when getting closer to the predicted conflict point, and the safe speeds became stable and higher value.
Comparing the safe speeds between conditions, the calculated safe speed differed by the shape of the
intersection and the position of occluding vehicle Xocc oftset. ESpecially the gaps between the conditions of
positions of occluding vehicle were large. These indicated that the safe speeds became lower when the
occluding vehicle was close, and the blind spot was large. Those facts explained qualitatively the proposed
method could predict the potential risk. In addition, the minimum target deceleration and vehicle
acceleration were suppressed higher than -2.5 m/s? in all of the conditions above, and the velocity curves
and acceleration curves by the PBS were continuous and very smooth. Therefore, the system completed
the deceleration only applying moderate and comfortable braking and it was expected that the braking
assistance was not bothering assistance. The driver acceptance evaluation by the PBS intervention is
presented in Chapter 5.

From Fig. 4.4.28 to Fig. 4.4.30 show the time historical results of the simulation regarding the three
types of the intersection crossing angles 6cross, Where each parameter defined the simulation condition as
follows: the offset position Xobj ofiset = 0 [M], the position of the occlusion vehicle Xoce oftset = 2 [M], and the
speed of the target object vopj = 30 [km/h]. In the figures, subfigure (a) shows the result with the system
only EBS, and subfigure (b) shows the result with the system PBS+EBS. Regarding the subfigure on the
left that shows the trajectory of the ego vehicle and the darting-out object, the boxes show the position of
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the vehicles will be colored in red when collisions had occurred.

From the figures, there were collisions in the vehicle equipped only EBS under the condition
Bcross = —60 [deg] and bcross = —90 [deg]. On the contrary, under the provided condition, no collision had
occurred with the vehicle which equipped the PBS+EBS. From the figures, the PBS decelerated to the safe
speed before the EBS applied the brake. This shows that the PBS completely lead the vehicle into a safe
state before getting into the emergency situation as designed. Besides, because the PBS decelerated, the
driving speeds of the vehicle equipped PBS+EBS were lower than ones with EBS therefore the braking
times by the EBS became shorter and maximum decelerations were lower. These can expect to mitigate
both the mental burden to the driver and the structural burden to the vehicle. In Fig. 4.4.29 and Fig. 4.4.30,
the calculated values of the safe speed were jumping and discontinuous. This was because the system
repeated to start and stop calculation sometimes. This phenomenon occurred only when the distance to the
intersection was large, therefore, in the simulations, this phenomenon did not affect the results of the
simulation.
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Fig. 4.4.28 Simulation results with darting-out (Ocross = —60 [deg], Xobj_oftset = 0 [M], Xoce_oftset = 2 [M],
Vobj = 30 [km/h]).
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Fig. 4.4.29 Simulation results with darting-out (Ocross = —90 [deg], Xobj oftset = O [M], Xoce oftset = 2 [M],
Vobj = 30 [km/h]).
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Fig. 4.4.30 Simulation results with darting-out (Gcross = —120 [deg], Xobj oftset = 0 [M], Xoce_oftset = 2 [M],
Vobj = 30 [km/h]).
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As comparisons of the system with the system only EBS and PBS+EBS, the collision avoidance
performances at each condition when changed the offset position Xop; oftset and the occlusion vehicle position
Xoce_offset Were shown in the figures from Fig. 4.4.31 to Fig. 4.4.33. The darting-out speed von; was fixed to
30km/h. Subfigure (a) shows the result with the system only EBS, and subfigure (b) shows the result with
the system PBS+EBS. Fig. 4.4.31 to Fig. 4.4.33 corresponds to results at the intersection crossing angles
Beross = —60, —90, =120 [deg]. In each figure, the x-axis shows the offset position of the target object, the y-
axis shows the driving speed of the target object, and the gray cells with bold boxes show the collided
conditions and white cells show the conditions that could avoid the collision.
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Fig. 4.4.31 The collision avoidance results under various conditions (fcross = —60 [deg], Vonj = 30 [km/h]).
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Fig. 4.4.32 The collision avoidance results under various conditions (Ocross = —90 [deg], Vobj = 30 [km/h]).
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Fig. 4.4.33 The collision avoidance results under various conditions (&cross = —120 [deg],
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Through the figures from Fig. 4.4.31 to Fig. 4.4.33, the numbers of collided cases with PBS+EBS
were lower than the ones with EBS in every intersection shape. The most collided cases were biased to the
left side in the figures, namely, more collisions had occurred when the offset position of the darting-out
object was negative. Because when the offset position of the darting-out object is positive, the darting-out
object already passed the conflict point while the vehicle reaches the conflict point therefore the collision
does not occur. When Xopj occ = -10 [m], there was no collision at the cases with EBS, but most cases at the
case with PBS+EBS had a collision. The reason for this difference is because of the driving speed around
the c,p. In the cases with EBS, the system did not decelerate the vehicle therefore the vehicle passed across
the c.p. before the darting-out object reached the vehicle. On the other hand, the vehicle with PBS+EBS
passes through the c.p. slower therefore, the darting-out object reached the vehicle and collided with the
left-side wall of the vehicle. In the cases with EBS, when the Xocc_oftset bECamMe shorter, more collisions had
occurred. This was because as the occluding vehicle was closer, the blind spot became larger, and the safe
speed became lower. Yet, the cases with PBS+EBS did not have this tendency. The PBS could decelerate
the vehicle by considering the position of the surrounding object. Hence, the PBS+EBS could make the
collision risk even regarding the occluding vehicle positions.

The figures from Fig. 4.4.34 to Fig. 4.4.36 show the collision velocity of the ego vehicle.
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Fig. 4.4.34 The collision velocities under various conditions (fcross = —60 [deg], Vobj = 30 [km/h]).
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Fig. 4.4.35 The collision velocities under various conditions (Gcress = —90 [deg], Vobj = 30 [km/h]).
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Fig. 4.4.36 The collision velocities under various conditions (Gcross = —120 [deg], Vonj = 30 [km/h]).
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When the TTC of the darting-out object of the collided data was larger than 2 seconds, we considered
that the collision could be avoided by the darting-out object’s collision avoidance maneuver. The figures
from Fig. 4.4.37 to Fig. 4.4.39 show the simulation results of the collision velocity of the ego vehicle when
the cases that have more than 2 seconds of TTC of the target object were eliminated. The simulations on
the collision avoidance performances in the various conditions when the darting-out speed Vo, changed to
20km/h and 40km/h were also simulated. The results of the collision avoidance and collision velocity were
appended to Appendices on this paper (Appendices 4-1, 4-2).
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Fig. 4.4.37 The collision velocities when ttc > 2 [s] were eliminated under various conditions
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Fig. 4.4.39 The collision velocities when ttc > 2 [s] were eliminated under various conditions
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Fig. 4.4.39 The collision velocities when ttc > 2 [s] were eliminated under various conditions
(Bcross = —120 [deg], Vobj = 30 [km/h]).
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From the figures above, PBS obviously enhanced the collision avoidance performance of the EBS.
Especially the PBS affects the result largely when the offset position of the occluding vehicle is lower. And
most of the collided cases with PBS+EBS decreased the collision velocity comparing to the collision
velocity at only EBS. In addition, PBS+EBS could avoid the accident in most cases, therefore, the
simulations confirmed the effectiveness of the safe speed calculation theory and appropriateness of the
parameter settings for the target intersection scenario with the blind spot and darting-out.

4.5 Conclusion

To evaluate the “safety” performance of the proposed Proactive Braking System (PBS), this chapter
presents the iterative full-vehicle simulations. Combining the PBS with an emergency braking function,
the full-vehicle simulations proved the proposed method could moderately decelerate the vehicle to the
safe speed and minimized the potential risk. In addition, the iterative full-vehicle simulations revealed that
the proposed PBS definitely enhanced the collision avoidance performance and collision velocity in all of
the conditions we prepared. Hence the proposed method was effective in terms of “safety”. The
effectiveness evaluation on the “driver acceptance” of the proposed driver assistance system is presented
in the next chapter.
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5. Driver Acceptance Evaluation of Advanced Driver Assistance
System

This chapter presents the evaluation of “driver acceptance” of the proposed Advanced Driver
Assistance System (ADAS), Proactive Braking System (PBS). Section 5.1 explains the introduction of the
driver acceptance evaluation. In Section 5.2, we present the acceptance evaluations by experimenting with
a real test vehicle. Section 5.3 describes the problem revealed from the experiment in Section 5.2. Section
5.4 presents the acceptance evaluation by conducting the driving experiment with a driver-in-the-loop
simulation using a driving simulator. Finally, Section 5.5 concludes this chapter.

5.1 Driver Acceptance Evaluation

Driver acceptance, which is an essential factor in designing the ADAS. Because in ADAS, the system
requires monitoring by the driver, and most systems require some kind of control from the driver during
the assistance. Thus, ADAS are required to cooperate with the driver. In order to avoid the conflict of the
driver assistance system, the systems are recommended to not be too conservative or disturbing. Especially,
our focusing scenario, the risk predictive driving requires high acceptability to the system because the
system intervenes to minimize the potential risks therefore the system sometimes applies assistances that
are unintended for the driver. In those scenarios, once the system becomes too conservative for safety, the
driver may not accept the driver assistance system and may turn off the switch. This is a critical problem
for the driver assistance system, because the system cannot accomplish “safety”” any longer. Usually, the
“safety” and the “driver acceptance” are in the trade-off relationships.

While the safety of the ADAS could be evaluated by the iterative full-vehicle simulations, the driver
acceptance requires evaluations from human drivers. The evaluations of the driver acceptance of the ADAS
have been conducted in a lot of research [85][97][111]-[113]. And an evaluation scale of the driver
acceptance was invented by Van der Laan et.al. [114].

This research project also evaluates the driver acceptance of the proposed PBS. We conducted two
individual subject driver experiments. The first experiment was the driving experiment with a real test
vehicle. The second experiment was the driving experiment with a driver-in-the-loop simulation using a
driving simulator. The former experiment can reconstruct the realistic scenario with the real vehicle. This
method enables to obtain real driving data and also the subject driver can experience real driving feeling,
acceleration, and intervention of the ADAS. The disadvantages of the method are the preparation time, cost,
and difficulties to set the uniform conditions. On the other hand, the latter method with a driving simulator
can shortcut the time for system implementation, preparation, and setting the uniform conditions even
weather and time. The disadvantage of the latter method is the divergence from reality.

5.2 Conceptional Real Driving Experiment in Closed Test Track

To evaluate the impression to the braking assistance by PBS, we hypothesized that if the driver does
not notice the brake assistance, the driver acceptance of the system will be higher, the subject participated
in conceptional experiments with real experiment vehicle were in Germany. We implemented the PBS
concept into an experiment vehicle. The concept was evaluated from the recorded driving data and
guestionnaire about the impression to the PBS. Notice that because the test location was in Germany, in
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this section, the test was conducted in the intersection left-turn scenario for right-hand traffic. This section
describes the conceptional experiment and brief results of the acceptance evaluation the full results of the
experiment are described in [115].

5.2.1 Experiment Vehicle

The experiment vehicle TIAMO (Test Vehicle for Integrated Automation and Monitoring System)
was used for the driving experiment [116]. As shown in Fig. 5.2.1, TIAMO equips enough equipment for
the proposed driver assistance system such as a high precision ego localization system, environment
perception sensors, and brake actuators. The test vehicle equipped only a Proactive Braking System (PBS)
and no emergency braking functions. Therefore, only braking assistance by PBS was engaged before the
darting-out object detection, and when the drivers recognized the darting-out, the drivers must avoid the
collision by themselves.

DI  Camera

.'?.

Fig. 5.2.1 Experiment vehicle TIAMO [116].

5.2.2 Test Scenario

The experiments were conducted in a small city intersection with left-turn lanes in a test course in
Braunschweig, Germany. The constructed scenario for the experiments is explained below. As shown in
Fig. 5.2.2 and Fig. 5.2.3, the subject drivers drove the experiment vehicle (blue car in Fig. 5.2.2) and drove
into the intersection for the left-turn, oncoming vehicles also came into the intersection and simulated a
traffic jam as the leading oncoming vehicle had to stop behind the parking trailer. Here, the second vehicle
(white van) yields a way to the subject driving vehicle to make a left turn. When the subject vehicle made
the left-turn in the intersection, a bicycle darted out from the blind area of the occluding white van. In the
experiment, a stuntman drove the bicycle and stopped before blocking the way of the test vehicle. Therefore,
the darting-out was safely conducted.
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Fig. 5.2.2 The test intersection and surrounding objects.
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5.2.3 Test Condition

Fig. 5.2.3 The test intersection in he real driving subject experiment.

In the experiment, to focus on the impression of the subject drivers to the system, the safe speed was
set to the constant value, and the system applied the brake assistance to decelerate to the constant speed.

The braking assistance was triggered when the ego vehicle entered the intersection.

18 subject drivers, who often drive a car in Germany, volunteered to participate in the experiments
and drove the test vehicle in the test course. Subjects were divided into three condition groups. The groups
allocated to three conditions as shown in Table 5.2.1 to evaluate the effectiveness and acceptance. All
participants driving data of the intersection left-turn without bicycle darting out nor PBS assistance were

also recorded before experiencing the darting-out cyclist and PBS assistance.

After the first lap of the experimental driving, we asked some questions about the risk predictive
situation brake assistance system. The followings list the representative questions in the questionnaire:

(a) Do you think the intersection was dangerous?

(b) Did you notice the brake reaction of the vehicle?

(c) Do you think that the braking made the turning safer?

(d) Do you think braking in emergency situations would be effective?
(e) Would you like to have such a feature in your car?

In questions (a), (¢), (d), and (e), the subjects answer the question from 7 grades “Yes, very”, “Yes”,
“Slightly yes”, “Intermediate”, “Slightly no”, “No”, and “Not at all”. About question (b), the subjects
answer the question from “Yes” or “No”, and if yes. Question (c) was asked only when the subjects
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answered “Yes” in question (b).

Table 5.2.1 The experiment conditions.

Group A Group B Group C
Test 6 subjects 6 subjects 6 subjects
lap | Darting-out PBS Darting-out PBS Darting-out PBS
bicycle engagement bicycle engagement bicycle engagement
Condition 1 Condition 2-2 Condition 3
1 _ v _ v
/ / Vsafe = 5 km/h Vsafe = 5 km/h
Condition 2-1 Condition 1
2 v _ -
/ Vsafe = 10 km/h /

5.2.4 Experiment Result and Evaluation

Fig. 5.2.4 shows the representative results at the first lap of the Group A. These results were under the
conditions with darting-out bicycle and without PBS assistance (Condition 1). From the graphs in the figure,
the driver drove into the intersection around 20km/h, and the driver used braking to stop the vehicle when
detected the darting-out.
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Fig. 5.2.4 Experiment results of the first lap of the subject from group A (condition 1).

Fig. 5.2.5 shows the representative results at the first lap of Group B. These results were under the
conditions with darting-out bicycle and with PBS assistance (Condition 2-2). From the graphs, the driver
decelerated the vehicle before driving into the intersection, and during the turn, the PBS engaged the brake
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assistance. Later, the driver stopped the vehicle to avoid a collision. In this case, the PBS could not
decelerate to the safe speed because the driver engaged the avoidance braking before the system decelerated
to the safe speed.
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Fig. 5.2.5 Experiment results of the first lap of the subject from group B (condition 2-2).

Fig. 5.2.6 shows the representative results at the first lap of the Group C. These results were under the
conditions without darting-out bicycle and with PBS assistance (Condition 3). From the graphs, the driver
used a weak brake manually before turning. When the test vehicle drove into the intersection, the PBS
applied the brake assistance to decelerate the vehicle, but while the brake assistance, the driver tried to
reaccelerate the vehicle by using the gas pedal. Therefore, the system conflicted with the driver, and the
brake assistance was canceled by the drive torque and could not decelerate to the safe speed.
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Fig. 5.2.6 Experiment results of the first lap of the subject from group C (condition 3).

From the results of the subject driver questionnaire about “Did you notice the brake reaction of the
vehicle?”, 6 subjects out of 6 from Group A and 5 subjects out of 6 from Group B did not notice the brake
intervention from the PBS, on the other hand, 5 subjects out of 6 from Group C noticed the brake
intervention. From those facts, it was estimated that the activation and beginning of brake assistance were
unnoticeable interventions, but most subjects noticed the brake intervention in the latter part of the
intervention.

To the subjects who noticed the brake assistance, we asked another question, “Do you think that the
braking made the turning safer?”. From the answers to the question, while a subject (out of one subject)
from Group B answered, “Yes, very”, 4 subjects out of 5 from Group C answered “No” and the rest of the
subjects answered, “Slightly no”. From these results, without the darting-out drivers may not be able to
understand the meaning of the brake assistance.

In addition, 4 subjects out of 6 who noticed the driver assistance commented that they didn’t notice
the brake assistance at first but because the gas pedal was not working, they found there was the braking
intervention.

5.3 Problem Statement of Proposed Method

The results of the conceptual experiment with the real test vehicle revealed that the brake intervention
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itself was unnoticeable assistance, therefore, might not disturbing assistance, however, most subjects did
not understand the assistance correctly and conflicted with the driver assistance system. The conflicts
interfered with the system to decelerate to the safe speed. The most important knowledge we learned from
the experiment was improving the recognition and understanding of the driver assistance system also plays
an important role to improve driver acceptance.

5.4 Driver Acceptance Evaluation Experiments with Driver-in-the-Loop Simulation

This section describes the driver acceptance evaluation using the driver-in-the-loop simulation. The
first subsection introduces the evaluation goal of the experiment. The second and third subsections explain
the test equipment setups and conditions. The fourth subsection explains the experiment sequence and
guestionnaires. The fifth subsection presents the experiment results of the driver-in-the-loop simulations.
And the last subsection evaluates the driver acceptances from the questionnaire results.

5.4.1 Evaluation Goal

The evaluation goal of the driver acceptance evaluation experiments with driver-in-the-loop
simulation is simply to evaluate the “driver acceptance” via the subject driver driving experiment. To solve
the problems stated in the previous section, we introduced visual information that enhances the
understanding of the intention of the driver assistance system.

5.4.2 Test Equipment

As experimental equipment for the driver acceptance evaluation, we prepared a driving simulator with
4-axis motion (T3R Simulator). Fig. 5.4.1 shows the overview of the equipment. The driving simulator has
a reclining driver seat, three pedals (gas, brake, clutch), a shifting lever, a steering wheel with a servo, a
large wide display, a sound system, a computer for the dynamics calculation, and four motion actuators.
The four motion actuators enable us to realize the lateral and longitudinal acceleration, the roll and pitch
of the vehicle, and small vibration from the road surface in the simulation. This equipment enables the
drivers to feel the realistic acceleration of the vehicle and intervention of the brake assistance from the
driver assistance system.

Fig. 5.4.1 Overview of the experimental equipment.
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Fig. 5.4.2 shows the diagram of the whole setup of the experiment environment. The simulation
scenery is reconstructed in the IPG CarMaker and the scenery is displayed on the display. The subject
drivers watch the display and drive the simulator to drive the experimental course. Then the pedal and
steering inputs from the driver transfer to the computer. From the transferred inputs, The IPG CarMaker
and the MATLAB/Simulink compute the vehicle dynamics regarding the inputs and simulation
environment data. When the sensor model detects the objects, the advanced driver assistance system
calculated the appropriate command and inputs it to the vehicle model on the Simulink model.

. Lo - ==
Calculation on MATLAB/Simulink and IPG CarMaker ;  Display I
| ; [
Vehicle Vego Alert@ activation signal I SLaBlG AIrts I
Model Blm Alert® activation signal I [
on IPG I
l//ego |
CarMaker Proactive | |
Braking Bpgs I I
) System Brake and Gas | I
Ego Vehicle Xtraj (PBS) Pbrake Command I
Trajectory |y, p Switching | —— '
Prediction - “gas Pyas 1 Simulation | |
gas | scenes 1
USRS N ——— Vehicle % [
I - : Model | |
[ Steering Ogy ] on IPG | |
| L__controller ; CarMaker (===
I Poraie | 3 a‘. 3, 4-axis 1
I Gas pedal 5 0. 04 0 Motion 1
I Brake pedal % | I Acutuator | |
I ) I
| DriverInput 1 T3R Simulator
_______ e e e = - S
Variables
- Driver - Trajectory prediction.
Pgas Gas pedal input. Xiraj Pred?cted trajectory.
Porake ~ Brake pedal input. Yiraj Predicted trajectory.
W Steering wheel input. - Brake command
- Vehicle Bpgs Brake command from PBS.
Vego Ego vehicle longitudinal velocity.
ego Ego vehicle longitudinal acceleration.
Yego Ego vehicle yaw angle.

a,, a,, a, Ego vehicle acceleration (x, y, z-axis).
0, 0, 0, Ego vehicle rotation (X, y, z-axis).

Fig. 5.4.2 Diagram of the experiment environment setup.

To evaluate the validity of the driving simulator, we conducted experiments with a real vehicle to
compare the characteristics between the real and the simulator. An experiment vehicle was prepared and
put an IMU sensor (3DM-GX5-45) on the headrest of the driver’s seat. To record the position of the vehicle,
a GPS antenna was attached to the roof of the experiment vehicle. The vehicle drove in a test course and
recorded the vehicle position, velocity, and accelerations. Fig. 5.4.3 shows the result of the vehicle velocity.
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Fig. 5.4.3 Speed profile.

Adopting the vehicle velocity as a reference speed profile, the simulator moves the vehicle with the
velocity profile. As same as the experiment vehicle, an IMU sensor (3DM-GX5-45) was mounted on the
headrest of the driver’s seat of the simulator. With activating the actuators of the simulator, the
accelerations of the vehicle were recorded.

Fig. 5.4.4 shows the comparison between the real vehicle and the simulator. The left figure shows the
comparison of acceleration and the right shows the comparison of the jerk of the vehicle. Those data were
low pass filtered with a 25 Hz cut-off frequency.

5 T T T T T T I T
— Real vehicle
g — Simulator
£
c
2 0
@
S
©
3
<
_5 | | | | | | | |
0 2 4 6 8 10 12 14 16
Time [s]
20 T T T T T

Jerk [m/s%]
(e}

-10 | — Real vehicle
—— Simulator
_20 | | | | 1 1 1 Il
0 2 4 6 8 10 12 14 16

Time [s]
Fig. 5.4.4 Comparison between the real vehicle and simulator.

In the experiment, comparing with the real vehicle the driving simulator could not generate enough
acceleration to imitate the motion of the real vehicle. The real vehicle accelerated with 3 m/s® decelerated
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with -3 m/s2. On the other hand, the simulator could generate an acceleration around 0.4 m/s? and -0.8 m/s?
while decelerating. This is because to generate the acceleration with the simulator, it needs to rely on gravity,
therefore, the actuators incline the seat to generate the acceleration. However, the angle the simulator can
incline is structurally limited, thus, the simulator could not generate a large acceleration. Regarding the
jerk, the simulator could imitate the motion of the real vehicle especially when decelerating. It is known
that the human body is more sensitive to the jerk than acceleration when sensing the change of the motion
[143]. Thus, we regarded that the simulator could give the realistic impact of the brake assistance to the
subject drivers.

5.4.3 Test Scenario

Fig. 5.4.5 shows the test course of the evaluation experiments. The course contains typical city roads
in Japan and combined several risk predictive scenes in the course. To construct the typical city roads, the
course is fully controlled by traffic signals and traffic signs. In addition to them, buildings, houses, static
cars, and dynamic traffics including pedestrians, cyclists, and cars are added to the course. Those static and
dynamic objects make the risk predictive scenes. The followings list the risk predictive scenes in the
experiment course:

(D The residential area without safety fences.

(2 A road with two lanes in the same direction as other traffics.

(3 A motorcycle weaves through the traffic.

(@ A crossing pedestrian at the crosswalk.

(® Pedestrians and cyclists on the narrow street without pavements.
(6 Parked vehicles on the roadside.

(@ A small intersection with blind spots.

Intersection right-turn when oncoming traffic is congested.

Start

Fig. 5.4.5 The test course. The numbers on the course map are corresponding to the number of the list of
risk predictive scenes above.
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Fig. 5.4.6 shows the screenshot of the risk predictive scenes used in the experiments. In this study, to
evaluate the proposed driver assistance system, the evaluation section was focused on the risk predictive
scene “(® Intersection right-turn when oncoming traffic is congested”.

(2 A road with two lanes in same direction with
other traffics.

Z 277277t

(5 Pedestrians and cyclists on the narrow street (6 Parked vehicles on the roadside.
without pavements.

(@ A small intersection with blind spots. Intersection right-turn whgn oncoming traffic is
congested.

Fig. 5.4.6 The risk predictive scenes in the experiment course.

Fig. 5.4.7 shows the target intersection. Two two-lane roads are crossing at 60 degrees and the
intersection is controlled by the traffic signal. In the target scenario, the oncoming lane is congested with
traffic and an oncoming vehicle at the entrance of the intersection is yielding for right-turning vehicles.
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The subject follows a preceding vehicle that turns to the right at the intersection with higher speed. In this
scenario, to catch up with the preceding vehicle, the subject drivers need to make the right cturn at a higher
speed. To sum up, the focus of this scenario is to let the subject drivers intentionally hurry up and turn the
intersection higher than the safe speed.

Fig. 5.4.7 The intersection right-turn scene when the oncoming traffic is congested and the oncoming
vehicle making the blind spot.

5.4.4 Experiment Sequences and Acceptance Evaluation Questionnaire

A. Experiment Sequences

The subject driver experiments were conducted as the following sequences. The subjects joined the
experiment for two days. The second day must be later than one day after the first day to avoid memorizing
the driving course of the experiment.

Day 1

(D Introduction of the research topic and the experiment equipment.
(2 Pre-experiment questionnaire.

(3 Practice drive.

(@ Data acquisition drive (without the driver assistance.)

g
<
N

Practice drive.

Data acquisition drive (with the driver assistance.)

Post-experiment questionnaire.

Explanation of the driver assistance system.

Data acquisition drive (the equipment of the system was not provided to the subjects.)
Data acquisition drive (the equipment of the system was not provided to the subjects.)
The conditions of the data acquisition drives are shown in Table 5.4.1.

®©® @
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Table 5.4.1 Conditions of the data acquisition drives.

. Equipment of driver | Provided information | Darting-
Index Description ; . .
assistance system to subjects out object
D-1 ® Datzgc\:/tiumltlon None Without assistance -
D-2 (6) Data acquisition PBS . With assistance -
drive Graphic warning
D.3 | & Data acquisition PBS Nothing provided ]
drive Graphic warning
. PBS
D-4 Datzzi:/(gumtlon Graphic warning Nothing provided v
None

To acquire the acceptance of the drivers when they were ignorant about the driver assistance system,
none of the information such as the focusing scenario, the experiment course, the functions of the driver
assistance system, and the purpose of the experiment was provided before the data acquisition drive D-2.
Only provided information about the research was “we are researching about the driver assistance system
in the risk predictive scenario while driving automobiles.” In the data acquisition drive D-4, a motorcycle
darts out from the blind spot behind the occluding vehicle with a constant velocity. The existence of the
darting-out object was not also provided to the subjects. In drive D-4, half of the subjects drive the vehicle
equips the driver assistance system, and the rest of the subjects drive the vehicle without the driver
assistance system.

. Acceptance Evaluation Questionnaire

The acceptance was evaluated from the acquired driving data from the data acquisition drives and
guestionnaires. The subject drivers answered two questionnaires: pre-experiment questionnaire and post-
experiment questionnaire. All questions from the questionnaires are appended to the appendices (in
Appendices 5-1, 5-2. Only in Japanese). The pre-experiment questionnaire asks the subject about the
driving experience, the experiences of driver assistance systems, and the basic postures to the driver
assistance systems. The post-experiment questionnaire asks about the experience of the driver assistance
system just after driving the data acquisition drive D-2.

5.4.5 Experiment Condition

A. Way to Drive Experiment Vehicle

The subject drivers operate the driving simulator. The subject drivers use only the gas pedal, brake
pedal, and steering wheel to drive the vehicle. In the experiment, the drivers are asked to follow the
preceding vehicle shown in Fig. 5.4.8. The driving course is not provided to the subjects in advance;
therefore, the subjects are required to drive the car without losing the preceding vehicle.
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Fig. 5.4.8 The preceding vehicle

To acquire the pure driving data, we asked the drivers to drive the vehicle as usual, and we asked the
drivers that they do not need to follow strictly the traffic rules such as traffic signals or road signs in the
experiment as if they drive as usual.

. Driver Assistance System

In the acceptance evaluation experiments, the test vehicle equipped the driver assistance systems
equips two functions that support safe driving in the risk predictive scenario: graphic warnings and brake
assistance by PBS.

The first function, the graphic warnings, display when the vehicle drove into the risk predictive
scenario. The system shows two images respectively on the information window. The information window
in the experiment is shown in Fig. 5.4.9. And Fig. 5.4.10 shows the images of the graphic warnings. The
first image in Fig. 5.4.10 (a) indicates the existence of the potential risk behind the occluding vehicle with
the letter “JRH L& (be careful to the darting-out).” The image shows up when the PBS engages the
brake assistance. When the graphic shows up, the system beeps a sound at the same time. This makes the
driver easier recognize the risk predictive scenario. The second warning contains two images as in Fig.
5.4.10 (b). These images indicate the command to release the gas pedal with the letter “7 27 & L Z fff L
T < 723> (please release gas pedal).” These images switch one another in one second period. This
warning shows up when the driver operates the gas pedal during the brake assistance by the PBS.
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Fig. 5.4.10 The graphical warnings of the driver assistance system.

The second driver assistance system is the Proactive Braking System (PBS). The algorithm of the
system is described in Chapters 2, 3, and 4. The Triclothoidal curve generation method was used to predict
the right-turn trajectory. EBS was not equipped in all the data acquisition drives.

To avoid the gas pedal operation by the driver during the brake assistance, the PBS cut off the gas
pedal input during the brake assistance. However, when the driver steps the gas pedal during the driver
assistance, the vehicle tends to be vibrative because the system enables the gas pedal input when the vehicle
velocity goes below the safe speed. To avoid this vibration, in addition to the graphical warning, the speed
profile to define the target velocity is modified when operated the gas pedal during the brake assistance.
When the gas pedal is operated, the equation (2.3.5) is modified to

1 I2 1 3
X(t)=v,t+—a,t°+=J,t 0o<t<t
(=t + 33t g ( ) (5.4.1)

1 1
x(t) = x1+v1(t—t1)+5a1(t—t1)2 +6J2(t—t1)3 (t, <t<t,),
where
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aol = Kgas pgas (O < pgas Sl)

, (5.4.2)
3, =a, (Pgs =0),

provided that a," is the acceleration input to calculate the speed profile, Kqas is gain to define the acceleration,
Pgas IS the normalized gas pedal operation.

Introducing the equations (5.4.1) and (5.4.2), the system enables to increase the target speed without
changing the safe speed. To do so, the system can delay the gas pedal cut-off hence the vibration can be
suppressed.

To sum up, the driver assistance system that contains 2 functions: graphic warnings and PBS. The
activation sequences and triggers to activate each function are explained in the flowchart in Fig. 5.4.11.

. . . ™
( Getting close to intersection )

l

‘ Driver uses indicator (skipped in the experiment) ‘

l

‘ Onboard sensor perceives surrounding objects ‘

No

Occluding vehicle?

Yes
Risk predictive sceanrio?
(less visibility ?)
Yes

‘ Safe speed calculation ‘

Safe speed < Vehicle speed?
Yes A

"Darting-out warning" ‘|-\\—I

‘ PBS braking assistnace ‘

Driver uses gas pedal?
Yes
‘ "Release gas pedal warning" W

|

( End of assistance )

Fig. 5.4.11 Flowchart of the intervention of the driver assitance system in the experiment.
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C. Subject Drivers

The subject drivers must fulfill the following conditions:
Ignorant of the contents of the research.

20-year-old or more.
Possession of a Japanese driver’s license.
More than 1 year passed after acquired the license.
Driving experience on Japanese roads at least 1 time.
Not be drunk or other states which are prohibited to drive by Japanese laws.
34 students and staff who were belonging to Tokyo University of Agriculture and Technology participated
in the experiment. The gender, ages, and years after acquired the driver’s license of the participated subjects
are listed in Table 5.4.2. And the distribution of the yearly driving distance is shown in Fig. 5.4.12.

Table 5.4.2 Statistical features of the subject drivers.

Description Male Female Age year, aﬁer acquired
[years] | driver’s license [years]
Number of subjects 25 9 34 34
Minimum - - 21 1
Maximum - - 74 52
Median - - 25 4
Average - - 31.9 11.6
Standard division - - 13.9 14.2

Number of subjects

20
18
16
14
12
10

oON DO

<500

<1000

<3000 <10000 >10000
Yearly driving distance [km]

Fig. 5.4.12 Distribution of the subjects’ yearly driving distance.

years and yearly driving distances were shorter than 500 km.
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As the table and the figure, more than half of the subject drivers’ driving experiences were less than 5

In the questions from the pre-experiment questionnaire “4. & 7z 7z 233 Bfin 3~ 2 B 1T & D X 9
7RE T3 A2 (E R A]) — Which types of the road do you drive frequently? (choose many if
needed)”, 21 out of 34 subjects answered “ZCH & 03 % W T HILE RS (PR ERE) — City roads (narrow
roads) with many traffics.”, and 19 out of 34 subjects answered “SCi# & 23/ 7x W T T HLE P (PR 1B B)
— City roads (narrow roads) with less traffics.” Hence, more than half of the subjects frequently drove in
the city while they drove a car.




D. Parameters

Tables from Table 5.4.3 to Table 5.4.5 respectively define the parameters of ego vehicle, simulation
environments, and PBS. The same parameters in these tables are used in the experiments for all subjects.

Table 5.4.3 The parameters of ego vehicle and onboard sensor.

Description Variable Value Unit
Length Lego 3.995 m
Width Wego 1.695 m
. Height Hego 1.290 m
Ego vehicle Wheelbase Lub 2.530 m
Distance from front-tip Lo 3395 m
to rear-axle
Lateral position Wsensor Wego/2 = 0.848 m
Sensor Vert?cal position Hsensor 0.6 m
position Horlzpntal FoV Osensor_h 150.0 deg
Vertical FoV Osensor v 10.0 deg
Detection range Rrange 150.0 m
Table 5.4.4 Parameters of the simulation environment.
Description Variable Value Unit
. . Vehicle length Loce 7.0 m
Occluding vehicle ™/chicle width Wees 2.0 m
Vehicle length Lobj 2.1 m
Darting-out object Vehicle width Wopj 0.6 m
Darting-out speed Vobj 20 km/h
Crossing angle Ocross —60 deg
. lin 5.25 m
Intersection Size parameter ™ 5 o5 m
Estimated parameter e 16.6 m
Table 5.4.5 Parameters of the PBS in the experiment.
Description Variable | Value Unit
Standard time to collision for PBS tuir_d 2.0 S
Distance from occluding vehicle to virtual darting-
- Dvir occ 1-0 m
out object -
Darting-out velocity of virtual darting-out object WVir 36 km/h
Expected emergency braking acceleration Aess —8.0 m/s?
Safety margin Dsae 1.0 m
Latency of PBS T 0.5 s
K 0.06 s?/m
Control gain Kv 0.05 s/m
Ka 0.05 s?/m
Maximum brake command Bras_max 0.5 -
Minimum assistance velocity VPBS min 3.6 km/h
Prediction time on speed profile tore 0.3 S
Gain for speed profile when driver uses gas pedal Kgas 9.8 m/s?
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5.4.6 Experiment Result

Fig. 5.4.13 shows the time historical results from the recorded data of one subject driver in the data
acquisition driving. The time 0 in these figures defined as the time when the PBS started the brake

assistance.
Occluding Darting-out Release gas >
/vehicle warning e p/edal warning
20 \l T _ N T \Z
i €
=
2
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x . . . . . s . Safe speed
E -6 -4 2 0 2 4 6 8
% Time [s]
[
E _ 4 , . ; ‘ ; ; ;
[a) % 2 ,\_‘\ i
S 0
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gy Gas command
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(=]
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0 .
-6 -4 2
Time [s]
Fig. 5.4.13 Time historical results from the recorded data of one subject driver in the data acquisition
driving (D-2).

The left figure in Fig. 5.4.13 shows the trajectory of the ego vehicle and the position of the occluding
vehicle. The right three figures show the time historical results of the velocity, acceleration, and the
normalized pedal operation by the driver and the driver assistance system. The sections that the driver
assistance intervened in are colored in green, and the section “release gas pedal warning” was displayed is
colored in red.

From the result, the driver approached the intersection at high speed and the velocity was about
45 km/h when the PBS started to intervention. The PBS calculated the safe speed and displayed the
“darting-out warning” with the beep sound when the vehicle drove into the intersection. However, in this
case, the driver used the brake pedal manually first, and it was overwhelming the amount of brake assistance
by the PBS. Therefore, until about 2 seconds after the driver assistance system started the intervention,
manual operation overrode the assistance. Later than that, the driver decreased the brake operation. Then,
the PBS brake assistance overwhelmed and compensated the brake operation to decelerate to the safe speed.
Later than 4 seconds after started the brake, the driver started to use the gas pedal to reaccelerate, but the
vehicle did not pass through the risk predictive scenario, therefore, the driver assistance system displayed
the “release gas pedal warning”. When the driver still used the gas pedal, the system cut the gas command
and engaged brake assistance again. In this case, the driver did not recognize the “release gas pedal
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warning”, hence, the driver did not put off the foot from the pedal, however, the system could keep the ego
vehicle velocity around the safe speed. The time historical results on D-2 of all subjects are appended in

Appendices of this paper (Appendices 5-3).
Table 5.4.6 shows the summary of the experiment data of all subjects on D-2.

Table 5.4.6 The summary of the experiment in D-2 (34 subjects).

PBS “Gas pedal Minimum Maximum
Description | intervention release warning” acceleration absolute jerk
time displayed time during PBS during PBS
Number of 34 22 34 34
subjects
Unit s s m/s? m/s®
Minimum 3.04 0.15 -6.84 1.70
Maximum 18.12 13.95 -1.35 111.84
Median 4.34 1.43 -3.60 14.79
Average 5.43 2.35 -3.59 20.84
Standard 2.79 2.85 1.27 21.56
division
Vehicle speed | vehicle speed | Safe speed when | Error between
Description V‘g:g;ggjs when disengaged | disengaged PBS | vehicle speed and
assistance PBS D @ safe speed D — @)
Number of 34 34 34 34
subjects
Unit km/h km/h km/h km/h
Minimum 27.72 9.49 7.59 -3.09
Maximum 56.28 20.22 18.76 3.88
Median 43.79 14.01 12.87 1.16
Average 43.24 14.40 13.25 1.15
Standard 6.26 2,87 2.70 1.43
division

From the table, the PBS intervened in all of the driving cases on D-2, and the “gas pedal release
warning” displayed 22 of 34 subjects. Average subjects approached the intersection with around
43 km/h and most drivers approached at the velocity between 35 to 50 km/h. And the PBS could
successfully decelerate the vehicle speed to the safe speed and the errors were less than £4 km/h in all
subjects.

The following figures from Fig. 5.4.14 to Fig. 5.4.16 show the recorded driving data from all subject
drivers. The red lines in the figure indicate the data from the data acquisition drive D-1: no PBS assistance
condition. The blue lines indicate the data from the data acquisition drive D-2: the vehicle equipped with
the PBS. The colored areas in Fig. 5.4.15 and Fig. 5.4.16 indicate the data within the standard deviation.
The time 0 in these figures defined as the time when the vehicle reached the predicted conflict point (c.p.).
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Fig. 5.4.14 Trajectories of the recorded driving data from the 34 subject drivers (D-1 vs D-2).
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Fig. 5.4.15 Velocities of the recorded driving data from the 34 subject drivers (D-1 vs D-2).
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Fig. 5.4.16 Accelerations of the recorded driving data from the 34 subject drivers (D-1 vs D-2).

From Fig. 5.4.14, there was no large difference in the trajectory between the D-1 and D-2. Nevertheless,
from Fig. 5.4.15 the average vehicle velocity of D-2 was lower than the one of D-1, especially, when the
ego vehicle is close to the predicted c.p. In addition, PBS could lead to the negative peak of the velocity
earlier around time t = -1 [s]. The deviation of the velocity was also reduced by the deceleration of PBS.
This meant the system could decelerate the vehicle to a safe state evenly through the subjects. Regarding
the acceleration, although the velocities in D-2 were slower than the ones in D-1, the magnitudes of the
accelerations were not notably different. The point is that the PBS could start the deceleration earlier and
decelerate to the safe speed with moderate acceleration.

From Fig. 5.4.17 to Fig. 5.4.19 compares the results of D-2 and D-3. In D-2, the subjects did not know
anything about the driver assistance system, and this was the first time to drive the car with PBS. D-3 was
the second time to experience the PBS and also the subjects knew about the purpose and contents of the

PBS, provided that the subjects were ignorant whether the system was equipped or not to the test vehicle
at D-3.
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Fig. 5.4.17 Trajectories of the recorded driving data from the 34 subject drivers (D-2 vs D-3).
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Fig. 5.4.18 Velocities of the recorded driving data from the 34 subject drivers (D-2 vs D-3).
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Fig. 5.4.19 Accelerations of the recorded driving data from the 34 subject drivers (D-2 vs D-3).

Comparing the results from D-2 and D-3, the mean velocity and acceleration were quite close values.
This indicates when the system is enabled, the system could bring the vehicle to the safe speed regardless
of the knowledge about the driver assistance system. In addition, the vehicle velocities of D-3 are less
distributed compared to the velocities of D-2. Thus, the knowledge about the system affected guiding the
driver to avoid excessive or deficient braking to the potential risks.

In the data acquisition drive D-4, 17 of 34 subjects drove the vehicle equipped with the driver
assistance system and the rest of the subjects drove the vehicle without the driver assistance system. The
collision avoidance results of the experiment are shown in the table below.

Table 5.4.7 Collision avoidance result (D-4).

Description With driver assistance Without driver assistance
Number of subjects 17 17
Collided cases 0 1
Avoided cases 17 16
Cases EBS engaged 9 5

With the driver assistance system, all subjects could avoid the collision with the darting-out object.
On the other hand, a collision occurred in the condition without the driver assistance and collision velocity
was 0 km/h. The driver assistance engaged EBS in that case, however, the EBS could not stop the vehicle
before reaching the conflict point and the darting-out object collided with the vehicle. In the 9 out of 17
cases that with the driver assistance, EBS applied the emergency brake. On the other hand, 5 out of 17
cases without driver assistance engaged emergency braking to avoid the collision. The reason for the
difference is not clear, but the approaching speed of the cases with the driver assistance tended to approach
the intersection with higher speed (refer Fig. 5.4.20). Moreover, since the subject had already known about
the feature of the driving assistance, the subjects may tend to leave the deceleration to brake assistance by
PBS. Fig. 5.4.20 shows the recorded driving data from the subject drivers in D-4.
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Fig. 5.4.20 Trajectories of the recorded driving data from the 34 subject drivers
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Fig. 5.4.21 Velocities of the recorded driving data from the 34 subject drivers
(D-4 with the driver assistance vs D-4 without the driver assistance).
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Fig. 5.4.22 Accelerations of the recorded driving data from the 34 subject drivers
(D-4 with the driver assitance vs D-4 without the driver assistance).

The approach velocities of the cases with the driver assistance were tended to be higher than the cases
without, however, there were not very big differences in the velocity and acceleration between the
conditions while the driver assistance system engaged. Because the drivers had already known about the
purpose and focus of the experiment and experienced the driver assistance, drivers drove the intersection
safely regardless of the existence of the driver assistance system.

5.4.7 Questionnaire Results and Driver Acceptance Evaluation

The followings describe the results of the post-experiment questionnaire. The subjects answered the
questionnaire just after the experiment D-2.

The questions and the answers to the questions from 1 to 3 are listed below and shown in Fig. 5.4.23:
- Question 1, Did you feel any kind of driver assistance?
- Question 2, Did you find the graphic image warning from the driver assistance system?
- Question 3, Did you find the deceleration assistance by the driver assistance system?

Question 1 Question 2 Question 3

N =34
subjects

Fig. 5.4.23 The pie chart of the answer to questions from 1 to 3.

Regarding question 1, all of the subjects felt the interventions from the driver assistance system. Form
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guestion 2, 94% of the subjects recognized the graphic warnings. In contrast, only 29% of the subjects
recognized brake assistance.
Question 4 asked about the understanding of the system. The result of the question is shown in Fig.
5.4.24.
- Question 4, In which situation did the driver assistance assisted, and what is the purpose of the
assistance?

Question 4

Situation Purpose

rong
38.2%

N=234
subjects

Fig. 5.4.24 The pie chart of the answer to question 4.

From the results, 85% of the subjects correctly understood the situation where the driver assistance
system assisted, and 62% of the subjects correctly understood the purpose of the assistance. To evaluate
the driver acceptance fairly, the following questionnaire results were the answers from 29 out of 34 subjects
who correctly understood the situation where the driver assistance system assisted the driver.

Questions from 5 to 10 asked the general acceptance of the driver assistance system. Questions from
5to 10 are listed below:

- Question 5, Did you feel that you could drive safely because of the assistance?

- Question 6, Did you drive at ease because of the assistance?

- Question 7, Did you feel that you attempted to confirm safety because of the assistance?
- Question 8, Did you feel that you needed a turn-off switch?

- Question 9, Do you want to equip this function for your own vehicle?

- Question 10, Do you need that assistance function for yourself now?

Here, Fig. 5.4.25 shows the results of the questions.
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Fig. 5.4.25 The pie chart of the answer to the questions from 5 to 10.

From the results of the questionnaire, more than half of the subjects positively evaluated the driver
assistance system in all of the questions. Notice that regarding question 8, more than half of the subjects
answered negatively, but this meant more than half of the subjects did not require the turn-off switch.
Especially, from the result of question 7, more than 75% of the subjects answered “Yes” or “Completely
yes”, hence the assistance affected to most drivers drive safely in the risk predictive scenario. Moreover,
more than 50% and 45% of the subjects answered “Yes” or “Completely yes” for questions 9 and 10
respectively. From above, most subject drivers felt the effectiveness of the driver assistance and they
thought the driver assistance had a positive effect on their driving, and most subjects were positive to equip
the system to their own vehicle, and the subjects themselves recognized the system was needed for
themselves now. Thus, the driver assistance system in the scenario was generally accepted by the subject
drivers.

Focusing on the braking assistance by PBS. From the answers to question 3, 29.4% (= 10 subjects)
felt the deceleration assistance. To evaluate the understanding of the assistance, the following question was
asked to the subjects.

- Question 11, For which purpose did the braking assistance assist?

The results of question 11 are shown in Fig. 5.4.26.
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Question 11

Purpose

Wrong { 40.0%

N =10
subjects

Fig. 5.4.26 The pie chart of the answer to question 11.

From the results, 4 subjects out of 10 correctly understood the purpose and situation of the brake
assistance. According to the comment, three subjects understood the brake assistance for keeping the safe
distance between preceding vehicle, a subject understood the brake assistance to stop the vehicle safely, a
subject understood the brake assistance to prevent the miss pedal usage, and a subject understood the brake
assistance to prevent the lane departure while driving the curve. To evaluate the driver acceptance fairly,
results from the following questions from 18 to 23 were the answers from four subjects who correctly
understood the purpose of the brake assistance.

Fig. 5.4.27 and the list below describe the question and the answer to the questions regarding
acceptance of the braking system:

- Question 18, Did you feel the braking assistance convenient?

- Question 19, Did you feel the braking assistance uncomfortable?

- Question 21, Did you feel the braking assistance interrupted your drive?
- Question 23, Did you feel the braking assistance made you anxious?

Question 18 Question 19
25.0 | 25.0
% e 50.0% | 50.0%
50.0%
Question 21 Question 23
B Completely yes
25.0 | 25.0 B Yeo |
0 0 ightly yes
& & [J Slightly no
O No
50.0% B Notatall
N=4
subjects

Fig. 5.4.27 The pie chart of the answer to the questions 18, 19, 21, and 23.
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From the results, more subjects felt the brake assistance convenient and less anxious, however, due to
the number of the subjects who felt the brake assistance is quite low, we could not acquire a clear tendency
in those questions. Besides, none of the subjects answered “Completely yes” or “Not at all”, therefore, the
brake assistance might be less impressive. An important point of the result was that despite there was brake
assistance, most drivers did not recognize the brake assistance. Because, by considering the current
acceleration of the vehicle to the speed profile, the initial brake assistance was smooth and continuous (see
also Section 2.3.4 and acceleration of Fig. 5.4.13). Besides, during the brake assistance, the target
acceleration changes continuously and moderately therefore it might be hard to find when the brake
assistance intervened. Hence, when the subjects could not find the brake intervention, it should be handled
as the system was accepted. To sum up, the brake assistance was widely accepted by the subjects.

As explained in Section 5.4.2, the acceleration that the simulator generated was lower than the real
environment, therefore, the result might be different in the real environment. However, as presented in
Section 5.3, in the real environment, most of the subjects also did not notice the brake assistance, thus, it
is expected that most drivers also do not realize the driver assistance in the real environment.

Focusing on the graphic warnings. From the answers to question 2, 94.1% (= 32 subjects) recognized
the graphic warnings. On the other hand, 29 subjects understood the driver assistance from the question 4.
These 29 subjects belonged to the 32 subjects who recognized the graphic warnings. Thus, focusing on the
29 subjects for the following question. To evaluate the recognition of the assistance, the following question
were asked.

- Question 25, What did the graphic warnings display?

The results of the question 25 are shown in Fig. 5.4.28.

Question 25

Darting-out warning Release gas pedal warning

Correct
65.5%

N =29
subjects

Fig, 5.4.28 The pie chart of the answer to question 25.

From the results, 65% of the subjects correctly recognized the “darting-out warning”, on the other
hand, 24% of the subjects correctly recognized the “Release gas pedal warning”. The main reason for the
result is the time that the “Release gas pedal warning” is relatively shorter than the “Daring-out warning”
(see also Table 5.4.6).

As a problem of the graphic warnings, because the display time was short and also the drivers are
watching ahead of the vehicle. Since the brake assistance actively decelerates to the safe speed, this
misunderstanding would not be critical for safety, however, the misunderstandings might lead decline in
the driver acceptance of the driver assistance. The problem remained the task to warn the potential risks
and release the gas pedal correctly without losing the acceptance.
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Despite some of the subjects wrongly recognized the graphic warnings, all of those subjects correctly
understood the intervention location. Therefore, the following questions are evaluated with the results from
the 29 subjects.

The list below describes the questions regarding acceptance of the graphic warnings:
- Question 30, Did you feel the graphic warnings convenient?
- Question 31, Did you feel the graphic warnings interrupted your drive?
- Question 33, Did you feel the graphic warnings made you anxious?
The results of questions 30, 31, and 33 are shown in Fig. 5.4.28.

Question 30 Question 31 Question 33
/

B Completely yes
E Yes

[J Slightly yes

[ Slightly no

O No

B Notat all

N =29
subjects

24.1%

Fig. 5.4.28 The pie chart of the answer to questions 30, 31, and 33.

The result of question 30 indicates that the graphic warnings were highly supported by the subjects
about its convenience. From the result of the question 31, 72% of the subjects answered that the graphic
warnings did not interrupt the driving, and 28% of the subjects were not interrupted at all. Regarding
guestion 33, More than half of the subjects answered the warnings did not make them anxious, however,
45 % of the subjects felt anxiety by the graphic warnings. The reasons for the feeling of anxiety were the
pictograms showed up suddenly, the subject did not understand why the warnings were displayed, and the
subject did not figure out the timing of the object darting out. Concluding the graphic warnings, the graphic
warnings were mostly accepted by the subjects in terms of convenience, less interruptive, and less anxiety.

5.5 Conclusion

This chapter evaluated the “driver acceptance” of the proposed Proactive Braking System (PBS). This
paper described two individual driver acceptance evaluations with subject drivers. Considering the problem
of the first driver experiment, the second experiment installed the graphical warnings while the PBS
engages the brake assistance. From the evaluation of the second experiment, the braking assistance by PBS
was accepted by most subjects.
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6. Generalization of Advanced Driver Assistance System for
Risk Predictive Driving in Urban Areas

In real driving situations, especially driving in the urban area, there is no exaggeration to say that the
road is full of potential risks not only in the intersection turning scenario. By generalizing the concept of
the proposed Proactive Braking System (PBS), the PBS can mitigate the collision risk in the other risk
predictive scenarios in the urban areas. This chapter presents the generalization of the advanced driver
assistance system and simulates the collision avoidance by the proposed advanced driver assistance system
in several risk predictive scenarios. In section 6.1, the generalization of the PBS is explained. Section 6.2
lists up several example cases of the risk predictive driving scenarios in the urban area and gives the
definitions to accomplish the driver assistance system to decelerate the vehicle to the safe speed. Besides
this section mentions the simulation and its results. And section 6.3 concludes the chapter.

6.1 Generalization of Proactive Braking System (PBS)

This section explains the algorithms to generalize the functions to adapt to the other darting-out
scenarios. The important point to guarantee the accuracy of the safe speed, as explained in Chapters 2 and
3, is to predict the conflict point with high accuracy. Thus, to adopt the function to other risk predictive
scenarios, we must redefine the trajectory of the virtual darting-out object and the predicted trajectory of
the ego vehicle. Fig. 6.1.1 and Fig. 6.1.2 respectively define the parameters of the virtual darting-out
trajectory and ego vehicle Triclothoidal trajectory.

Virtual darting-
out object

Occluding =74
object

Ego Vehicle Xoeer Yoco)

0vir

D

vir_occ

darting-out object ‘

Fig. 6.1.1 Definitions of the parameters that define the trajectory of the virtual darting-out object.
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Fig. 6.1.2 Definitions of the parameters that define the Triclothoidalll trajectory of the ego vehicle.

To correctly predict the conflict point, first, we must define the darting-out direction of the virtual
darting-out object. As shown in Fig. 6.1.1, the direction of the crossing road defines the darting-out
direction of the virtual darting-out object. Then, the corner position of the occluding object (Xocc, Yocc) Can
be defined as the position of the corner that an object may dart out. Usually, this position can be decided
as the closest corner point from both the ego vehicle predicted trajectory and the crossing road. The lateral
offset Duir occ Of the virtual darting-out object is a predefined parameter. This parameter differs by the
situation. When an object may dart out from the very close position to the occluding object, this parameter
must be smaller. From those directions and positions, the trajectory can be defined. Another parameter that
differs by the situation is the velocity of the virtual darting-out object vyir.

Next, the ego trajectory prediction. Fig. 6.1.2 shows the definitions of the trajectory prediction of the
ego vehicle. The Triclothoidal curve was designed to predict the trajectory by giving the conditions on the
initial point and terminal point. Therefore, this prediction method also can be used for the other cases
without changing the algorithm. An important point is how to define the terminal conditions. To generalize
the trajectory prediction, the terminal point position and direction are defined as follows. When ego vehicle
goes straight, the terminal point position is on the lane-center of the driving lane and when ego vehicle
intends to turn right or left at intersections (e.g., when a driver uses a turn-indicator), the terminal point
positions are defined as a point on the central part of the escaping road of the intersection as same as
Section 3.3.3. To define the positions of the terminal point (X, Yr). This chapter uses the distance parameter
dpre and defines the positions (Xs, Yr). Besides, when the ego vehicle is going on the curve, the turning
curvature at the terminal point can be considered to predict the trajectory.

To sum up, the PBS enables to engage the brake assistance in the other risk predictive scenarios by
simply giving the following parameters regarding each risk predictive scenario: the darting-out direction,
positions of the darting-out trajectory of the virtual object, the darting-out velocity of the virtual object,

corner point positions of the occluding object, terminal point positions, terminal point direction, and
terminal point curvature.
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6.2 Practical Examples on Risk Predictive Driving Scenarios in Urban Area

This section provides several practical examples where PBS possibly reduce the traffic accident by
predict the potential risk and decelerate the vehicle to the safe speed. This section also demonstrates the
PBS function in the example cases on the full-vehicle simulation using IPG CarMaker.

6.2.1 Right-turn at Large Intersection

As examples of the large intersections, 2 scenarios were prepared as shown in Fig. 6.2.1 (a) and Fig.
6.2.2 (a). Scenario (i) is a scenario that the opposite lanes are full of traffic and a motorcycle darts out from
the blind spot of the left-lane vehicle. The trajectory of the virtual darting-out object and the terminal
conditions of this case are defined as indicated in Fig. 6.2.1 (b). Scenario (ii) is a scenario that the center-
lane of the opposite lanes is congested but the left-lane is not occupied. In this scenario, an object in the
center-lane may dart out from the blind spot of the center-lane-vehicle with higher velocity. The trajectory
of the virtual darting-out object and the terminal conditions of this case are defined as indicated in Fig.
6.2.2 (b).

darting-out
object

darting-out obje

X

(b) Schematic definitions of the trajectory of the virtual darting-out object and terminal point.
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Fig. 6.2.1 Right-turn at a large intersection scenario (i). A motorcycle may dart out when opposite lanes
are full of traffic.

Virtual
darting-out obj darting-out
object

(b) Schematic definitions of the trajectory of the virtual darting-out object and terminal point.

Fig. 6.2.2 Right-turn at a large intersection scenario (ii). A motor vehicle may dart out when the center-
lane of the opposite lanes is congested but the left-lane is not occupied.

Under these scenarios, the vehicle which equips only an autonomous emergency braking system (EBS)
cannot avoid the collision with the darting-out object when the drivers do not correctly predict the potential
risk at the scenario. The simulations with IPG CarMaker show the example cases that generalized PBS
enabled the collision avoidance by the moderate brake assistance. Table 6.2.1 and Table 6.2.2 show the
defined parameters to realize the PBS assistance in these scenarios. Fig. 6.2.3 and Fig. 6.2.4 show the
results of the simulations on the scenario (i) and (ii). Subfigure (a) and (b) respectively show the results of
the conditions without and with PBS.
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Table 6.2.1 Simulation conditions at scenario (i).

(a) The results with only EBS.
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Description Symbol Value Unit
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objgct Darting-out velocity Wyir 10.0 m/s
Darting-out direction Ovir —180.0 deg
Terminal _ Direction Ocross —90.0 deg
oint Distance parameter dore 28.3 m
P Curvature K 0.0 1/m
Table 6.2.2 Simulation conditions at scenario (ii).
Description Symbol Value Unit
. Offset from the occluding object _
da\r/tliz[uilut to trajectory Dir_oce 3.0 m
ob'gct Darting-out velocity Vir 16.7 m/s
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oint Distance parameter dpre 28.3 m
P Curvature K 0.0 1/m
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(b) The results with PBS+EBS.
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Fig. 6.2.3 Right-turn at a large intersection scenario (i).
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Form both results in Fig. 6.2.3 and Fig. 6.2.4 showed the PBS could assist to decelerate the vehicle
speed to the safe speed to avoid the collision in both scenarios. Comparing the safe speed between the
scenarios, despite the definition of the virtual darting-out velocity was higher in scenario (ii), the safe speed
in scenario (ii) was higher than the one in scenario (i). Because in scenario (ii), since the vehicle yaw angle
was lower and the offset Duir occ Was larger, scenario (ii) had more visibility and enough distance to stop
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(b) The results with PBS+EBS.

Fig. 6.2.4 Right-turn at a large intersection scenario (ii).

the vehicle to avoid the collision by emergency braking.

6.2.2 Going Straight on Blind Intersection in Narrow Road

Fig. 6.2.5 (a) shows a scenario when the vehicle going straight at the small unsignalized intersection.
In this scenario, a building is standing on the left side of the road and making a blind spot. The trajectory
of the virtual darting-out object and the terminal conditions of this case are defined as indicated in
Fig. 6.2.5 (b). In this scenario, the distance parameter d . cannot be defined from the estimation equation
(see Section 3.4), thus the terminal point position is defined as a point on the lane-center of ego-lane that

has distance d

pre-
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(a) Bird’s eye view of the scenario.

. al
Occluding
object out
C
Terminal
Trajectory of virtual
darting-out object X

(b) Schematic definitions of the trajectory of the virtual darting-out object and terminal point.

Fig. 6.2.5 Going straight at small unsignalized intersection. An object may dart out from the blind spot
behind the occluding object.

Under the scenarios, the vehicle which equips only an autonomous emergency braking system (EBS)
cannot avoid the collision with the darting-out object when the drivers do not correctly predict the potential
risk at the scenario. The simulations show the example cases that generalized PBS enabled collision
avoidance by the moderate brake assistance. Table 6.2.3 shows the defined parameters to realize the PBS
assistance in these scenarios. Fig. 6.2.6 shows the results of the simulations on the scenario. Subfigure (a)
and (b) respectively show the results of the conditions without and with PBS.
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Table 6.2.3 Simulation conditions.
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(b) The results with PBS+EBS.

Fig. 6.2.6 Simulation results: going straight at small unsignalized intersection.

The results showed the PBS could assist to decelerate the vehicle speed to the safe speed to avoid the
collision. From the results, PBS could effectively function in the risk predictive scenario when the vehicle
going straight at the intersection by simply changing the parameters.

6.2.3 Overtaking Parked Vehicle

Fig. 6.2.7 (a) shows a scenario when the vehicle going straight on the street and overtaking a vehicle
parking on the roadside. In this scenario, a pedestrian may dart out from the blind spot of the parked vehicle.
The trajectory of the virtual darting-out object and the terminal conditions of this case are defined as
indicated in Fig. 6.2.7 (b). The overtaking trajectory is simply predicted by using the characteristics of the
Triclothoidal curve that consider the terminal position conditions and ego vehicle steering wheel input.
Thus, definitions for the terminal point of the trajectory predictions are quite the same as the definitions in
Section 6.2.2. The defined parameters are listed in Table 6.2.4.
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(a) Bird’s eye view of the scenario.
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(b) Schematic definitions of the trajectory of the virtual darting-out object and terminal point.

Fig. 6.2.7 Overtaking a parked vehicle. An object may dart out from the blind spot behind the occluding
object.

Under the scenarios, the vehicle which equips only an autonomous emergency braking system (EBS)
cannot avoid the collision with the darting-out object when the drivers do not correctly predict the potential
risk at the scenario. The simulations show the example cases that generalized PBS enabled collision
avoidance by the moderate brake assistance. Table 6.2.4 shows the defined parameters to realize the PBS
assistance in these scenarios. Fig. 6.2.8 shows the results of the simulations on the scenario. Subfigure (a)
and (b) respectively show the results of the conditions without and with PBS.

Table 6.2.4 Simulation conditions.

Description Symbol Value Unit

Virtual Offset from the_occludlng object Dur oce 10 m

. to trajectory
darting-out - oG

object Dart_mg-out velocity Vyir 3.0 m/s
Darting-out direction Buir -90.0 deg
. Direction Ocross 0.0 deg

Ter(r)riwrl]rtlal Distance parameter dpre 80.0 m
P Curvature Ki 0.0 1/m
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(b) The results with PBS+EBS.

Fig. 6.2.8 Simulation results: overtaking the parked vehicle.

The results showed the PBS could assist to decelerate the vehicle speed to the safe speed to avoid the
collision in the overtaking scenario. As indicated in the figure of velocity, the safe speed is not very unstable
despite the difficulty of the trajectory prediction at the overtaking scenario. This indicates that the
Triclothoidal curve was effective not only for predicting the right-turn trajectory but also for the overtaking
scenario.

6.2.4 Blind Curve

Fig. 6.2.9 (a) shows a scenario when the vehicle going into the left-curve and there is an intersection
during the curve. By the intersection, an obstacle is standing on the left side of the road and making a blind
spot. In this scenario, a vehicle may cross the ego-lane from the blind spot of the crossing road at the
intersection. The trajectory of the virtual darting-out object and the terminal conditions of this case are
defined as indicated in Fig. 6.2.9 (b). The virtual darting-out object was set to dart out from the crossing
road parallelly to the direction of the crossing road. The terminal point of the Triclothoidal curve is defined
that the point on the lane-center of the ego-lane. And the turning curvature at the terminal point is defined
as the curvature of the curve. Table 6.2.5 shows the parameters defined for driver assistance in the scenario.
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(b) Schematic definitions of the trajectory of the virtual darting-out object and terminal point.

Fig. 6.2.9 Left curve with a blind spot. A vehicle may cross the ego-lane from the blind spot of the
crossing road at the intersection.

Under the scenarios, the vehicle which equips only an autonomous emergency braking system (EBS)
cannot avoid the collision with the darting-out object when the drivers do not correctly predict the potential
risk at the scenario. The simulations show the example cases that generalized PBS enabled collision
avoidance by the moderate brake assistance. Table 6.2.5 shows the defined parameters to realize the PBS
assistance in these scenarios. Fig. 6.2.9 shows the results of the simulations on the scenario. Subfigure (a)
and (b) respectively show the results of the conditions without and with PBS.
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Table 6.2.5 Simulation conditions.

Description Symbol Value Unit
. Offset from the occluding object
Vlrtual - g J Dvir_occ 30 m
darting-out (o trajectory
object Darting-out velocity Wuir 10.0 m/s
Darting-out direction Oir —90 deg
. Direction
Terminal _ ectio Ocross 60 deg
point Distance parameter dore 80.0 m
Curvature K 0.0102 1/m
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1
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(&) The results with only EBS.
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(b) The results with PBS+EBS.

Fig. 6.2.10 Simulation results: a curve with a blind spot.

The results showed that the PBS could effectively reduce the collision risk by deceleration assistance
in the curve area. Also, the calculated safe speed was very stable even in the curve scenario. Because the
course was a continuous curve with a constant turning radius, and the Triclothoidal curve can also predict
the circular curve trajectory by considering the terminal curvature.

6.2.5 Passing Through Traffic Jam in Large Intersection

The last scenario is a scenario passing through a large intersection with a traffic jam. As shown in Fig.
6.2.11 (a), when a right-side lane is congested, and a left-lane (ego-lane) is not, sometimes vehicles on the
left-lane go into the intersection at high speed. However, an oncoming vehicle may make a right turn at the
intersection and may across the ego-lane and it causes a serious accident. This scenario is the same as
scenario (ii) in Section 6.2.1, but the situation is the opposite. In this case, PBS also can assist the safe
driving before causing an accident. As same as the definitions in Section 6.2.2, the occluding object and
the direction of the crossing road define the trajectory of the virtual darting-out object. To simplify the
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problem, the virtual darting-out trajectory defines the straight trajectory. The terminal point positions of
the Triclothoidal curve are defined as the center position of the ego-lane and the point that has a distance
dpre from the ego vehicle position as shown in Fig. 6.2.11 (b).

(a) Bird’s eye view of the scenario.

el
Qestucing |

VAot B § | 63 | oa—

(b) Schematic definitions of the trajectory of the virtual darting-out object and terminal point.

Fig. 6.2.11 Passing through a traffic jam in a large Intersection. An oncoming vehicle may make a right-
turn and dart out from the blind spot behind the traffic jam.

Under the scenarios, the vehicle which equips only an autonomous emergency braking system (EBS)
cannot avoid the collision with the darting-out object when the drivers do not correctly predict the potential
risk at the scenario. The simulations show the example cases that generalized PBS enabled collision
avoidance by the moderate brake assistance. Table 6.2.6 shows the defined parameters to realize the PBS
assistance in these scenarios. Fig. 6.2.12 shows the results of the simulations on the scenario. Subfigure (a)
and (b) respectively show the results of the conditions without and with PBS.
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Table 6.2.6 Simulation conditions.

(&) The results with only EBS.
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Description Symbol Value Unit
Virtual Offset from the_occludlng object Duir occ 3.0 m
darting-out to trajectory
ob'gct Darting-out velocity Wuir 10.0 m/s
J Darting-out direction Oir 90 deg
Terminal _ Direction Ocross 0 deg
oint Distance parameter dore 80.0 m
P Curvature K 0 1/m
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(b) The results with PBS+EBS.

Fig. 6.2.12 Simulation results: passing through a large intersection with a traffic jam.

The results showed the PBS could assist to decelerate the vehicle speed to the safe speed with moderate
braking. The safe speed was calculated by simplifying the virtual darting trajectory to the straight trajectory.
Thus, the accuracy of the safe speed may not be high, however, by combining the warnings, the collision
avoidance effect can be expected. Moreover, if the oncoming traffic that makes a right-turn also equips the
PBS, the traffic accidents at the right-turn scenario with blind spot will be firmly avoided.

6.3 Conclusion

To generalize the Proactive Braking System (PBS), this chapter redesigned the function to adapt to
the other possible risk predictive scenarios not only in the right-turn scenarios. The proposal enables the
function adoptive to the other cases by defining the several parameters that defining the darting-out
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trajectory of the virtual darting-out object and the terminal point of the Triclothoidal curve. To demonstrate
the collision avoidance with the generalized PBS, we prepared the representative risk predictive driving
scenarios with a blind spot in an urban area on the full-vehicle simulations. The full-vehicle simulations
showed the proposals effectively reduced the speed to the calculated safe speed at each risk predictive
scenario. And the proposals could assist the collision avoidance by the moderate braking before the darting-
out object detection. From those results, the proposed advanced driver assistance system expected to make
the driving intersections are much safer even there have blind spots.
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7. Summary and Outlook

7.1 Summary

Reducing road traffic accidents is a worldwide topic for human beings. The number of traffic accident
fatalities tends to be decreasing in Japan, United States, and Europe; however, the number of fatalities is
still enormous. In order to accomplish a society with zero traffic accident fatality and heavy injury, Vision
Zero has been adopted by many countries.

Focusing on the locations of road traffic fatal accidents, most traffic accident fatalities have died on
the non-motorway roads. Therefore, reducing traffic accidents on non-motorway roads is effective to
reduce total traffic accident fatalities. Especially, in the non-motorway roads such as urban roads or rural
roads, statistics revealed that the turnings at the intersections are one of the riskiest scenarios.

As to be the countermeasure to reduce the worldwide social and health problem, road traffic accidents,
plenty of challenges to develop Advanced Driver Assistance Systems (ADAS) have been conducted. And
currently, a lot of ADAS are now on the market. However, most of those commercialized ADAS have been
biased to the normal driving function in no risk condition or emergency function. On the other hand, to
drive the urban roads safely, it is important to predict the potential risks before getting into an emergency
situation. We called this driving skill “risk predictive driving” and focused on the risk predictive scenarios.

As the related research especially focusing on the risk predictive driving scenario, two groups of the
ADAS were presented: the system using V2V/V2l communication and the system without depending on
the communication technology.

This thesis focused on the latter technology without communication. We defined the target scenario
which is a motorcycle darting-out scenario from the blind spot of the stopping oncoming vehicle while the
ego vehicle makes an intersection right-turn (in left-hand traffic). And proposed an ADAS that assists the
driver to make a safe intersection right turning by potential risk prediction. As to design the ADAS, the
following questions were addressed in this thesis:

- How can the system define and predict the darting-out risk quantitatively before detecting the darting-
out?

- How can the system be consistent with both “safety” and “driver acceptance” simultaneously?

- How can the “safety” and “driver acceptance” of the ADAS be proved by the simulation?

Those questions are solved by the following proposals.

Our proposal ADAS, Proactive Braking System (PBS) was designed to minimize the potential risk in
the target scenario in the intersection right-turn. When the ego vehicle intends to make a right turn at the
intersection, assuming a virtual darting-out object is darting-out from the blind spot. By predicting the
conflict point between the ego vehicle and the virtual darting-out object, the safe speed that can stop the
collision by emergency braking if the virtual darting-out object darts out can be geometrically derived. This
safe speed is the physically highest speed that can be avoided by the emergency braking if there is a darting-
out, thus, the question, How can the system define and predict the darting-out risk quantitatively before
detecting the darting-out?, was solved by defining the potential risk as a darting-out of the virtual darting-
out object and quantitatively predicted the risk by introducing the safe speed.

Reducing the excessive intervention opportunity is one solution to enhance the “driver acceptance” of
the system. In order to reduce that opportunity, the system must calculate the safe speed accurately. In other
words, we must calculate the safe speed as high as possible but can guarantee safety. Therefore, the
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important point to calculate the safe speed accurately is obtaining the high accuracy conflict point
prediction. To predict the conflict point, accurately, we proposed an ego trajectory prediction method by
applying the Triclothoidal curve. This curve generates a smooth curve to connect to the terminal position
considering the steering input of the ego vehicle. The prediction accuracy of the trajectory prediction with
the Triclothoidal curve was evaluated by the driving data acquired from the data acquisition driving in the
real city traffic. From the evaluations, the accuracy of the Triclothoidal trajectory was higher than the
conventional trajectory prediction methods. As an answer to the question, How can the system be consistent
with both “safety” and “driver acceptance” simultaneously?, we accomplished the proposal to be
consistent with both “safety” and “acceptable”, by calculating the safe speed with high accuracy and
minimizing the invention opportunity.

To answer the question How can the “safety” and “driver acceptance” of the ADAS be proved by the
simulation?, by using the proposed ADAS above, we evaluated the effectiveness of the system from two
aspects: “safety” and “driver acceptance”. Regarding the evaluation of “safety”, to conduct the
effectiveness evaluations in various conditions in a short time, all of the evaluations were conducted in the
virtual world using the full-vehicle simulation. These simulation conditions covered the various
combinations of the intersection shapes, positions of the occluding vehicle, darting-out speeds, and
collision positions. About 1300 simulation cases were conducted. Conducting this number of experiments
with a real test vehicle requires a large effort. In terms of “safety”, these simulations covered very wide
ranges of daring-out scenarios, thus it can be said that the “safety” of the PBS is accepted. In terms of the
“driver acceptance”, we conducted the subject driver acceptance experiments with the real experiment
vehicle and the driving simulator. Two experiments revealed that most subjects did not realize the PBS
intervention itself, but when the drivers did not understand the system correctly there were conflicts
between the system and the driver, and the acceptance became lower. In the second driver acceptance
experiment that used the driving simulator, the results indicated that the proposed driver assistance system
is highly accepted.

7.2 Outlook

- Implying the PBS to a passenger vehicle and Vehicle-in-the-Loop experiments in the test track.

We conducted the experiments with the real experiment vehicle as described in Section 5.2 in Chapter
5, but the experiment focused on the driver acceptance of the concept of the PBS. Therefore, problems on
the object detection, ego localization, and validity of system parameter setting have not been clear yet.
Implying the PBS to a real passenger vehicle with the emergency braking for intersection turning may give
us the solutions to the problems. Besides, the implementation of the PBS enables us to conduct the vehicle-
in-the-loop (VIL) simulations for further evaluations. By applying the darting-out object in the virtual
world, the collision avoidance evaluations can safely evaluate the validity of the system parameter settings.

- Further discussions on the tasks to put the PBS into the market.

This thesis did not cover the tasks to be commercialized. Further discussions on the tasks to put the
PBS into the market may point out the following topics. How to obtain the intersection geometry
parameters, the validity of the speed of virtual darting-object, price, the necessity of the additional sensors,
and system handling when GNSS is not available.
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Appendices

4. Collision Avoidance Ability Evaluation with Full-Vehicle Simulation

4-1 Simulation results on collision avoidance performance and collision velocity at darting-out
velocity Vobj = 20 km/h.

(1) Intersection S60 (Gcross = —60 [deg], Vobj = 20 [km/h]).
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Fig. 4-1.1 Collision avoidance results.
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Fig. 4-1.2 Collision velocities.
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Fig. 4-1.3 Collision velocities when ttc > 2 [s] were eliminated.
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(2) Intersection S90 (Ocross = —90 [deg], Vonj = 20 [km/h]).
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Fig. 4-1.4 Collision avoidance results.
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Fig. 4-1.5 Collision velocities.
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Fig. 4-1.6 Collision velocities when ttc > 2 [s] were eliminated.

(3) Intersection S120 (Gcross = —120 [deg], Vonj = 20 [km/h]).
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Fig. 4-1.7 Collision avoidance results.
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Fig. 4-1.8 Collision velocities.
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Fig. 4-1.9 Collision velocities when ttc > 2 [s] were eliminated.
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4-2 Simulation results on collision avoidance performance and collision velocity at darting-out
velocity Vobj = 70 km/h.

(1) Intersection S60 (Gcross = —60 [deg], Vobj = 40 [km/h]).

B cCollided case [ ] Avoided case

—_
NS}
—_
NS}

—
(]
—_
o

(o]
o]

Offset position of occluding vehicle X, osset [M]
Offset position of occluding vehicle X, oseer [M]

0 0
-10 -8 -6 4 2 0 2 4 6 8 10 -10 -8 -6 4 -2 0 2 4 6 8 10
Offset position of darting-out object Xy, ofeer [M] Offset position of darting-out object Xy, ofeer [M]
(a) EBS (b) PBS+EBS

Fig. 4-2.1 Collision avoidance results.
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Fig. 4-2.3 Collision velocities when ttc > 2 [s] were eliminated.
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(2) Intersection S90 (Ocross = —90 [deg], Vopj = 40 [km/h]).
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Fig. 4-2.4 Collision avoidance results.
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Fig. 4-2.5 Collision velocities.
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Fig. 4-2.6 Collision velocities when ttc > 2 [s] were eliminated.

(3) Intersection S120 (Gcross = —120 [deg], Vonj = 40 [km/h]).
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Fig. 4-2.7 Collision avoidance results.
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Fig. 4-2.9 Collision velocities when ttc > 2 [s] were eliminated.
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5. Driver Acceptance Evaluation of Advanced Driver Assistance System

5-1 Pre-experiment questionnaire.

The contents of the questionnaire are on the next pages.
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5-2 Post-experiment questionnaire.

The contents of the questionnaire are on the next pages.
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5-3 Time historical results of the driver acceptance experiment (D-2)

To anonymize the results, the data were unlabeled, and sequences of the figures are not corresponding
to the experiment order.
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