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ABSTRACT Dirivers occasionally need to resume vehicle control when an automated driving system (ADS)
cannot handle a situation. However, a lack of driver readiness can prevent a smooth transition. For example,
in an obstacle avoidance situation, a method to transfer the vehicle control based on the driver’s input of
the steering angle can be adopted where rapid steering operation by the driver is required immediately after
resuming control. It was observed from the previous studies based on a fixed-based driving simulator that
the discontinuity in control due to a sudden disengagement of the control torque of the ADS resulted in
steering instability. In addition, the previous studies had proposed a shared mode, in which haptic shared
control (HSC) was placed between the automated and manual driving. It was demonstrated that steering
stability could be improved through the shared mode. However, in the previous studies, the observation of
steering instability and verification of HSC effectiveness of the shared mode were limited to fixed-based
driving simulator experiments, in which there was no vehicle motion. In addition, for practical applications,
a method using a torque sensor in the previous method is expected to be replaced by a more robust method,
because it may introduce noise and the use of a lowpass filter leads to some time lag. Therefore, in this
study, we developed a new control transition method that uses only the steering angle. We conducted
experiments using a real car, in which the participants were instructed to resume steering control from
the automated driving mode. The results demonstrate that the discontinuity in control during the control
transition deteriorates the steering stability and vehicle motion, and the shared mode can improve them.

INDEX TERMS Automated vehicles, control transition, haptic shared control, shared mode.

I. INTRODUCTION
The development of automated driving (AD) technology has

difficult to produce a system that works appropriately in var-
ious situations. For example, in Level 3 driving automation

been actively conducted worldwide. Various types of auto-
mated driving systems (ADSs), including those assumed to
interact with human drivers, are considered because it is
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by the Society of Automotive Engineers (SAE) [1], the driver
is expected to resume vehicle control when necessary. Many
human factor studies related to AD have been conducted to
address the concern regarding humans being able to respond
appropriately when they have not been driving, and control
needs to transition from AD to manual.
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Control transfer from AD to manual driving is classified
into user-initiated and system-initiated transitions [2], [3].
A user-initiated transition occurs when the driver decides to
assume driving control upon detecting the silent failure of
the automated system or because of other reasons. System-
initiated transition is triggered by the ADS’s request to inter-
vene (RTI), and the driver is expected to assume control.
Research on a series of driver behaviors, starting from RTI,
is necessary for safe and smooth control transition because
intervention may be requested at unintended times by the
vehicle.

We focus on the system-initiated control transition because
driver reaction to the RTI significantly affects driving safety
during and after the control transition. Let us consider the
general process of system-initiated control transition. When
the ADS decides to hand over control to the driver for any rea-
son, it issues an RTI to the driver via auditory, visual, and/or
other signals. After the driver notices it, he/she regains the
driving posture and gathers information from the surrounding
traffic environment to gain appropriate situation awareness.
Then, after the driver judges that he or she is ready to drive,
the driver expresses his/her intent to start driving to the ADS
by either pushing a button, turning a steering wheel, pushing
a pedal, or an alternative method, which triggers the ADS
to transfer control to the driver. Then, the ADS turns off the
automated vehicle control to enter the manual driving mode.

Many studies have been conducted on reaction time to
RTT and subsequent driving behavior because it is necessary
for drivers to notice the issuance of an RTI and respond to
it appropriately within a certain time to ensure safety. [4],
[51, [6], [71, [8], [9], [10], [11], [12]. Such research studies
include vibration or other multimodal RTIs to reduce reaction
time and improve situation awareness and trust [13], [14],
[15], [16]. Furthermore, there are studies related to the judg-
ment of the appropriate timing of control transfer to manual
driving based on the estimation of the driver’s controllability
or readiness for driving [17], [18].

Even after a driver judges oneself as ready to drive, he/she
may not immediately be an effective controller. Namely,
there are some difficulties in the control transition related to
the human motor control aspect. For example, studies have
suggested that the accuracy of visually perceived velocity
deteriorates during AD [19] and the drivers’ mental models
for the vehicle may not be appropriately selected during
AD [20]. In addition, some research studies suggest that
disengagement of the ADS control results in discontinuity
of control. Furthermore, it was observed from the previous
studies employing fixed-based driving simulators that steer-
ing and vehicle instability occurred immediately after the
control transition from AD to fully manual driving when
the transition was triggered by the driver’s steering input
[21], [22]. To overcome such difficulties in the human motor
control aspect, a method that places a shared mode between
the fully AD and fully manual driving, wherein a human and
vehicle drive together, has been proposed [21], [22], [23],
[24], [25]. Haptic shared control (HSC) is utilized in the
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shared authority mode [26], [27], [28], [29], [30] wherein the
human and ADS exert force/torque on a single input device,
such as the steering wheel, to achieve a collaboration between
the two agents. The HSC achieves a smooth control transition
from the automated to manual driving at the human motor
control level by gradually reducing the strength of the ADS
control. Studies employing the fixed-based driving simulators
have demonstrated that the control transition method based on
the shared authority mode using the HSC could improve the
steering and vehicle stability on a straight highway [21] and
curved road [22].

However, the observation of the steering and vehicle insta-
bilities and the effectiveness of the shared mode in reducing
the instability have been limited to the fixed-based driving
simulator experiments. For a better understanding of the
influence of the control transition method on motion control
performance, such as steering stability and vehicle stability,
it is essential to evaluate it as a human—vehicle system based
on the reaction of the driver under the influence of vehicle
motion with a real passenger car. In addition, in previous
research, the steering torque signal as well as the steering
wheel angle was used for control transition with the shared
authority mode. For practical applications in a real vehicle,
the method using a torque sensor in the previous study is
expected to be replaced by a more robust method, because
it may introduce noise and the use of a lowpass filter leads
to some time lag. Therefore, we developed a simpler alterna-
tive method that uses only the steering angle. The proposed
method was implemented in a passenger car, and experi-
ments were conducted with participants to investigate its
effectiveness.

Therefore, the purpose of this study was to confirm the
effect of the control transition from automated to manual
driving, triggered by the driver’s steering operation, on the
steering and vehicle motions, and to verify the effectiveness
of the proposed shared mode without any torque sensors for
control transition in a real passenger car on a test track.

The remainder of this paper is organized as follows.
Section II describes the proposed control transfer method
from automated to manual driving based on the shared
authority mode. Section III presents the experimental method
to investigate the effectiveness of the proposed method.
Section IV presents the results. Section V presents the dis-
cussion of the results. Finally, the paper is concluded
in Section VI.

Il. CONTROL TRANSFER METHOD TRIGGERED BY
STEERING INTERVENTION

A. OVERVIEW

The present study considered a situation wherein steer-
ing control is transferred from the ADS to manual driving
by human steering action when rapid steering is required.
In some cases, the control transition to manual driving can be
triggered by operating pedals or buttons. However, there are
cases in which the driver wants to trigger the control transition
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FIGURE 1. Conceptual diagram of the control transfer method via shared
mode. The vertical axis, the gain Kp, denotes the strength of the
automated vehicles. The gain is tuned in the shared mode to achieve a
smooth connection between the automated and manual modes.

by operating a steering wheel when rapid steering is needed,
which can deteriorate the steering stability. Therefore, the
present research focuses on the cases wherein the steering
operation triggers the control transition. If a driver’s steering
intervention deviates from the desired steering angle of the
ADS, the ADS torque is applied in the opposite direction
of the driver’s steering action. In such situations, the sudden
disengagement of the ADS may cause control discontinuity
and steering instability [21]. Judgment of the driver’s intent
to intervene at an earlier stage, when the driver steering input
is small, could be one solution to this problem. However, this
may cause false detection of the intervention intention and
lead to an unexpected control transition. An intermediate state
could be produced between fully automated and fully manual
driving using the shared mode proposed in [21].

A schematic and flowchart of the method for the trans-
fer of steering control from AD to manual driving via the
shared mode are shown in Figs. 1 and 2, respectively. First,
we assume that the vehicle is driven by the ADS without
any human intervention. Thereafter, we suppose that the ADS
encounters a situation to which it cannot respond, such as an
obstacle appearing in front of the vehicle, and issues an RTL
Hence, the driver needs to intervene immediately after the
RTI is issued. With this method, when the driver intervenes
in the ADS operation by using the steering wheel, the system
shifts from AD mode to shared authority mode. The strength
of the control gradually decreases in shared authority mode
and finally shifts to manual driving mode when the strength
is sufficiently close to zero.

B. STEERING CONTROL OF THE ADS

We assume the ADS employs a proportional-differential
(PD) controller as the lateral controller to maintain the lane,
expressed as [21]:

Tads = —Kp(0(1) — 0a(1)) — K40(2), (1

where 7,45 denotes the torque exerted on the steering shaft by
the ADS. Scalars 6(¢) and 6,(t) are the current values of the
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FIGURE 2. Flowchart of the proposed method for control transfer.

steering angle and its desired value determined by the ADS
to track the vehicle trajectory, respectively.

C. DETECTION OF THE DRIVER INTERVENTION INTENTION
The driver’s intention to intervene in the steering operation is
determined by the following inequality:

t t
/ O(t)ydt > Wy or [ O(t)ydt < —Wp, 2)
1,

RTI IRTI

where trr denotes the time at which the RTI was issued. The
threshold Wy = 32[deg-s] was chosen based on trial and
error, such that when the driver rotated the steering wheel
to take over the ADS control and change the lane, the ADS
would neither interfere with the steering action of the driver
nor decrease the steering smoothness. When inequality (2)
is satisfied, the driving mode is changed from automated to
shared authority.

Note that torque and angle sensors were used in previous
studies [21], [28], whereas only the angle sensor is used in
the present study.

D. CONTROL TRANSFER METHOD USING GAIN TUNING
When inequality (2) is satisfied, the system enters the author-
ity sharing mode. In this mode, the control strength of the
ADS, or K, in (1), decreases smoothly based on the gain
adjustment method, expressed as:

dkK,

dt

where p = 0.5 is used such that the gain K}, converges to zero
within a finite time [31]. Note that the time course of the gain
K, is determined only by time because (3) does not include
any parameters related to the driver actions, such as steering
angle or torque, and K, converges to zero in 0.85 s.

= —G - sgn(K, (1)K, (1)I7, 3)

IIl. EXPERIMENTAL METHOD
A. PARTICIPANTS

Twelve licensed drivers (ten men and two women) aged
between 26 and 58 years (average = 40.0, SD = 8.9)
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participated in the experiment. Their driving experience
ranged from 8 to 40 years (average = 20.8, SD = 9.1) and
annual mileage from 150 to 30000 km (average = 9596, SD =
8273). All participants were employees of the Japan Auto-
mobile Research Institute (JARI) and received no financial
compensation.

B. EXPERIMENTAL VEHICLE

The experimental vehicle was a commercially available mini-
van that was converted to drive with the AD mode in longitu-
dinal and lateral directions, as shown in Fig. 3.

Vehicle trajectory control is achieved in ADS with steering
control (1), in which the desired steering angle is determined
so that the vehicle follows the desired path. This is based on
the relationship between a given desired vehicle path, which
is described in advance in terms of the earth-fixed coordinate
system, and the current vehicle position and orientation. The
vehicle position was estimated using the measured signal of
velocity and yaw rate of the vehicle from real-time kinematic
global navigation satellite system (RTK-GNSS) positioning
information.

The following safety measures were configured for the
experimental vehicle. First, the driver’s operation of the brake
pedal immediately deactivated the ADS and the driver could
drive the vehicle in full manual driving mode under any
circumstance. Second, pushing the emergency button, which
was directly connected to the ECU, immediately deactivated
the ADS to enable full manual driving. Third, an emergency
auxiliary brake was installed in the rear passenger seat where
the experimenter was seated, enabling the experimenter to
activate the vehicle’s brake regardless of the activation state
of the ADS.

FIGURE 3. A photograph of the experimental vehicle.

During the AD mode, the vehicle was operated as a Level 3
driving automation of SAE J3016 (2016), in which the lon-
gitudinal and lateral directions of the vehicle were entirely
controlled by automation. The participant was instructed not
to grasp the steering wheel and not to step on the brake or
acceleration pedals during the AD mode. The participants
were also not required to monitor the road ahead during this
mode while no subtasks or mental tasks were given explicitly.
The velocity of the vehicle in the ADS was set to 30 km/h.
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C. EXPERIMENTAL COURSE

The experiment was conducted at a test course called the V2X
urban area in JARI, as shown in Fig. 4. The measurement
driving trial started from the point depicted as “1” in Fig. 4,
continued in the numerical order, and then returned to 1.

The driving test was conducted as follows: 1) begin the
trial from 1 in manual mode; 2) drive manually through a
circumferential road 2; 3) stop at point 3; 4) after activating
the ADS, restart to drive through road 4; 5) RTI is issued
around 5; 6) driver intervenes through steering action to
change lanes to avoid collision with obstacles, which changes
the mode to shared authority mode; and finally, 7) the control
authority is entirely transferred to the human driver to reach
the manual driving mode, and the trial is ended at the starting
point 1.

Here, Fig. 5 shows an enlarged view of points 3 to 7 from
Fig. 4. Light-emitting objects imitating an obstacle were
placed on the surface of the road and appeared in the same
lane where the participant drove the vehicle at 30 km/h in
the AD mode. Next, the ADS issued an RTI to request the
driver to take over the control. The driver grasped the steering
wheel and steered to change lanes to avoid collisions with the
obstacles.

80 m 30 m 115 m
2
s
(]
‘_m'_‘/6 4 3
1 T

m

FIGURE 4. Experimental course. 1: Start, 2: Long, straight with manual
driving, 3: Stop and restart to activate ADS, 4: Automated driving, 5: RTI
issued, 6: Steering intervention by driver to change lane, 7: Manual
driving.

Goal Start ;

100 [m] g 50 [m] _ 130 [m]
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Ego Vehicle

‘ RTI

(Beep sound)
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Manual driving Automated driving

(after with/without shared mode)

FIGURE 5. Enlarged view of the experimental course showing the control
transition area details.

The time required for each trial was approximately 2 min.
Signboards were installed to make it easier for the drivers to
understand where to turn and stop. The traffic lights on the
test course were deactivated throughout the experiments.
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FIGURE 6. Diagram of the experimental procedure.

D. EXPERIMENTAL FACTOR
The driving method was considered as the main factor in
the experiment. The experiment employed a within-subject
design, in which each participant experienced the following
three driving methods:
1) manual driving, in which the participants manually
drove the vehicle throughout the test course,
2) without shared mode, in which the ADS suddenly deac-
tivated when the participant intervened, and
3) with shared mode, in which the proposed method of
control transition with the shared authority mode was
used.

E. EXPERIMENTAL PROCEDURE

Here, Fig. 6 illustrates the experimental procedure. First, the
participants were informed about the experimental conditions
and procedures, which were approved by the Ritsumeikan
University Ethics Review Committee for Medical and Health
Research Involving Human Subjects and the JARI Ethics
Review Committee.

Then, the participants provided written informed consent
and answered a questionnaire regarding age, driving history,
and driving frequency. The participants then rode in the
experimental vehicle and drove on the test course twice to
become accustomed to the experimental course, operation
of the vehicle, and methods to activate and deactivate the
ADS. Subsequent experiments were divided into blocks cor-
responding to the three levels of the experimental factor, and
the order of each level was changed for each subject to ensure
counterbalance. Each block or condition consisted of two tri-
als for practice, followed by two additional trials for measure-
ment. The participants were not informed whether the control
method they were using was with shared or without shared
mode.

F. EVALUATION METHOD

The maximum value of the steering angle and root mean
square (RMS) value of the steering angular velocity were
used as evaluation indices of steering stability. The RMS
values of the yaw rate and lateral acceleration of the vehicle
were used as indices of the rapidness of vehicle motion,
and the RMS value of the driver torque was used as the
index of the driver load. The indices related to the steering
stability and rapidness of vehicle motion were evaluated 2 s
from the start of the shared authority mode. The index of
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the driver load was evaluated from the time when the driver
torque first exceeded 0.2 Nm to the time when it became
less than 0 Nm in order to analyze the torque data from the
instant when the counterclockwise turning of the steering
began to the instant when the clockwise turning of the steering
began.

IV. EXPERIMENTAL RESULTS

A. TIME SERIES DATA

Fig. 7 shows the time series signals of the control gain,
steering angle, steering angular velocity, vehicle yaw rate,
lateral acceleration, and torque applied to the steering for
each condition for each participant, in the order from the top.
Note that the vehicle yaw angle and lateral acceleration were
measured by the inertial measurement unit sensors attached to
the vehicle, that is, the signals were expressed in the vehicle-
fixed coordinate system. Each row illustrates the results with
manual, without shared, and with shared modes from the left
column.

The time series data of the vehicle yaw rate were calculated
using the time differentiation of the yaw angle, which was
derived from the position measured from two RTK-GNSSs
attached to the front and rear of the vehicle. The filtered value
was obtained by applying a moving average filter witha 0.25 s
time window.

The blue and red solid lines show the torque exerted on the
steering by the driver and ADS, respectively.

B. MAXIMUM STEERING ANGLE

Fig. 8 shows the mean of the maximum steering angle for
all subjects for each condition. The error bar shows the
standard deviation. One-way analysis of variance (ANOVA)
revealed the significance of the main effect of the driving
method factors (F (2, 46) = 77.1, p < 0.001). A post-hoc
test implementing the Bonferroni correction revealed that the
maximum steering angle of the manual condition was signifi-
cantly smaller than those of the without shared mode and with
shared mode conditions. Additionally, the value observed in
the without-shared mode was significantly greater than that
observed in the with shared mode, as seen in Table 1.

C. RMS OF STEERING ANGULAR VELOCITY

Fig. 9 shows the mean RMS value of the steering angular
velocity for all subjects for each condition. The error bar
shows the standard deviation and one-way ANOVA revealed
the significance of the main effect of the driving method
factors (F (2,46) = 160.2, p < 0.001). A post-hoc test imple-
menting the Bonferroni correction revealed that the RMS
steering angular velocity of the manual condition was sig-
nificantly smaller than those of the without-shared and with-
shared modes. Additionally, the value observed in the without
shared mode was significantly greater than that observed in
the with shared mode, as seen in Table 2, thereby demonstrat-
ing that the tendency was the same as that for the maximum
angle shown in the previous subsection.
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FIGURE 7. Examples of the measured signals under: (a) manual, (b) without shared mode, and (c) with shared mode conditions, extracted from when the

participant intervened after the issuance of an RTI.

D. RMS OF VEHICLE YAW ANGULAR VELOCITY

Fig. 10 shows the mean RMS value of the vehicle yaw
angular velocity for all subjects for each condition. The
error bar shows the standard deviation and one-way ANOVA
revealed the significance of the main effect of the driving
method factors (F (2, 46) = 22.2, p < 0.001). A post-hoc
test implementing the Bonferroni correction revealed that
the RMS vehicle yaw angular velocity without shared mode
was significantly larger than those of the manual and shared

VOLUME 10, 2022

mode conditions, and no significant difference was observed
between the manual and shared mode conditions (Table 3).

E. RMS OF VEHICLE LATERAL ACCELERATION
Fig. 11 shows the mean RMS value of the lateral acceleration
of the vehicle over all subjects for each condition.

The error bar shows the standard deviation. One-way
ANOVA revealed the significance of the main effect of
the driving method factors (F (2, 46) = 62.2, p < 0.001).
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FIGURE 9. RMS of steering wheel angular velocity.

TABLE 1. Differences in maximum steering wheel angle between driving
method conditions.

Manual w/o shared ~ w/ shared
Manual - - -
w/o shared .000** - -
w/ shared .007** .000** -

**:p<0.01, -:notapplicable

A post-hoc test implementing the Bonferroni correction
revealed that the RMS vehicle lateral acceleration of the
without shared mode was significantly larger than those of
the manual and shared mode conditions. No significant dif-
ference was observed between the manual and shared mode
conditions, as shown in Table 4, thereby demonstrating that
the tendency was the same as that for the maximum angle
shown previously.

F. RMS OF DRIVER TORQUE
Fig. 12 shows the mean RMS value of the driver steering
torque over all subjects for each condition and the error bar
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TABLE 2. Differences in RMS steering angular velocity between driving
method conditions.

Manual w/o shared  w/ shared
Manual - - -
w/o shared .000** - -
w/ shared .002%* .000%* -
**:p<0.01, -: not applicable
**:p<0.01
6
§ -
T
= 4
=
g3
Gt
<
% 2
1
0
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FIGURE 10. RMS of vehicle yaw angular velocity.
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FIGURE 11. RMS of lateral acceleration.

TABLE 3. Differences in RMS vehicle yaw angular velocity between
driving method conditions.

Manual w/o shared w/ shared
Manual - - -
w/o shared .000** - -
w/ shared n.s. .001%* -

**:p <0.01, -: not applicable, n.s.: not significant

shows the standard deviation. One-way ANOVA revealed the
significance of the main effect of the driving method factors
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TABLE 4. Differences in the RMS of lateral acceleration between driving
method conditions.

Manual w/o shared w/ shared
Manual - - -
w/o shared .000** - -
w/ shared n.s. .000** -

**:p <0.01, -: not applicable, n.s.: not significant

*#%; p <0.01

0.8
0.6

0.4

OAZ .
0

Manual

RMS of driver torque [Nm]

w/o Shared w/ Shared

FIGURE 12. RMS of driver torque.

TABLE 5. Differences in the RMS of driver torque between driving
method conditions.

Manual w/o shared  w/ shared
Manual - - -
w/o shared .000** - -
w/ shared .000** .000** -

**:p <0.01, -: not applicable, n.s.: not significant

(F(2,46) =3448.0,p < 0.001). A post-hoc test implementing
the Bonferroni correction revealed that the RMS driver torque
of the manual condition was significantly smaller than those
of the without shared and shared mode conditions. Addition-
ally, the value observed in the without shared condition was
smaller than that observed in the with shared mode condition,
as seen in Table 5.

V. DISCUSSION

Many methods of driver intervention to trigger the con-
trol transition from automated to manual driving have been
studied, including button operation, pedal operation, steer-
ing operation, and time from RTT issuance. Intervention by
steering operation may be used in situations where immediate
steering is required, such as obstacle avoidance. Among
them, the present study focused on the control transfer
method based on the steering action of the driver. The pur-
pose of the present study was to verify the occurrence of

VOLUME 10, 2022

the instabilities in the steering and vehicle motions during
control transition by a steering action and the effective-
ness of the shared mode as a method to solve the insta-
bility of the steering and vehicle motion by using a real
passenger car.

The results for the RMS steering angular velocity and
maximum steering angle showed that the values were sig-
nificantly larger in the two conditions with control transfer
from the ADS than for manual driving. Additionally, the
values were significantly lower in the shared mode than in the
without shared mode. These results indicate that the conven-
tional method, in which the ADS immediately disengages the
steering control during the transition, causes a decrease in the
steering stability when compared with the manual method;
however, the introduction of the shared mode can improve
the stability.

The results for the yaw rate and lateral acceleration of
the vehicle showed that the values were significantly larger
for the driving without shared mode than for manual driving
and driving with shared mode. Furthermore, no significant
difference was observed between the results for manual driv-
ing and driving with shared mode. These results strongly
suggest that the conventional method, in which the ADS
immediately disengages the control during the transition,
causes rapid vehicle motion when compared with the manual
method; however, the utilization of the shared mode can
decrease this phenomenon. The significant increase in the
driver torque during the control transfer, with and without
shared mode, when compared with manual driving is con-
sidered to be due to the torque needed for drivers to compete
with the ADS torque until the ADS judges the intent of the
intervention.

In summary, we demonstrated through experiments with
a real passenger car that instability in steering and rapid
vehicle motions could occur when the control transition was
made using the conventional method, in which the ADS is
immediately disengaged by a steering action, and the shared
mode could improve the steering stability. The shared mode
reduces the rapidness of vehicle motion, as in manual driving.
These tendencies align with the results observed in previous
studies employing a fixed-based driving simulator [21], [22]
and shared mode for control transition.

In the proposed control transition mode, the time required
for the gain K}, to reach 0, that is, the duration of the shared
mode, is 0.85 s. However, as seen from Fig. 7 (c), the time
series pattern of the steering angle was similar to that in
Fig. 7 (a), which is a manual driving case. In Fig. 7 (b),
where the automatic control was suddenly cut off, the steering
angle pattern was almost the same, including before and after
control transition, with the only difference that the steering
angular velocity changed significantly when the control was
suddenly turned off. These results suggest that the shared
mode does not interfere with the human steering operation;
however, it has the effect of alleviating the steering instability
when the control is cut off. One of the contributions of the
present study is that it utilizes the steering angle information
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but not torque information for judging the driver’s intention
to intervene and the gain tuning process for control transition,
whereas the previous studies [21], [22], [28] had used both
the steering angle and driver torque information. Another
contribution of the present study is the demonstration of
the effectiveness of the shared mode for control transition
using a real car driven on a test course, whereas several
related works [18], [19], [20], [21] demonstrated their effec-
tiveness only through simulator experiments. In the previous
studies [21], [22], [28], the cooperative status between the
driver and ADS was determined based on the pseudo-works
performed by the driver and ADS on the vehicle, which
was calculated using the torques and steering or vehicle
velocity. The pseudo-works were used for the judgment of
the driver’s intention to intervene and gain tuning for the
control transition. The present research demonstrates that
the proposed method works effectively without a torque
Sensor.

There exist many possibilities for methods to tune the ADS
strength, including immediately disengaging the ADS con-
trol, reduction of the control torque over time, and reduction
of weighting in the objective function for the optimal regu-
lator with the prediction of driver behavior [21]. A detailed
comparison among methods, including the control algorithm
and parameters used in the proposed method, should be con-
ducted as future work.

The limitations of the present study are that the proposed
method was evaluated at 30 km/h and in a straight line
only. Demonstrating that the proposed method was effective
at such a low velocity could also be regarded as another
contribution of the present study because the simulator exper-
iments of the previous studies [21] assumed driving on an
expressway at 80 km/h. However, it is necessary to verify the
effectiveness of the proposed method in various scenarios,
including various velocity ranges and road shapes such as
curved roads [22]. Comparing the performance of the existing
control methods in different environments is also an impor-
tant topic for research. Assuming a case where rapid steering
operation is required immediately after RTI, such as when
avoiding obstacles, a shared mode has been introduced for
solving problems in the control transition from automated
driving to manual driving by human steering action. For this
reason, the evaluation of the proposed method was limited to
the scenario shown in Fig. 5, in which rapid lane changing
is required in this paper. Small steering angles are input in
cases where a lane change is performed over a long period.
In this case, satisfying inequality (2) takes time. Addition-
ally, as pointed out in [22], driver steering behaviors due to
different traffic environments during or immediately before
the control transition affects the effectiveness of the method.
Therefore, for future work, the driver steering behaviors to
which the proposed method can be applied must be clarified.
In addition, developing a systematic manner to determine the
parameter due to the traffic environment must be investigated.
Another limitation of this study is that the effect of the mental
status of the participants just before and during the control
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transition was not evaluated. It is known that the operator’s
mental status just before the control transition significantly
affects the quality of the transition [9], [10]. To maintain the
mental load as low as possible, no subtask was explicitly
given to the participants during the experiment. In addition,
because the participants were aware of the point where the
RTT would be issued through the practice trials conducted
before the measurement trials, it appears that the drivers were
prepared for the RTT just before its issuance. Consequently,
the participants always focused on the road ahead. Therefore,
it is unlikely that there was a large difference in the mental
status of the participants. However, in future, the effectiveness
of the proposed method under various mental states should be
investigated for a better understanding.

VI. CONCLUSION

The purpose of this study was to confirm the effect of the
control transition from automated to manual driving triggered
by the driver’s steering operation on the steering stability and
vehicle motion, and the effectiveness of the shared mode in
improving the steering stability and vehicle motion in a real
passenger car on a test track.

The results of the experiments with participants showed
that the conventional method, in which the ADS immediately
disengages the steering control during the transition, causes a
decrease in the steering and vehicle stabilities when compared
with manual driving. However, the control transition method
using shared mode improved the steering stability and vehicle
motion during the control transition. Thus, the introduction
of the shared mode contributes to improving the automotive
safety in automated driving systems.
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