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Abstract: The ability of advanced driver assistance systems (ADAS) and autonomous vehicles to
make human-like decisions can be enhanced by providing more detailed information about vehicles
and in-vehicle users’ states. In this paper, the driving status domains of vehicles in left turn across
path/opposite direction (LTAP/OD) scenarios are subdivided into comfort, discomfort, extreme,
and crash, and the boundaries of each status domain are quantified and visualized. First, real
unprotected left turn road segments are chosen for the actual vehicle testing. Subjective passenger
comfort evaluation results and objective motion state data of vehicles during the experiment are
organized and analyzed by statistics. In addition, the pictorials are plotted to determine the comfort
and extreme status domain boundaries based on motion state parameters. Second, based on the
unprotected left turn kinematic analysis and modeling, as well as a skilled driver risk perception
and operational model, the Safe Collision Plots (SCP) of conflicting vehicles in LTAP/OD scenarios
are quantified and expressed as pictorial examples. By combining objective motion parameters and
passenger experience, intuitively quantifying each driving status domain of vehicles can provide
more fine-grained information for the design parameters of ADAS and autonomous vehicles and
increase public trust and acceptance of them.

Keywords: ADAS; autonomous vehicles; driving status domain; motion state parameters; passenger
experience; boundary quantification; pictorial expression

1. Introduction
1.1. Background

Intersections are the most frequent location for vehicle collisions. To reduce their
frequency and the hazards they cause, industry personnel have developed various ADAS
applications to warn drivers of impending collisions at intersections. However, collisions
rarely occur in everyday driving, and false alarms can still occur with the existing warning
system. In addition, there will be nuisance alerts (which are correct according to the logic of
the warning algorithm but may be perceived as unhelpful by the driver, possibly due to their
frequency, timing, intensity, or manner [1], especially for some aggressive drivers/driving
behavior). This combination of false and nuisance alerts may undermine the effectiveness
of warning applications and drivers’ trust by annoying them and causing them to ignore
or even turn off the applications [2–7]. Therefore, to implement a practical intersection
collision warning application, it is essential to set reasonable alert thresholds and algorithms
that minimize false and nuisance alerts. Quantifying driving status domains and their
boundaries for vehicles can provide a better reference for designing IMA (intersection
movement assist) applications in LTAP/OD scenarios. Developers can set more credible
alerts and intervention thresholds for ADAS.
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As shown in Figure 1, LTAP/OD (Left Turn Across Path/Opposite Direction) is one
of the most complex situations for vehicles driving at urban intersections. It is prone
to collisions, where the left-turning vehicle is called the Subject Vehicle (SV), and the
oncoming vehicle is named the Principal Other Vehicle (POV). The same acronyms will be
used throughout this paper. In this scenario, the intersection does not have a separate signal
phase for the SV. The SV must enter the intersection, but because the oncoming traffic in
the opposite direction has the right of way, the SV needs to constantly adjust its own speed
and steering angle to communicate the intention to turn left to the oncoming traffic. It
should also judge the distance and speed of the oncoming traffic, from which it can choose
the appropriate safe gap and pass quickly. The employment of cooperative strategies,
such as vehicle-to-vehicle (V2V) or vehicle-to-infrastructure (V2I) communication, to deal
with unprotected left turn maneuvers at intersections has been extensively researched
in a wider body of literature [8,9]. However, we cannot always rely on all vehicles to
have fully functional V2V or V2I communication systems, especially considering that for
a long time in the future, the vast majority of automobiles on the road will be traditional
vehicles without such systems [10]. Therefore, improving the decision-making ability of
autonomous driving is still the focus and difficulty of today’s research.
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Current autonomous vehicles tend to adopt a more conservative driving style to
ensure a high level of vehicle safety in unprotected left turn maneuver conditions, which
has led to much of the previous work being focused on the comfort status domain, the
status domain where in-vehicle users feel safe and attempt to remain comfortable. This
also leads to a certain degree of the “left turn dilemma” of autonomous vehicles, which
reduces the efficiency of mixed traffic flow at intersections. Due to the dynamic changes of
the driving scenario, skilled human drivers are driven by particular additional motivations
(e.g., to drive in a hurry or to pass efficiently). They will choose to temporarily sacrifice
some of their comforts while ensuring safety (entering the discomfort status domain). Then
they will return to a safe and comfortable status as soon as possible [11,12]. This can
also inform the optimization of autonomous vehicles’ unprotected left turn maneuvers,
improving their safety and efficiency in passing at intersections.

1.2. Related Work

J Bärgman et al. [13] created a fine-grained, quantifiable series of definitions for the
safe spatiotemporal space outside of the comfort status domain boundary. However, the
object of its study is the traditional driver, and the parameters such as vehicle speed and
relative distance of vehicles are also fixed in the experimental setup, although actually, they
are changing dynamically in the real world. The data obtained from the experiment are
collected subjectively by a limited number of experimental participants, which are less
reproducible and not generalizable or convincing. Neither can their quantitative metrics
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be effectively correlated with the design parameters and driving behavior associated with
autonomous vehicles. M Junghans et al. [14] compared the differences in safety and
kinematic patterns of human-driven vehicles and autonomous vehicles during unprotected
left turn maneuvers. Autonomous vehicles make conservative and safe left turns compared
to human-driven vehicles. However, the results should be handled carefully since the
number of cases considered is meager, and more situational factors need to be considered
to come to more sound conclusions. L Meng et al. [15] used post-encroachment time (PET)
to measure the comfort status domain boundary (PET = 2–4 s), but PET does not serve as a
direct measure of the comfort status domain boundary. This is because PET is an ex-post
metric, not a metric that is directly perceived by drivers and passengers. In order to ensure
the comfort of in-vehicle users during left turns, not only should the PET alone be taken
into account, but also other highly relevant vehicle motion parameters such as lateral and
longitudinal acceleration. Ref. [16] provided quantitative models and visualized the results
for the safety and collision analysis of lane-keeping systems operating under different
speed combinations and maneuver conditions. However, no work has been conducted
to extend its analytical approach to the development of IMA (intersection movement
assist) applications.

1.3. Contributions

In order to achieve more credible and reliable functions, this paper seeks to provide
more refined vehicle and in-vehicle users’ state information for ADAS and autonomous
driving systems and improve the human-like decision-making capability of autonomous
vehicles in LTAP/OD scenarios. In this paper, the vehicle driving status domain under
LTAP/OD scenarios is subdivided into comfort, discomfort, extreme, and crash. By combin-
ing actual vehicle motion performance parameters and passenger experience, the indicators
of each status domain boundary are determined and quantified. The main work of this
research paper is as follows.

1. The experimental vehicle in this study is set up as closely as feasible to the stan-
dard autonomous vehicle configuration, and real-world LTAP/OD scenarios are
chosen for actual vehicle testing. The subjective passenger comfort evaluation results
and objective vehicle motion state data collected during the experiment are statisti-
cally organized, analyzed, and expressed as pictorials. Based on the vehicle motion
state parameters, the boundaries of the comfort and extreme status domains are
visually determined.

2. The kinematic analysis model of the unprotected left turn of the vehicle is established.
In conjunction with the risk perception and operation model of a skilled driver,
the Safe Collision Plots (SCP) of conflicting vehicles with different combinations of
velocity and relative distance in LTAP/OD scenarios are quantified, and the safety
status domain boundary of the vehicle is visually determined.

3. By combining actual vehicle motion parameters and passenger experience, we seg-
ment the driving status domains and provide a pictorial quantification method which
may provide a theoretical and data foundation for improving the performance of
ADAS and autonomous vehicles.

This paper is divided into six main sections. The research background of this paper
and the current state of research on ADAS and the unprotected left turn behavior of au-
tonomous vehicles are described in Section 1. The detailed definition of each status domain
and its boundaries are introduced in Section 2. Section 3 introduces the experimental
design of this paper, including the experimental equipment, participants, and routes. In
Section 4, metrics for comfort, extreme, and safety status domain boundaries are identified,
intuitively quantified, and visually expressed. Moreover, the results obtained in this paper
are discussed in Section 5. Section 6 is the conclusion and outlook of this paper. This
chapter summarizes the research findings and looks toward future work.
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2. Definition of Each Status Domain and Its Boundary

Comfort status domain: A status domain in which in-vehicle users feel comfortable
and absolutely safe. If they have high requirements for safety and comfort (e.g., children in
the car), they will not voluntarily cross the comfort status domain.

Discomfort status domain: Due to the dynamics of situations, steady drivers occa-
sionally become more aggressive (e.g., emergency meetings) and voluntarily cross the
comfort status domain boundary, accepting a temporary reduction in comfort requirements
while ensuring safety. When the in-vehicle users are more motivated, there is a tendency
to tolerate higher driving speeds, accompanied by different feelings of comfort and risk.
They may sacrifice some of their comforts and force themselves to cross the comfort status
domain boundary and enter the discomfort status domain.

Extreme status domain: The higher their extra motivation, the farther he or she goes
into the discomfort status domain. However, there is another boundary that in-vehicle
users basically do not voluntarily cross, which we call the extreme status domain boundary.
This status domain has a small safety margin, which may cause intense discomfort and
fear to the drivers and passengers and even affect the surrounding traffic participants,
thus reducing the public’s trust and acceptance of ADAS and autonomous vehicles. The
extreme status domain is a more dangerous area, and in-vehicle users will primarily not
actively cross the extreme status domain boundary even with extra motivation, which is
unacceptable to both in-vehicle users and surrounding traffic participants unless it is to
avoid an impending traffic accident.

Safety status domain: The safety status domain includes comfort, discomfort, and
extreme status domains. The safety status domain boundary is the bottom line to ensure the
safety of the vehicle. Once crossed, a collision will not be avoided. There is also a mitigation
status domain beyond which the vehicle can no longer avoid a collision. However, the
consequences of a collision can be mitigated by driver action or ADAS functions. A diagram
of each status domain and its boundaries is shown in Figure 2.
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3. Experimental Setup

This paper investigates the quantification of the comfort, extreme, and safety status
domain boundaries of autonomous vehicles in LTAP/OD scenarios by combining vehicle
motion performance parameters and passenger experience. Therefore, the research subjects
of this paper are the vehicles and the passengers. The data needed for this experiment are
mainly vehicle motion state data and passenger subjective evaluation results.
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3.1. Experimental Equipment

The experimental equipment in this paper mainly include the experimental vehicle
and sensors for collecting vehicle motion state parameters.

(1) Experimental vehicle

Referring to the current mainstream configuration of autonomous vehicles, the ROEWE
RX5 hybrid (SAIC Motor, Shanghai, China) was selected for the experiment. To improve
the effectiveness of the experiment, some visual sensors such as LIDAR and cameras are
added to make the operating conditions of the experimental vehicle more compatible with
an actual autonomous vehicle. The appearance of the experimental vehicle is shown in
Figure 3, and the main relevant parameters are shown in Table 1.
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Table 1. Main relevant parameters of the experimental vehicle.

Name of the Parameter Specification of the Parameter

Length/width/height (mm) 4556 ∗ 1855 ∗ 1719
Wheelbase (mm) 2700
Curb Weight (kg) 1690

Maximum Torque (Nm) 250
Maximum Power (Kw) 124

Steering System Electric Power Steering (EPS)

Suspension System Front: McPherson Independent Suspension
Rear: Multi-link Beam Independent Suspension

These parameters are the main factors that affect vehicle performance and passenger
comfort during steering. Different vehicle models and configurations may slightly affect the
experimental results. The experimental vehicle selected in this paper, regarding the main-
stream autonomous vehicle configurations, can provide a baseline for subsequent studies.

(2) Equipment for collecting vehicle motion state parameters

The TANS 3-axis navigational sensor from Kistler was chosen for this experiment. It
combines a solid-state, triaxial rate gyro with a triaxial accelerometer in a single, ultra-
compact housing. The device can be expanded to 6 axes of simultaneous measurement
capability, including the acceleration range of ±3 g and the normal operating temperature



World Electr. Veh. J. 2023, 14, 187 6 of 18

of −40 ◦C–85 ◦C. The sensor is easy to install and can be built into the barycenter of the
vehicle with a simple interior modification, which also satisfies the working conditions.

3.2. Experimental Participants

During the actual experiment, there are three users in the vehicle: the driver, the test
passenger, and the data recorder. The data recorder is seated in the passenger seat, and
the passenger is located in the rear row with the seat belt fastened, maintaining a natural
ride state.

(1) The driver

The driver selected is a 36-year-old male with more than eight years of driving experi-
ence and no traffic accidents in the last five years.

(2) The test passengers

The subject passengers of this experiment were randomly recruited for all personnel
at the Shanghai University of Engineering Science. They were paid after the experiment
and had no obvious problems of their own. This resulted in the recruitment of 31 people,
aged between 18 and 36 years old, with an average age of 25 years old, of whom 19 are
male and 12 are female.

(3) The data recorder

The data recorder is responsible for recording and storing vehicle motion parameters
and subjective evaluation information of the test passengers. The experimental data
acquisition and processing flow are shown in Figure 4.
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3.3. Experimental Route

The experimental route is located in a rectangular closed-loop area formed by four road
sections, Baiyin Road, Taxiu Road, Yumin South Road, and Akesu Road, in Jiading District,
Shanghai. Moreover, the intersection of each road section is a typical LTAP/OD scenario,
as shown in Figure 5. The experimental participants performed several unprotected left
turn operations in the experimental area at different times and with different traffic flows.
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4. Determination and Quantification of Boundary Metrics for Each Status Domain
4.1. Determination and Quantification of Comfort Status Domain Boundary

Comfort is one of the direct manifestations of autonomous vehicles’ quality and an
essential factor that affects the subjective feelings of in-vehicle users. When autonomous
vehicles are tested on real roads, inappropriate driving behavior can even lead to condi-
tions such as motion sickness. Therefore, the quantification of the comfort status domain
boundary is crucial for the development of autonomous vehicles.

Based on the SAE J3016 standard of the International Society of Automotive
Engineers [17], the driver performs all the dynamic driving tasks of the vehicle in the
L0 stage. In-vehicle users consist of the driver and passengers. In the L1 to L2 stages, the
autonomous driving system can perform part of the vehicle’s transverse and longitudinal
motion control tasks instead of the driver. At this point, the driver and the autonomous
driving system work together to complete the vehicle’s dynamic driving tasks. From L3 to
L4 stages, the autonomous driving system can autonomously perform all vehicle motion
control. As a result, the driver’s role as an in-vehicle user has changed significantly. The
driver can act as a passenger and perform manual takeover operations only when the
automated driving system fails or when the vehicle is out of its Operational Design Domain
(ODD). Eventually, by the L5 stage, the in-vehicle users’ type can be composed entirely of
passengers. Compared to traditional driver comfort research, passenger comfort research in
an autonomous driving environment is significantly underdeveloped and slow. Therefore,
the quantification of the comfort status domain boundary described in this paper focuses
on passengers, and no further research will be conducted on traditional drivers.

The most commonly used method to evaluate the riding comfort of autonomous
vehicles at home and abroad is the subjective evaluation method, in which the subjective
rating of the subjects determines the advantages and disadvantages of comfort. However,
it is difficult to establish a valid correlation between subjective passenger ratings and the
optimization of autonomous vehicles’ design parameters. Moreover, subjective passenger
ratings are influenced by various external factors and are likely to be constantly changing.
Therefore, subjective evaluation methods are less convincing and repeatable. It is of limited
help to improve the riding experience of autonomous vehicles. Compared to subjective
evaluation methods, objective evaluation methods are reproducible and measurable. The
combination of riding comfort and vehicle motion performance parameters, among others,
can provide an excellent theoretical and data basis for improving the performance of
autonomous vehicles [18].
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This paper combines subjective and objective evaluation methods to quantify the
comfort status domain boundary of autonomous vehicles. The subjective evaluation
method focuses on the comfort score of passengers, and the objective evaluation method
uses the vehicle motion performance parameters as the primary reference index. The
acceleration, the time derivative of the acceleration (jerk), the acceleration peak, and the jerk
peak in the longitudinal, lateral, and vertical directions are usually selected as the driving
and riding comfort evaluation index. Unlike the straight running condition, additional
consideration of lateral control is required when driving on a curve or making a left turn at
an intersection. The longitudinal and lateral speeds of the vehicle constantly change during
the left turn, i.e., the vehicle is in a state where lateral motion control and longitudinal
motion control are coupled.

In order to investigate the effect of vehicle acceleration and related parameters on
riding comfort, vehicle acceleration data are collected in each axial direction, and the results
of a single unprotected left turn operation are visualized and analyzed. Influenced by the
equipment and driving operation and other factors, the acceleration data of the vehicle has
apparent small non-stable fluctuations, which affects the analysis of the overall trend. In
this paper, the data is reprocessed by a filtering function to remove some invalid points, as
shown in Figures 6–8.
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As shown in Figures 6–8, the acceleration values of the Y-axis, i.e., the lateral direction,
vary significantly more under the left turn condition. In contrast, the acceleration values of
the X-axis and Z-axis are relatively more stable. The constant change of lateral acceleration
of the vehicle is likely to cause the passenger’s body to sway from side to side, which is an
essential factor affecting comfort. Therefore, for the vehicle unprotected left turn condition,
the lateral acceleration and jerk, the lateral acceleration peak, and the jerk peak are essential
parameters to characterize the vehicle motion state, which are also critical indicators to
quantify the comfort status domain boundary.

In order to analyze the distribution of vehicle motion state parameters under unpro-
tected left turn conditions, 620 sets of data from 31 subjects in this experiment are counted,
and the frequency statistics chart of vehicle lateral acceleration and lateral jerk are plotted.

As shown in Figure 9, the lateral acceleration range during the whole unprotected
left turn maneuver is 0~0.6 g, among which a proportion of less than 0.1 g accounts for
about 10%, more than 0.4 g accounts for about 4%, and 0.1~0.4 g accounts for about 86%.
Therefore, the acceleration value of the vehicle necessary to complete an unprotected left
turn maneuver is typically between 0.1 g and 0.4 g.
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As shown in Figure 10, the lateral jerk of the vehicle throughout the unprotected left
turn ranges from 0 to 1.0 (g/s), of which a proportion less than 0.1 (g/s) accounts for about
18%, a proportion greater than 0.6 (g/s) accounts for about 4%, and a proportion from
0.1 to 0.6 (g/s) account for about 78%. Therefore, the lateral jerk of the vehicle completing
an unprotected left turn maneuver is typically in the range of 0.1 (g/s) to 0.6 (g/s).
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Through the above analysis, the factors affecting passenger comfort when the vehicle
performs unprotected left turn operations are initially identified, including the lateral
acceleration and the lateral jerk, obtained from the intelligent sensor devices installed on
the vehicle. In addition, passenger comfort evaluation results recorded through the device
operator were also compiled, and the specific rating method is shown below.

As shown in Table 2, if the tested passengers feel uncomfortable, the rating range is
1–5; if they feel comfortable, the rating range is 6–10. In addition, 5 is the dividing line;
between 5 and 6 is not the rating range we set. The higher the score, the better the comfort.
The passengers are required to inform the data recorder of the comfort evaluation results
after completing an unprotected left turn operation for recording and storage.

Table 2. Comfort rating table of test passengers.

Uncomfortable Comfortable

1 2 3 4 5 6 7 8 9 10

The vehicle motion parameters are set as the horizontal axis variable, and the pas-
senger comfort evaluation results are set as the vertical axis variable to investigate the
relationship between them. As shown in Figure 11, the vehicle lateral acceleration is neg-
atively correlated with passenger comfort evaluation results, indicating that the greater
the lateral acceleration of the vehicle, the more likely it is to cause passengers discom-
fort. From the statistical data, it can be seen that when passengers change from the
comfortable status to the uncomfortable status, the corresponding lateral acceleration value
is about 0.26 g, which is the comfort status domain boundary of autonomous vehicles.
Due to the differences in individual factors such as age and gender, the evaluation re-
sults of some passengers are evenly distributed near the boundary and do not affect the
experimental results.
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and comfort status domain boundaries.

As shown in Figure 12, the vehicle lateral jerk is negatively correlated with passenger
comfort evaluation results, indicating that the greater the lateral jerk of the vehicle, the
more likely it is to cause passengers discomfort. From the statistical data, it can be seen
that when passengers change from the comfortable status to the uncomfortable status, the
corresponding lateral jerk value is about 0.4 (g/s), which is the comfort status domain
boundary of autonomous vehicles. Due to the differences in individual factors such as
age and gender, the evaluation results of some passengers are evenly distributed near the
boundary and do not affect the experimental results.
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4.2. Determination and Quantification of Extreme Status Domain Boundary

The safety margin of the extreme status domain is small, which will cause intense
discomfort and fear among drivers and passengers and even affect the surrounding traffic
participants. Drivers generally do not actively cross the extreme status domain bound-



World Electr. Veh. J. 2023, 14, 187 12 of 18

ary. Therefore, this paper selects the lateral acceleration and lateral jerk data with low
comfort scores and minimal occurrence ratio as the judgment condition of the extreme
status domain.

As shown in Figure 13, when the vehicle lateral acceleration exceeds 0.41 g, the
passenger comfort score is low, and the quantity of data is tiny. As shown in Figure 9,
the lateral acceleration values for a normal unprotected left turn maneuver are essentially
between 0.1 g and 0.4 g, indicating that the drivers and passengers basically do not actively
cross this range. Therefore, the extreme status domain boundary of autonomous vehicles is
when the lateral acceleration is 0.41 g. This is also consistent with the lateral acceleration
value (0.4 g) defined in [19] for “aggressive turns”.
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Similarly, the extreme status domain boundary of autonomous vehicles is when the
lateral jerk is 0.63 (g/s), as shown in Figure 14.
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4.3. Determination and Quantification of Safety Status Domain Boundary

Some studies analyzing the safety status of LTAP/OD scenarios use post-encroachment
time (PET). As illustrated in Figure 15, the trajectories of left-turning and straight-traveling
vehicles form a diamond-shaped area at the intersection where their paths overlap, i.e.,
there is a potential conflict. This area is called the encroachment zone. PET is the time gap
between when the first vehicle leaves the encroachment zone and when the second vehicle
enters the encroachment zone.
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Figure 15. Illustration of the two moments in time used in the calculation of PET when one vehicle
turns left (the black vehicle, SV, its trajectory is shown by the red dashed line) in front of an oncoming
vehicle (the blue vehicle, POV, its trajectory is shown by the blue dashed line) with the right-of-way.
The red rhombus is the encroachment zone. PET = t2 − t1 [20].

Although PET can provide an objective measure of the safety margin of left turn
driving behavior, the PET calculation utilizes the actual time the vehicle arrives at the
conflict point. Hence, PET is an ex post facto measure. However, for the design of ADAS and
autonomous vehicles, it is necessary to predict when the vehicle reaches the conflict point
to make a judgment and decide whether to make an alarm or an intervention. Therefore,
this paper draws on the calculation method of PET. We use the trajectory and speed
predicted by the autonomous driving system to predict the PET value of conflict vehicles,
which is also the judgment condition for quantifying the safety status domain boundary of
autonomous vehicles.

The velocity of the SV changes more obviously during the left turn maneuvers. How-
ever, the velocity of the POV basically does not change a lot, so it is set to a constant
speed, and the POV mainly focuses on longitudinal movement. The influence of lateral
movement can be ignored. K Nobukawa et al. [20] argued that unprotected left-turning
vehicles are also affected by intersection geometry as it relates to the length and curvature
of the vehicle turning path. However, contrary to the initial expectation, the geometry of
the intersection has no clear and direct relationship with the reference trajectory and speed
of the vehicle. Therefore, the effect of intersection shape on the experimental results is not
considered in this paper for the time being. Other factors, such as weather, visibility, and
road surface conditions, are not directly available from the driving database and will not
be analyzed here. The vehicle kinematic model and related scenario parameters are shown
in Figure 16.

Where ve is the absolute velocity of SV; vx is the velocity component of SV in the
x-direction; vy is the velocity component of SV in the y-direction; dx0 is the relative distance
of conflicting vehicles in the x-direction; dy0 is the relative distance of conflicting vehicles in
the y-direction; Wlane represents the width of the road; and Wcar and Lcar denote the width
and length of the vehicle, respectively.
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flict point is located at the last point where the SV leaves the encroachment zone; and in 
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zone. Moreover, note that since the vehicle shapes are assumed to be rectangular, the 
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edges of the encroachment zone are approximately linear to make the conflict point al-
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Figure 16. Vehicle kinematic model and related parameters. The blue rectangle represents the
left-turning vehicle (SV), and the orange rectangle represents the vehicle going straight (POV).

For the LTAP/OD case, there is a potential conflict when the left turn SV and POV are
in either one of the following situations, as shown in Figure 17. The first case represents the
SV crossing the intersection before the POV (Figure 17a); and the second case represents
the SV crossing the intersection after the POV (Figure 17b). In the first case, the conflict
point is located at the last point where the SV leaves the encroachment zone; and in the
second case, it is found at the first point where the SV arrives at the encroachment zone.
Moreover, note that since the vehicle shapes are assumed to be rectangular, the speed
changes of the vehicles are negligible in and near the encroachment zone, and the edges of
the encroachment zone are approximately linear to make the conflict point always appear
on one of the vertices of the encroachment zone. As a result, a conflict point is typically
found in the top-right corner of the encroachment zone in the case of the SV crossing first
(Figure 17a), and the bottom-left corner in the other case (Figure 17b).
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Figure 17. Analysis of main conflict points. (a) represents the SV crossing the intersection before the
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K Nobukawa et al. [20] mined 530 LTAP/OD scenarios from the naturalistic driving
database (RDCW-FOT) and obtained the critical safety PETs of 2 s (the SV crosses first) and
−1 s (the SV crosses second) for two conflict scenarios in (a) and (b), respectively, as the
judgment conditions for quantifying the safety status domain boundary in this paper.

In vehicle motion and collision analysis, a competent and careful human driver model
is used to simulate the driver’s driving behavior before encountering a risk. The avoidance
capability in this driver model is achieved by braking only. The driver model is divided
into three phases: “Perception”; “Decision”; and “Reaction”. The diagram in Figure 18 is a
visual representation of these segments.
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Figure 18. A competent and careful human driver model.

The safety and collision status domains of SV and POV are visualized based on vehicle
unprotected left turn kinematic model and a skilled driver risk perception and operation
model. Figure 19 shows the visual distribution pictorial of the safety and collision zone
corresponding to different combinations of the lateral velocity of SV (vy) and the relative
distance of conflict vehicles (dx0) when the longitudinal velocity of SV (vx) is 5 km/h and
the velocity of POV (vP) is 40 km/h. Green represents the safe area, yellow represents the
collision situation shown in Figure 17a, and red represents the collision situation shown in
Figure 17b. The green and yellow dividing line is the safety status domain boundary of the
conflicting vehicles under different combinations.
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5. Discussion

Traditional ADAS designs typically reference objective kinematics close to the safety
status domain boundary. This paper argues that the design of ADAS should also include
the boundaries of the comfort and extreme status domains. The drivers and passengers are
less likely to accept ADAS interventions (warning and/or brake/steering control) in the
comfort status domain or even in parts of the discomfort status domain. However, they are
more willing to accept ADAS interventions when approaching the extreme status domain
boundary. All drivers and passengers should receive all interventions when crossing the
extreme status domain boundary. When an autonomous vehicle enters the extreme status
domain, the vehicle and in-vehicle users have a smaller safety margin and are closer to a
collision. Therefore, if an intervention is to be initiated, the in-vehicle users will feel that
the intervention is justified.

In contrast, interventions before the vehicle crosses the extreme status domain bound-
ary may be considered as a nuisance or false alarm because drivers and passengers may
simply feel uncomfortable and there is no impending unsafe incident. The discomfort may
be voluntary if the driver is more incentivized to cross the comfort status domain boundary.
Developers can set more reasonable alert and intervention thresholds for ADAS based
on comfort and extreme status domain boundaries, thereby reducing the occurrence of
nuisance and false alerts.

Moreover, the quantification of the comfort status domain, extreme status domain,
and safety status domain boundaries can inform and improve the optimization of un-
protected left turn maneuvers of autonomous vehicles. Autonomous vehicles can drive
relatively aggressively, sacrificing some of their comforts in order to achieve efficient
passage at intersections.

6. Conclusions and Outlook

In this paper, the subjective passenger comfort evaluation results and objective vehicle
3-axis acceleration and jerk data collected in real LTAP/OD scenarios are statistically
analyzed and visualized. We discovered that the vehicle lateral acceleration and jerk
values corresponding to the comfort status domain boundary of autonomous vehicles
are 0.26 g and 0.4 (g/s), respectively. Moreover, the vehicle lateral acceleration and jerk
values corresponding to the extreme status domain boundary are 0.41 g and 0.63 (g/s).
Secondly, an unprotected left turn kinematic model of vehicles is developed and combined
with a skilled driver risk perception and operation model, quantifying the Safe Collision
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Plots (SCP), i.e., the safety status domain boundary, of conflicting vehicles with different
combinations of velocity and relative distance in LTAP/OD scenarios.

The quantification and pictorial expression of each driving status domain boundary
extend the concept of the established safety boundary and help autonomous vehicles
understand driving behaviors. This can lead to better velocity planning suggestions for
unprotected left turn maneuvers of autonomous vehicles in LTAP/OD scenarios. At the
same time, it can help developers design more intelligent and refined decision-making
and control algorithms to adjust vehicles towards achieving more human-like behavior. It
can also inform and improve the design of ADAS and autonomous vehicles’ parameters
and driver acceptance, helping to achieve more explicit two-way interaction between
in-vehicle users and vehicles, and promoting public trust and acceptance of ADAS and
autonomous vehicles.

Autonomous vehicles can also obtain information on the individual characteristics
and driving habits of in-vehicle users through various technical means, determine the
differences in acceptance of vehicle parameters by different passengers, and adjust the
control algorithm in real-time based on the information obtained, which can theoretically
realize personalized passenger customization algorithms for autonomous vehicles.
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